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ABSTRACT,

Although methods of evaluating various energy exchanges between

the athosphere and tHe

know1edge about the tu

earth's surface are,avaiiab]e, e rieed for additional

rbulent transfer of sensible and latent heat on a

melting g]ac1er is recognized.. The m1crometeoro1oglca1 1nvest1gat1on des-

cr1bed in this study i
was conducted dur1ng t
collected include net
méters, wind speed, te

above the ice.

Emphas1s is

exchange from profiles

s a response 10 this need. A measurement programme
he summer of 1971 on Peyto Glac1er, Alberta, Data

radiation, melt energy,.and the atmospherjc para-

mperature and vapour préssure, at several levels

placed upon computing sensible and latent heat

of the atmospheric parameters This isuapproaehed

through an examination of boundary layer thickness, stability re1at1onsh1ps

in the boundary layer, and surface roughness lengths. Since all tempera-

ture profiles showed i

nversions, the results chareeterize stable conditions,

where turbulence is dampened. In addition,katabatic~f1ow results from the

_slope of the glacier.

; Turbulent boundary 1ayers in stab]e flow are known to be rela-

tive]y thin, but an unexpectedly thin boundary layer, approximately one

metre thick, is found

over the glacier. The thinness of this layer is

attributed to katabatic control of the flow. Deviatien from the adiabatic

"pr0f11e form due to stability is adequate1y described by a log-Tihear

framework, a finding which agrees with other work However, it is accom-

a

' panied by an inequality of transfer coeff1c1ents, that for heat exceeding

"o -

[ .
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‘that for momentum Th1s.has not been reported prev1ousiy A tentative

hypothes1s 15 advanced to exp1a1n th1s Cdntrary to prev1ous g1acio1o-
gical opinion, the w1nd profile roughness 1ength is found to be “smaller
than that of the temperature prof11e. This is explained using resu]ts

of other work on other surfac

A bulk transfer pracedure is chosen as the most 5u1tab1e
method of evaluating the turbu1ent fluxes. " The procedure Ads strengthened
by the findings of this study. It is used to obta1n half-hourly esti-
mates of sens1b1e and latent heat exchange which- appear to be reasonable.
Short—term variations in the meltwater. hydrograph are found to be close]y
controlled by the net radiattve flux, but daily totals 1nd1cate that the
sensible heat flux is also anrimportant energy source. Latent heat
transfer by the water vapour flux betweeh +he atmosphere and the surface

is small. o | . __ <

»

The contribut1on of this.investigation to estab115h1ng the

1ink between glacier hydrology and climate is indicated.
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CHAPTER ONE
INTRODUCTION

" The relationship between the physics of glacier movement and
atmospheric processes is vitally 1mportant.for two reasons. Firstly,
glaciers advance or retreaf over:time. in response to c]imatic varia-
tions. Secondly,. ice masses are. stores of fresh water which, subject
Ao climatic control, affect the hydro1ogy'of large areas. Much atten-
‘tion has been conceﬁtrated on the complex 11nkage§ which constitute
ihis relationship (Paterson, 1969). Among these, the interaction be-

tieen the cnergy balance of a glacier, and its mass balance is crucial.

. The energy balance comprises é]] forms of energy exchange at

" the surfaée, These involve shortwave and 1ohgwave radiation, as well as

the transfer of sensible heat between the atmosphere and the surface.

Latent heat exchange is associated with the transport of water vap;ur to

and from the glacier. It also occurs through melting or freezing -at the

surface. The energy used in melting ice is hereinafter referred.to as

the melt energy. Heat conduction may occur within the ice. In addition, \\
precipitation plays a small and sporadic role in the energy balance. |

Each term represents either an income or an expenditure of énergy.

Furthermore, incomes and expenditures balance.

~ The mass balance comprises all gains and losses of ice over

[

the glacier. In contrast to the energy balance, gajns seldom balance




S

1055&5 during periods which may Emteﬁd over many years. A detailed ‘
description of the mass ba1ance 15 complex (Md1ler, 1962). In simpliffed
terms 1t may be divided 1nto two periods, the occurrence of. one or the
other governed byqthe position of the zero- degree 1sotherm Air tempera-
ture below freezing characterizes the accumulation per1od during wh1ch
mass is gained through precipitation, mainly in the form of snow. The

nergy balance plays a passive ro]e since melt energy is absent. Air ‘
temperature is above freezing during the melt per1od, and melt energy
‘becomes a large exbendituré to which the rest of the energy ba1ance;con—
tributes. Consequent1y the energy balance plays an active role in deter-
mining the mass balance. It. js for this reason that cons1derable effort
has been directed toward studying glacier energy balances during this
period.(Sver¢rup, 1936;~Hai1én. 1948; LaChapelle, 1959; Havens, Miller
and Wilmot, 1965; Wendier and Streten, 1969).

Becauseé direct measurement of the,mETt is difficult, indirect
iestimates have been attempted using the energy balance (MU]]er and
Keeler. 1969 ‘Derikx, 1971; Féhn, 1973; Hend1er and Ishikawa, 1973).
The success of this approach rests upon two cond1t1ons thdEsthe theory
of transfer for each component of the energy balance is well understood

and that measurements are“sufficiently accurate and precise.

The theory of radiative transfer, and heat storage with1n

ice, is khown well enough that evaluating the energy wzich they represent'

is mainly a measurement problem. It has been shown resently that satis-
faétory measurements can be obtained over ice, particularly for radiation

v .
(Weller, 1967; 1968). By contrast, sensible and latent heat transfer

ARt SR



theory requires further investigation before good estimates can be made,
even if su1tab1e measurements are avai?ab?e. It is known that these
transfers control the distribution of temperature and humidity in'the

. N )

1ower'atmosphere. It is also known'that the principal transfer mechanism

.‘1s turbu]ent m1x1ng. How this mechanism 1inks tbe exchanges to the ~
-vertica] distr1bution of temperature and humidity is 1ncomp1ete1y under-
stood, Thermal strat1f1cation over me1t1ng ice is characterized by
strong inversions, and associated stab]e cond1t10ns which dampen tur- .
.bu1ent motion. The smoothness of the surface and the existence of 10ca]\-?

©ook

drainage winds, reinforce this effect

Significant steps haye been made 1n understand1ng t’//transfer
mechanism in unstable cond1t1ons where temperature dccreases S}th height
(Swinbank and Dyer, 1967 Dyer and Hicks, 1970; Bus1nger wynga/rd Izumi

and Brad]ey, 1871). Some progress has also been made 1n stab]e conditions
(McVehil, 1964 Webb, 1970; Businger et al., 1971), though this has been ﬁ}

h
hampered by neak wind speeds, which are typical of most stable flows out-

-

side of giacia] environments. The significant findings have been empirical,
and developments in instrumentat1on have been crucial.,

The d1ff1cu1ty of obtaining good measurements may account for
“the tendency ef most glaciologists to ignore the detajled 1nvest1gat1on
of turbulent transfer. The emphasis has been toward obtaining rough esti-
mates of sensible and latent heat transfer from overly simple models. The
outstand1ng works of Sverdrup {1936), Liljequist (1955). and Holmgren (1971)
are exceptions. Neverthe]ess, there is a need for additional 1nvestiga-
tions with more refined measurements. In response to this, deta11ed micro-

meteorological measurements were made during the summer of 1971 on Peyto



Glacier. These measurements were_directéd toward the problem of

improving the procedure for estimating sensible and latent heat %ransfer.

" This thesis describes ‘the investigation of the problem, It

is organized 1n.thrée parts:

(]) atmospheric structure close to 3\? surface, and 1t55:;;H1ca—
tions for the use ‘of the tunﬁﬁ]ent transfer approach

(2) the influence of thgrma] stratification on turbulent transfer,
and | o

(3) surface roughness, and its effect on turbulent transfer com-

putations.

t

The results aré'incorporated into a transfer model which may be useful

in computing sansible and latent heat exchanges ové? melting ice.

)

LW
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CHAPTER TWO
: PHYSICAL BASIS

Turbulence is the principle transport1ng mechan1sm for momen-
~ tum, heat and water vapour in the lower atmosphere. Mo1ecular exchange

is s1gn1f1cant only w1th1n a' few millimeters of the surface.

Turbu1ent transfer theory, which has been derived from fluid
mechanics, is empirically based. Its applicability to the computation of
a£ﬁo$pher1c—fﬂﬁxes—eanJGEIy'be.assessed by experimental studies, The air
layer over me1t1ng ice is in special need of 1nvost1gat1on because

existing data are relatively meagre, and of genera11y 1ower quality than

those obtained over other surfaces

«/"‘““‘“;—————// C.

This experiment focuses upon the relationship between the
observed height distributions (profiles) of wind speed, temperdture and
vapour pressure, and fne surface heat f1uxes. Alternatively, fluxes can
be measured direct1§ (Bradley, 1968b; Wesely, Thnrte11 and Tanner, 1970;
Pruitt, Morgan and Lourence, 1973), but existing instrumentation for
doing this is genera]ly unsu1tab1e for the glacier environment. In con-
trast to this, eva]uat1ons based ‘upon the vertical- profiTé§"6?fn{nelﬂ

speed, temperature and vapour pressure.offer the fo]1oW1ng advantages:

© (1) Measurements can be obtained with relatlveiy simple, and
easi1y maintained instruments. This increases the 11ke11hood of success=-

ful data collection in a dafficult field environment.

e et e e

e mfimrian-
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(2) They are readily app1ied to even simp]er data sources, sucﬁ'
as meteorological she]ters, or two-level measurement systems. |
" (3) Information may be obtained aboht the structure of the air
1eyer near the ground which is useful to“the app11cat1on of direct and

profile approaches to heat flux estimation.

The Systéme internetiona]e d'Unités (SI) is used throughout.

A complete list of symbo1s and units is given in Appendix One.

A. Transfer_in the Boundary Layer Over Melting Ice

surface fluxes of momentum, r, sensible heat, QH, and 1atent
heet, QE, Jre related to vertical gradients of wind speed, u, tempera-

" ture, 68, and vapour pressure, €, by ' ¥

»

T = P KM ‘%’lil-' | : _ (2.1a). o
s ' o ¢ 4
- w Y 'L\/A\/
‘ CALE . )
and Qg = P 5 Ke ~33— - 2(2.1c)

(<o
where K is the turbulent transféazcoefficient subscripts E, H and M
applying to water vapour, heat arfd momentum, respect1ve1y. cp the
specific fieat of air at constant pre;sure p the atmospher1ckbressure,
; the height above the surface, ¢ the ratio of the molecular weights of
water and air, X, the latent heat of vapourization, and p the deflsity

of air. Positive flux values jndicate transfer toward the surface.
Transfer away from the surface is negative. . The validity of these

equations rests upon two assumptions:

: e - 3"_:':—'7"-;--‘ =

ek
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- {1) that mean values of.atmoépheric parameters (u, @ and e) are
constant with time, and are horizontally uniform;

(2) that fluxes do not diverge horizontally.
These assumptions are correct within the boundary layer.

The boundary layer is usuél]y defined to be aﬁJair layer, in
contact with the ground, which 15 directly 1nf1uenced by surface pro-
cesses, A more specific definition is made by requiring that ‘the fluxes
) in this layer are constant with height. The justif1cat10n for a con-
stant flux layer can be ijluéirated with the‘simplified equation_for

i
A [}

_horizontal transport:

- 2

3% W - _ K3 K 3™ ‘ :
= U — t'-——;;E , _ (2.2)

in which t is the time, X the distaﬁcg along the wind direction, and % .
any of the entities, heat (p-Cp 8), momentum (p u) and water vapour 7

ﬁp e e/p). From the aSSUmptions, ax/at, a%/3x and aleaxz each equal

to zero, it follows that 2 %/az = 0. The assumed absence of vertical
f]ux divergence underlies. the estimation procedures used in this thesis.
Exper1menta1 evidence supports the existence of a constant flux layer,

with a depth of at Jeast 30 m, over extensive hdrizqnta1 sites (Haugen,

AKa1maT and Bradley, 1971; Dyer and Hicks, 1972).

\ ‘
These assumptions do not necessarily apply to the air layer

over a melting glacier, because the surface is usually 1nc]1ned, and



| cold. The overlying -warm ajr 1s cooled from below, forming a relatively
dense surface 1ayer within which the a1r i accelerated down$1ope by >/f
grav1ty This 15 the orig1n of the glacier wind (Defant, 1951), a kat3~

~ batic flow which has been analytically described by Holmgren (1971)

Following Holmgren (1971), the momentum form of Eq. (2;2) can
be written to include the katabatic effect so that the horizontal momentum
flux divergence becomes a function of the horizontal pressure gradient

force, and the katabatic force:
.- =

- 1 LR '
gx cos w*- ——Jl— cos ¢ + -jl— p g sin (2.3):
%o : -

>

in whieh g is the acce]erafion due to graQity,ﬂ 8, the suﬁf%ce temperiﬁ
ture, o' the temperature‘disturbancé (8 - 8g), and ¥ the slope angle.
The katabatic force is 1ikely to dominate for slopes steeper than 0.2
degrees (Ball, 1960). Therefore, 91/3X will not equal zero and ap/ax
# 0‘(thé_u5ua1 assumption For micrometeorological work). The steady=
state assumption, au/ét = 0, is not strictly correct because katabatic
flow is characterized by short-term'aécelerations (Ba1], 1960; Lettau,
1§66). Moreover the flow diverges; siﬁce it is accelefating downslope,
and therefore au/ax does not equal zero. Thesgﬁcircumstances should

result in a change of momentum f1ux'with'height;

Height divergence can be postqif%ed for the sensible heat
and moisture fluxes, since these entities are advected by the wind. The
difference between the glacier surface temperature-(o ), -and the tem-

perature of the surrounding land area (> 0 C) can be large. Therefore

-



" as/ax # 0, especlally near the glacier margin. Similarly, sefax # O
when maerd vapour pressure contrasts exist. In addition, the steady-

state as-umption, 39/9t = 0, appears to be weak for katabatic flow

(Lettau, 1966).

_ The relationship between sensible heat flux d1vergence and
horizontal gradients of wind speed and temperature is illustrated in
. Fig. 2.1. .Here, an 1ncrease of wind speed downglacier (su/sx » 0) is
accompanied by a decrease in temperature {38/3x < 0). In steady-state
cond;t1ons, sensible heat flux divergence between the’ surface, and

some heighf‘above the surface, z, is'given by

Q_n(ii (o) =7 % {[) & */ dZ] (2.4)

where p is assumed to be constant with height. An analogous equation

applies to the latent heat Flux.”

From Eq. (2.4) it is apparent that & reduction of horizonta1'
gnadients will reduce the flux divergence. At a sufficient distance
from the glacier margin, thesefgradients may be negligible'close_to the
surface, thus a11owtng the use of flux estimation procedures developed

for boundary layer conditions.

Despite: its importance, the problem of boundary layer develop-
ment on glaciers has received 1ittle attention. It is known generally
that boundary 1ayers with temperature 1nversion§ are shallower than
others (Orlanski, Ross and Polinsky, 1974), but there is a need to

\_determine, by experiment the existence and depth of the boundary ]ayer

]
4
4
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in katabatic flow. The depth is a crucial factor in apblying boundary

Tayer theory.

B. Transfer in Neutral Equilibyitm .

o

| In neutral equi]ibffum the vertical temperature'distribution
is governed by dynamic effects aione. Turbulence is generated solely by
-mechanical energy resu]ting'frqm the surface interaction with"the'wind.
. This state is well understood;Fand it forms the starting point for the
1nvestig§tidn of mﬁre éompiex cases. Moreover, tranéfer models developed
for the neutral‘cdse h&vé been used in glaciological iﬁvestigations

(Havens, Miil Ter. and Wilmot, 1965} Miller and Keeler, 1969).

o~

Neutral transfer models may be used to compute the height-
’ ..1ntegra§ed values of the eddy transfer coefficients in Eq. (2.1). This
is done by expressing the fluxes in-terms of the friction velocity, Us,

the friction temperature, 6,, and the friction vapour pressure, e*:'

r = pul ._ (2.5a)

QH = P Cp Uy Oy 4 ' (2.5b)

and Q - p Ave U, e . ‘ (2.5¢)
E . ] p * Tk - .

- From Prandtl's mixing length hypothesis, any friction para-

-meter, y., may be expressed as

Yo = (2 A | / (2.6)
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in wh1ch k is von Kénnan s constant. Within the bbundéry layer, Eq. (2.6)

can be integrated over height, and the friction quantities written in

terms of finite differences:
aln z ' ‘ ' (2.7)

The validity df.the 1ogarithmiq expression is established for adiabétic"
7 ‘ P

flow.

The eddy transfer coefficients are assumed té“ﬁé'équal 1n
adiabatic cond1t1ons The va11d1ty of this assumpt1on is suppbrted by
various studies (Rider and Robinson, -1951; R1der, 1954; Dyer, 1967;
Harbeck, 1967; Oke, 1970; Dyer and Hicks, 1970; Hebb 1970}, a]thodgh
disééntingvinvestigations have recently been reported (Bus1nger et al.,
1971; Pru1ft, Morgan and Lourencé, 1973~‘Hﬁgstr6m, 1974). The question
. of similarity in neutra1 conditions can not be examined ir this study,
~ so the ma30r1ty v1ew that the equality assumption holds, is accepted.
This view a]so agrees with the theoretical position taken by Obukhov

(1946} and Ellison (1957).

Consequently Egs. (2 1a) (2 5a), (2. 6) and (2.7) may- be com-
(fggned (using ¥y = u,) to define the genera] eddy transfer coeff1c1ent

K= KM = KH = KE: - ) . S | . )
' 2 A.ﬁ 2 M - | | \
K = k' 1aTnz)2 (ﬂa;,) . (2.8)

substituting Eq. (2.8) directly into Eq. (2.1),Jand using finite differ-

. ence -approximations to the gradients,
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2V A '
Tt = pk m%ﬂz {2.9a)
{‘

0= o ¥ Tt - (2.9b)
d = AyE ;2 Au pe ‘ 2 L

and  Qp = P e In 2)2 . :9c)

The logarithmic model must be modified to include buoyancy
effeé%s. Neverthe]e;s, it has beeﬁ assumeq that errors intrbduced by
thermal effects are small close to the ground. This assumption under-
lies the Jgé‘of the ]ogari%hmic framework. over.me1ting icémby some
investigators (Havens MJ11er and Wilmot, 1965P Gra1nger and L1ster,
1965). However, Derikx (1971) found that a neutra] framework, mod1f1ed
to include buoyancy effects, gave better flux est1mates than the neu- .

tral form.

Me]tfng jce differs from other natural surfaces in that the
surface values of temperafure and vapour presstire can be reasonably well
spécified This offers an ideal situation for the application of bulk

transfer procedures (Deacon and Hebb 1962) ~ They involve thé-use of

- a dimensionless drag coefficient, CD’ which is obtained by integrating

Eq. {2.6) between z and Zys the surfjsgfnqgghﬁE;;”Y;ngth, so that

L v
o f : [
! E

- . /

. Ya o k . . c
o e

X,
U

where C = rz. fFrom Eqs. (2.5) and (2.10}:

<>

MR

.

e



T =P CD u ‘r ; . 5 .' ‘ (2_.”&)-
Q= S CD u (e - eo) o (2.11b)
and Q. = ic ule-e) - (2.11¢)
E- PTp D" %7 Co ‘ . -11e
where 8, = 0 C and e, = 611 Pa.

2/

The bulk transfer approach is useful in synoptic scale ‘
studies (Sheppard, 1958), and it can be applied to data taken from .
meteorological shelters or automatic weather stations. However, there

is uncertainty about the use of a single CD value for a11 fluxes.

Several g]acio]og{ca1 investigatdrs‘have suggested that the wind pro-

fite z is larger than the temperature profile roughness ‘length, z,

(Sverdrup, 1936; Liljequist, 1955, H&lmgren, 1971; Wendler and

Ishikawa, 1973): It is also possible that the vapour bressure profile .

has a unique roughness length (Sheppard, 1958). Thus T may depend
upon the specific friction quantity represented by y,. Then a séparate

bulk coefficient would be required for each transfer.

C. Stability Parameters

Stability is characterized by thermal stratification in the

“air layer next to the ground. Thermally ‘stratified conditions differ

from the neutral case in that buoyancy becomes. an additional turbulent

£ i
energy term. Buoyant forces are caused by the vertical density defer—

ences arising from temperature gradients. Vapour pressure gradients

" ‘also have an effect,.buf this is extremely small {Webb, 1965).

ERVE

FERSSRNF FL S sl ol
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Two types of thermaj stratifidatjon are recognized:
{1} Due to a decrease in temperafure away from the surface (1apse),
warm air near the ground rises, while cool air aloft’ sinks. Cond1t10ns
- are unstab]e since buoyancy augments turbulence, and vert1ca1 mixing 15
amplified. _
(2} Due to an increase in temperature with height (1nvers1on), air
tends to remain 1n place. Conditions are stable since the buoyant force

depletes turbulent energy, and vertical mixing is dampened.
This thesis deals exclusively with the second type. o

Stability measures begin with a consideratidn of the forces

contributing to the turbulent energy exchange, Et'

analysis of the forces suggests that only mechanical and buoyant forces

Richardson's (1920)

are important. Their contribution is summarized in the relationship

s S TR %
T 73z ) A

5% (2.12)

~

~ 1n which 'ea'is the absolute air temperature. The ratio of these forces
defines the flux Riéhardson number, Rf:

9 Q,

8, Cp T (39/82)

Rf

(2.13)

By this number:
(1) neutra1 equ111brium is defined at Rf = 0, since only the
mechanica] contr1but1on remains in Eq. (2.12),

(2) unstable conditions are defined when Rf < 0, and
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k2l

(3) stable conditions are defined when Rf » 0.,

Furthermore, Ricﬁérdson‘suggeSted that Rf = 1 was a critical va]ué

since Eq: (2.12) then equals zero, and turbulent energy vanishes, Hence,
Rf has ihportant theoretical implications as a'cFiterion for determining
the onset of turbulence, and is analogous to the Reynolds number in this
respect However, it is not a practical parameter since it requires a
priori knowledge of the fluxes. This is contrary to the objective of the

profile approach, which is to obtain the transfers as the end product.

The gradient form of the Richardson number, Ri, is practical.-
It is obta1ned by assuming KM KH and subst1tuting Egs. /(2 1a) and
(2.1b) into Eq. (2.13): N B

Ri = -9 (20/3z) (2.14)

0, {ou/az)<

However, Ellison (1957) suggested that the assumption, KM = KH, was
invalid for any but neutral conditions, Despite this uncertainty, Rj \
has been used frequently beéauge it is easy to evaiyate from profile
data. For this reason, it is sometimes used even when a better alter-

native is available (Swinbank, 1968).

Much attention has been devoted to determining a critical Ri
value, Ri . This denotes the point at which turbulence ceases. Early,

work by Durst (1933) pointed to a value of 1.0, which would suggest

_ that Ri is a valid substitute for Rf if Richardson's -prediction was -~ - - - -

‘correct. More recent: values are considerdbly smal]er‘(Businger, 1955;

Yamamoto, 1959; Kaimal and Izumi, 1965 Hogstrém, 1967; Okamoto and

J



—nbf“cOnta1n*stabiTity—dependentﬂquantities,wand+it,makesmno_assumptiOnéﬂMqW”_,
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Webb, 1970) Ind1v1dua] est1mates d1ffer, but 1t seems that departures.

from the ad1abat1c framework are difficult to descr1be analyt1ca11y

beyond Ri greater than 0.1 or 0.2 (Da]rympIe, Lettau and Nollaston,

1963; Oke, 1970;‘Hebb,.1970). This is due to the sporad1c occurrence

of turbulence in strong stabi]ity (Portman, Elder, Ryznar and Noble,

1962; Okamoto and Webb, 1970). -

An atternative to Ri employs the stabi]iﬁy length ‘scale, L

(Obukhov, 1946; Lettau, 1949):
o (2.15)
‘ 2.15

k g QH/CP P ea

which follows the same sign convention as Rf and Ri. Used in the form
z/L, it becomes the basis of stability-corrected transfer mode]s (Dyer,
1967; Dyer and Hicks, 1970; Businger et al., 1971). The difficulty posed

by the need for a measurement of aH is overcome by combining Egs. {2.5b)
and {2.15) (Calder, 1966; Webb, 1970):
W e, |
L = Ygon ' (2.16)

Thus L can be evaluated from sufficiently detailed and precise profile
measurements.

The z/L stability parameter has the advantages that it does

about the equality of transfer coefficients. Moreover, the influence

of height above ground is readily seen. Mebb (1965) has outlined a
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gradients virtually disappear, at z/L = -1.

18
scheme in which turbulence becdmes,sporédic; and potential temperaturé .

"

D. Transfor in the Stable Case

Investigators over the.iast 50 yéars have endeavored to model
therma])stratificatioq, and incdrpofate it into the adiabatic framework.
Important theoretical work was done by Obukhov (1946), Lettau (1949) and
-E11ison (1957), but the main line of investigation has been experimental

(Priestly, 1959; Lumley and Panofsky, 1964; Webb, 1965).

The effect of a temperature gradient is to introduce a basic
inequality between the vertical and the hori%qpta1;dQViéfﬁ§hs from the
mean flow (Taylor, 1927). Equilibrium between friction parameters and
gradients is altered so the equality in Eg. (2.6) no longer holds.
This problem is approached by employing a dimensignless function of sta-

bility, ¢. Following Webb (1965), ¢ is incorporated into Eq. (2.6):

_ kz 3y ‘ ‘
Yx = —3 7 - (2.17)

-

A number of ¢ functions have been derived experimentally from profile
data (Ho]zman, 1943; Yamamoto, 1959; El]iott,.1960§ Panofsky, 1961;
Sellers, 1962). More recent work by Dyer (1567), and subsequent in-

vestigators (Dyer and Hitks, 1970; Businger et al., 1971; Pruitt,

Morgan and Lourence, 1973) -have included direct flux measurements in

~—addition-to-profiles: -Some-of these-incorporate data-frof-stable con- - - -

ditions, but exact'functional relationships for ¢ are not genéra11&

agreed upon.
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The stable case is examiped by considering the stability
correction form pnopbsed by Monin and Obukhov (1954), which expresses ¢

as an infinite series in z/L:

B : ) 2 3 _ :
R e R 1o R ALY

wheré ST 62. Ggs ... AreE empirically determined constants. Monin and

Obukhov, along with a number of subsequent 1nyestigators (Taylor, 1960;

McVehil, 1964; Webb, 1970), have agreed that no term above first order

néed be considered for stable conditions.l

Thug

7

- = 1 +a (2.18b)

In which « is referred to as tbg Monin-Obukhov constant. However there

has been strong disagréement over the value of a. Past estimates vary

from 0.6 (Monip and Obukhoy, 1954; Swinbank, 1964) to 9.5 (Hogstrom,

1967). -More recently, a value close to 5 has been suggested (Webb, 1970; :
quinger'et al., 1971; Carl, Tarbell and Panofsky, 1973; Dyer, 1974). o

Rearranging Eq. (2.18b) to express a as a derivative, and i

integrating with height, _ )
% = e -1 - 2-2g) - /
] -—‘/z_ ‘—(-g?'L—)— dZ/L =0 '(—L——Q')' (2.]9) e i |
o - - "o e B R T e o ) : e

in which ¢ is a height-integrated stability correction. _ | ﬂ

2
e TN

e R R
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The ¢ correction is an essential component of the Monin-Obukhov model

o C g
Yo = Ky - ¥ [1"(%EJ+ a m2 2 ] (2.20)

which is obtained by substituting Eq. (2.18b) into Eq. (2.17), re-
arrang1ng terms, and integrating over he1ght This expression,often
referred to as the log- 11near model, was independently derived by
‘Liljequist {1955) in his‘analysis of heat transfer in Antarctic in-

versions.

A .

The central problem in constructing profile based models of
heat transfer in stable conditions is to determine if a single a value
s suitgble for all profi]es;' This is the same as de.ermining if the

eddy transfer coefficients are equal in stable conditions, since

z: = :ﬁ ) - | (2.21)

r

Sim11arity.of transfer mechanisms in thermally stratified conditions-has
never been accepted with conviction in atmospheric studies. Moreover,
Swinbank and Dyer {1967) provided convincing experimental evidence that
KM differs markédly in its behaviour from KH and KE in unstable condi- .
tions Experimental evidence in unstable conditions suggests that o and
¢g are equal, but different from oy {Dyer, 1967; Dyer and Hicks, 1970;
Businger et al., 1971;-Carl, Tarbell and Panofsky, 1973). The nature of
the 1nequa11ty {s such that Ky and KE are greater than KM. This is- 1n

basic agreement with Ellison's (1957) theoretica] predictions.



Zf
< The stable situation is not as we11 documented Stewart
(1959) stated that there is no obvious Justificat1on for equality, and
Ellison (1957) suggested KM:> K However, experimental resu;;;j;? >
Webb (1970) and Oke (1970) point to an equality of K, and KM."Other
experimenters find KM greater than the other coefficients onTy in strong
 stability (Businger et al., 1971; Carl, TarbéTi_aad Panofsky, 1973;
Pruitt, Morgan and Lou.ence 1973).

A]]owing a different value for each atmospheric parameter
used in Eq. (2.20) and taking a¢ between two heights, stabi]iiy oo
correcte%ﬁ?riction parameters can be ca]cu1ateﬂ, and substituted into

Eq. (2.5):

2 2
. . pkiau
T (A Tnz+ A¢M)2 (2.22a)
A pC k2 A u a8
W= EwmE 28, )(a Tz ¥ de,) = -(2.22b)
| oA, € Kauae .
énd % = e Tnz = Bey)(2 Tnz + Awé) 0N (2.22c)

7

where the subscripts, E, H and M apply respectively to latent heat,

sensible heat and momentum.

g Théoretica]]y; thermal stratification also affect® the drag
coefficients in Eq. (2.11). However, it is usually arqued that stabil-

1tY'éeffectsﬂare-sma]1~enough'-to_—"be'-1gnored"in'practice:_;Some'investi"-""““"“"“‘"'

gators have applied drag coefficients. determined in neutral conditions,.

P



to the nqn&néutra] case: (Deacon and Swinbank, 1958). According to
Bradley (1972) this procedure is reasonable for unstable conditions, but
it results in flux overestimation in the stable case. Thus, it may be

necessary to modify Eq. {2.10) for stable conditions.

" In order to make ¢ correction schemes opé(étional, stability
must be measured from gradients alone. Although alc8¥nection based upon

z/L is theoretica11y sound, Ri is the only stabi]ity péﬁamete(\:hich

meets this requirement. Therefore it is useful to examine the\relation-

* ship between Ri and z/L (Dyer and Hicks, 1970):

2
z . _ M . .

[y

An experimental evaluation of oy and ¢M can establish the relationship
between these two §£abj11ty parameters. Dyer and Hicks (1970) found
¢ﬁ/¢H = 1 in unstable conditions, and thus Ri and z/L values which
are equivé]ent nJmerica]ly. webb's (1970) data for unstable conditions
seem to suppdrt_ﬁhis conclusion, but they indicate a different result

for the stable case.



. _end_of_the_ablation_season. .

~ CHAPTER THREE
" EXPERIMENTAL PROCEDURE

A.a Site and Observation Period

Peytotﬁlacier (51° 40' N, 116° 33' W) is Tocated in the
Canadian Rocky Mountains, about 100 km north of Banff, A]berta; The

glacier occupies approximately 14 kmz, mostly in a large upber basin -

which is continuous with the Wapta Icefield {Fig. 3.1). It ranges—in
. .

altitude from 2100 m-to 3000 m, and faces the.north-east. Most in-

(N \ _ .
-vestigators consider the glaciers of this arca to be temperate, that

_is their temperature is at the pressure melting pdint of ice through-
{

out. o - ’

- -

=T .The site offered particular advantages for this research.

]Sihce it was selected as a study basin for the International Hydro--
. / . ' °
logical Decade, it. had a well established field camp set up by the

“  Glaciology Division of the Department of Environment (Canada). Also,

5

the basin was readily accessible.

<t

Measurements were scheduled to begin in late June, 1971,
a

but bad weather resulted in a one-month delay. Hence, observations *

o ~
were confined to August, and the first week of September, prior.to the-

J
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B. Instrumentation _ ' B .;

Instrument selection and placement were directed towafd:
(1) accurate measurement of vertical profiles of wind sbeed,

temperature and vapour pressure near the surface. These were needed

to examine the depth of the boundary layer, stabiiity relationships

and surface roughness.

(2) accurate measurement§ of other energy terms to eva]uiie the

energy balance:

Qe # Q + Qp + Q FO-=-0___ (3.1)

in which’Q; is the heat conducted beneath the surface, Qy the melt
energy, and Q; the net radiative transfer. This evaluation is needed
to assess the herformance of computation procedures developed for

Qy and.Qg.

1. Location of Sensors

o A measurement site was established on the glacier tongue,
about 1 km from the 1cefa11‘(Fig. 3.1). The surface roughness elements
appeared uniform over this Qigranéé} providing-a fefch of 1000 m.,
According to an.oftenyqﬁgéed ru]e-of-thumb,—fhe overlying air is re-
presentative of the surface up to a maximum heigﬁf of 1/100 the fetch,

or 10 m in 1@00 m (Bradley, 1968a). Mostdneasurements were made

~ within 5'm=o% the surface.

\ .
In estab]isﬁ1ng the instrumental Tayout, a persistent down-

25
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gIacier'wind was assumed (Fig. 3.2). Other wind:directions occurred

only dur1ng stormy weather, when measurements were not made. An anemo-
‘meter mast, and a temperature mast were located side- by—s1de, upwind of
“all other instrumentation. A net radlometer was mounted 511ght]y down-
wind, and to one side of the masts. Melt measurements were made down-
wind from all the others. Signals Wére recordedﬁjn a hut to the~side

of the me]t plot. Power was supplied by one of two 1 kW generators,
| located as far downglacier as possibie, to avoid electrical interference

with the signals. . " : ‘ B S~

2. Profile Measurements
. Y

: Wind and temporature sensors were mounted at heightskof‘O.ZS,
0.5, 0.75, 1, 1.5, 2 and 4 m above the surface (Fig. 3.3). On Some
occasions dry bulb measurements were also taken at 6 m. Additional wind
speeds were measured at 2.5, 3, 3.5, 6 andA6 m. The base of each nest
was mounted on a flat rock.‘ This arrangement'maintained,the sensorsxat

a constant height above the sqrface throughout the melt season.

.The surface consisted of elongated ice hummocks (Fig. 3.3),

. with a local relief of about 0 5 m. The jrregularity raises the possi-
b111ty that the measurement he1ghts were determined 1ncorrect1y. ?Eé
he1ghts of the 0. 25?9 sensors were checked by perform1ng a microrelief
survey of a 20 x 20 m- g?1d (Fig. 3.2), with survey points at 0.5 m
,intervals across the glacier, and at 1 m 1nterva1s upg1ac1er. The mean

~1ce level was determ1ned by f1tt1ng a f1rst order trend surface to the

'data {Krumbein and Graybill, 1965). The height of the Towest sensor on

-



RS R S

<

27

MICRORELIEF
STUDY AREA

EMOMETERS  ~

! NéT
\

RADIOMETER

N
/’
P
Yd
y
1
1

{. ,
¢
g.
s
A
Downglacier

ALY ’70
4
\% o ™
; LAY
5, e
REEORD!NG
HUT
0
[ =
& .
. I .
£~ E
HYDROLOGICAL ‘
DISCHARGE -
MEASUREMENT
SYSTEM ~ .
' GENERATORS
tL--.

Figure 3.2.

e m—



pmp_.m [ejuBuLIadXe JO MILA Jatoe|bumog cg°g a4nbiy

a




29 &

T o —r vt o

each mast was measured relative to the trend. This differed from the | :

originally.chosen value (0.25 m) by -0.011 m for the tempefature mast, : i

and 0.003 m for the wind mast. Both discfepan@ies are within the
standard effor of the'tfend surface. Therefore the measurement heights

. J :
were accepted as correct, -

a. Wind Profile.

I

-

Light-weight cup anemometers were used in this study (C,H.

Thornthwaite Associates). The cup assemBly (weight < 7 g) is supported

on a low friction bearing, thus en ring a Tow stall speed (about 0.1 m
s']), and a fast response to wind peed variations. The anemometer
distance constant® 1s‘rough1y 0.6 (Thornthwaite,‘Superior, Mather and

Hare, 1961).

_ es on the princib]e of a shutter-‘
interrupted light beam which generates an electric current by activating -

The anemometer o
a photocell. Each cup revolution causes the current to vary through one
cycle, and this increments a counter. The wind speed is related to. the-
number of counts per unit time by a third-order polynomial eguation

¢

_ 2 2 3 .
u=aj + 2, fc- 2, f ?

+ag £ ¢ Cce 0 (3.2)
& ' _

in which s 31> g 2y are'p01yn0m1a1°coefficients, c is the number

of cup revolutions per minute, and f is a.cup calibration factor

(Appendix.2.C).

The jnctusion of a cup calibration factor is necessary because

individual cup assemblies differ slightly in performénce. Calibration

* The distance which the wind must travel in order for the anemometer s
to respond to 62.3% of a step change in wind speed.



_ and (3) (Fig. 3.4).

factors for each tup were detenn1ned

(1) by a field 1ntercomparlson, with anemometers mounted at one

l1eve1 above the ground,

(2) ,by;a‘factory recalibration offsome of the sensors, and

(3% bﬁivﬁsua1.inspection of profile plots (u vs. In z). The last
step, thch followed the preceding two, was neéessary because cuﬁ assembly
characteristics can change duriné trahsport* (see Appendix 2.C). '

Care was taken in mounting the anemometers since systematic

errors can result: ,

(1) from 1nterference between the anemometer and the mast,

(2) from 1nterference due to insufficient vert1ca1 spacing be-

tween anemometers,-and

(3) from insufficient height above the surface..

Tanner {1963) reports that the first source of error can be eliminated
by ensuring that the cup;rotation, at the_closest point- to the mast, is
in the same direéfion as the wind. AThis procedure was followed here,

The lowest sensor height, and the.minimum vertical separation (both equal

to 0.25 m) were considered sufficient to prevent errors arising from (2)

b. Temperature Profiles

Ventilated dry and wet bulb psychrometry waé used (Wexler,
1970). Successful application of the method depends on accurate tempera-
ture probes, adequate radiation shielding and proper ventilation. Ther-

mopile thermometersy based on a design by Lourence and Pruitt (1969),

* \.J. Superior, Thornthwaite Laboratories, personal comnunication.
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* with modification by the aufhor (Appendix Z.A), were used to measure

temperature: Their time constants* were determined to be approximately

one minute.

They were referenced to ice and water in a vacuum flask at
the base of the mast. Their outputs were calibrated against a precision
platinum resistance thermometer (Rosemount Engineering Companj, Model
104MBY6CCXA, Bridge Model 414L, precision I_O.OIIC) prior to and
following the field sﬁydy;‘over a temperature range of 20 C. From the

the calibration data the\fq11ow1ng,po1ynbm1a1 regression relationship

.was obta1ned:

. ~ . ., 2 | .

T=a +aym-aym _ (3.3)
in which T is the temperature, and m the electromotive output in mv.
Values obtained from Eq. (3.3) were converted to potential temperature

by removing the influence of the adiabatic¢ lapse rates.@

a

Pooled data from all of the probes employed in the field

" were used to establish Eq. (3.3). However, an examination of the re-

'siduals from the regression revealed that iridividual probes deviated

systematical]ﬁ from Eq. (3.3), and that the deviations wére virtually
constant over the calibration range. To. avoid:systematic errors, the
mean deviation for a probe was applied to Eq. (3.3) as a correction-

constant {Appendix 2.C).

* The time taken to respond to 62.3% of a step change in temperature.

@0.01C m"'I for dry bulbs and 0.007 C m" for wet bulbs.



requirements of aspirated wet buIb psychrometry (> 4 m s

The sensor housings used in this‘studyL(Figﬂ'a.S) closely
fo]low a design by Lourence and Pruitt (1969) which was intended to: |
(1) eliminate temperature errors arising from the absorption of

radiation by the probes,

(2) supply water to the wet bulb at.a rate which is in equili

- brium with the evaporation’ (to avoid erroneous wet bulb temperatures).

: . |
and o {

(3) ma1nta1n a ventilation rate which is in accordance with the\

-1 and < 11

s71; List, 1966). N -

-

The radiation error was minimized by‘covering the probes with twe
shie]ds, each painted flat black on the 1n51de and covered on the ’ut-

side with alumtnized mylar, which has a high ref1ectiv1ty for radiation

: |
(Fuchs and Tanner, 1965). The wet bulb was covered with a wick |

which led to a reservoir of distilled water. The wet bu]bs were

checked periodically to guard against drying out or excessive watTr
supply. Lourence and Pruitt (1969) indicated that this system could

provide a ventilation rate of approximately 5 m s'T. This was cdnfirmed
for the housings used here in subsequent tests by Allen (personal commun-

jcation). Further details appear in Appendix 2.A. |

3. Other Measurements - / —

In addition to the profile measurements, sufficient/informa¥
tion for the evaluation of Q. Q1 and Qy was obtained. Descrtptive

1nformat10n about the wind direction and cloud cover was also#co11ected.
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=

a. Net Radiation

A shielded net radiometer (Swisteco Pty. ttd., Type S-1) was
\ | - : ) |

used to measure Q, (Fig. 3.6). This instrument utilizes the thermopile
principle. Its output is related to the net radiative flux by a cali-

bration constant of 6.06 W mV'].

-

| Features of net radiometer construction, and sources of error
are given by Funk (1959, 1962) and Latimer (1972). Among the sources
of error to be considered are:
(1) change 1n'ca11bfat10n constant with tipe,
(2) unequal convective heat exchanges from the top and bottom
sensing surfacés, and

(3) 1nadequate spatial sampling.

A

-

Precise ca11bratipﬁs before and affer the field season could
not be made. However intercomparisons with a second net radiometer,
carried out at Peyto and at Simcoe, Ontario, supported the validity of
the calibration constant. Convective heat exchanges from the top and
bottom senﬁing suffaces were equalized by continuously pﬁrging the domes
with nitrogen. This also ﬁrevented internal condensation. The instru-
ment was mounted at 2 m above the surface, which ensured tHat 96% of the -
- outgoing radiation came from an area of radius 10 m (Reifsnyder, 1967).
The spatial sampling problem over ice was also noted by Langleben (1968;
1969), who used a 15 m mounting height over melfing_sea‘ice. Since the
scale of surface texture variations was comparatively small in this
. study, the area seen by the pét radiometer was considered to be suffi-

¢iently large to encompass all of the variations which were observed

R
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(Figs. 3.3 and 3.6}.

b. Ice Temperature

. Ice temperature profile data taken-by Paterson {1971) on
Athabasca Giacier, 100 km to the North of Peyto, indicated temperatures
s1ightly below. the pressure melting point. These suggesfed that Peyto
Glacier could also deviate from the temperate definifion, in which case
" heat transfer into the surface would occur. Hence, the possibility

that heat might be stored in the ice was investigated.

Thermop11es were embedded in the 1ce at 5, 10, 20 and 30 m- )
- below the surface. Temperatures at these depths showed no d1scérnab1e

deviations from 0 C. Therefore the glacier was accepted as/f/mperate,

and Qy was assumed to be negiigible. \ <

| ,, s
¢. Melt Enetgy //;/’f

The amdunt of energy used‘1n~me1ﬁ1ng the ice wés obtained
from hydrological d1schayge:mea§ufements. A small area of the g]ac1¢r
surface was isolated,with white plastic strips (Appendix 2.B). These
protected fhe underlying surface from sunlight, thus causing the area to
be isolated through differential ablafion. A chain survey was used to
measure the,gimensions of tﬁé piot. The surface area was calculated to

be 386 me. %

: ,/\_ R N . < ]
Me1twater ‘generated within the plot boundaries was co11ected

in a pit at the downslope end, and siphoned into a tank (Fig. 3.7)
fitted with a V-notch weir (22.5°)*. The water head at the notch was

* The system was designed by L. Derikx, Glac101ogy D1vision. Department
of Environment (Canada) and assembled by R. Weaver. -

/
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" gauge, mounted near the V-notch, was used to ca]ibrate‘the recorder

&

recorded continuously on a water level recorder (Leopo1d and Stevens)
drum type Mode] F). Constant re]eve111ng of the tank was required
since the supports tended to melt into the ice. Significant heve111ng
correct1ons resulted in a step change in the hydrograph and this was

distributed_]inear1y over the affected portion of the record. A point-

(Appendix 2.B).

-

Head readings were taken in thousandths of a foot‘(Precision

+ 0.002 ft). These were converted (British Standards Institution;

-

-

1961) to discharge by ~ | e —

— o p5/2 ’ - ¢
0  - T% 2y Ch R (3.4a) -

in which C is the discharge coefficient, D the discharge, and h the

head.. The discharge coefficient was functionally related to the

=)

head:

T

C = 0.65- 0.396 (h - 0.798) ‘ (3.4b)

Since Eq (3.4a) gi{es d1scharge in ft3s ], the value for D was con-.

verted to m3-s'], and the me]t energy was obtained from

. PWAfD Y T
) = -5 Q ~ P .4C) e

in whi Ap 1S<E%e,p1ot-area. ¢ the latent heat of fusion of ice, and  © -

N
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o, the density of water. QE ig incorporated into Eq. (3.4c) to correct

for the transport of water between the atmosphere and the plot. In
practice, the correction was found o be smal1 D1rect measurements of

discharge from the tank agreed well with resu]ts from the discharge 7

R

equation ﬁéppend1x 2. BQ . ' - 5’ o i
s ' )

| Care was’ requ1red to guard against leaks deveToping dn'fhe‘_em- S0
walls of the p1ot and malfunctioning of the s1phon, but . otherwise the '

system worked well: ,Egod results were obta ed with a 1000 m2 p1ot on

1

eyto G1acier in an ee“11er study (Der1kx; 197 and with an 84 m2

\d

plot on the McCall Glacier, Alaska (HEndler and Ishikawa, 1973}.

d. Descriptive Inrormation"

Wind direction was taken Four times an hour.’ 1t was meaSured' -

to the nearest five degrees, in d1rect1on left or\r1ght of .the long ax1s

- )

of the glacier tongue. | B ‘
. L‘—/’ L P

Cloud cover was recorded with the same frequency as- the w1nd

,noting high, medium and low cloud, in tenths of sé; covered Barometr1c

pressure was recorded on an anero1d barograph (Lambreckt, No 290)

4. Recording, Data Reduction and Averag1ng

~

Electrica] interference can be a source of error {Tanner,
1963). This is particularly 1mportant 1n-thermop11e.thermometry.since
s1gnals se1dom exceed 2 my. Consequently, the pract%ce of using §hie1ded
signa1 cable. and. ground1ng all shields to a common point, was adopted.
Care was a1so taken ts/ensure that power cab]es did not cross signal

] o,
\ ./-. o _;L"‘Jf/ﬁ

cab1es. |

s



“cards by a digitizer, which resolved the recorder trace to *

-
o
)

A ground could not be made because ice is a poor conductor.
However according to Goodman (persone] communication), an effect1ve
substitute could be obtaTned by constructing a Faraday cage -around the
hut. This was done with gWum1n1um screening to which the shields

Y

were grounded. ) -~ _ : I i,

‘a.” Wind Profile Pecord
: 7 ) R Ve
Cup revolutions were‘automatica]]y recorded on registers

every half hour. lReadings were precise to + 0 047 rpm. Data were
transferred from the register outputs- to computer cards for subsequent

analysis.

¥

b. Temperature and Vapour Pressure Profile Records

Temperatung“gfgna1s were recorded on a two-pen recording

potentionieter (Honef@ei] E]ectronik 194). One pen recorded dry bulb

\signaTs wh11e the second pen was used for the we\hbulb. The reé

corder prec1sion was_+ 0.25% of full range w1th a dead band error of

+ 0 15% of fu11 range.

Each level was recorded sequentially, using a stepping

L/;

one cycle per minute. For a probe time constant of

switch withcgold— ated contacts to minimize signal noise. The
stepping rate w

-
one minute, this sampling frequency lies between suggested rates of
once every'three minutes (Angus, 1963) and twice a minute {Suomi and

Tanner, 1958). Data were transferred from the chart paper to computer

of full range. ;5

39
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The signal data were converted to temperature by Eq. (3.3),
and subsequently meaned over 30 minutes. These were then converted to
potent331 temperatures. Half- hourly means of dry and wet bulb tempera-

ture, @ and ewi were used'to compute the vapour pressure profilgs from

. A e : ‘.. -
_e= E exp[-é—TwB-]- v (e -,dw) %g _ ‘ . (3.5)
- W |

[

in which A and B are emp1r1ca1 constants, E is the vapour pressure at

' the ice point, pg is a'reference pressure (10 Pa), and y is the psy-

. chrometric constant. This equation is adapted from standard relation-

ships, which deal wiﬁgnsaturation vapour pressure and vapour pressure

deficit (List, 1966; DT1TEY, 1968). %

¢. Net Rediation Record \

A simi]ar recording pfocedure to the above was used for Q.

,.The signal was recorded once every minute, and the calibration

constant wasfused to obtajn the net radiation value. Ind1v1dua1

values were meaned over half an hour.

c. Melt Record <—\\e

Water level recorder charts gave a continuous record of head.

The charts were reduced by hand. Six values for each half hour were
transferred to computer cards, and converted into energy fluxes by

. {3.4). These were then meaned for the half-hour period.
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¢ Data Quality

The qua]fty'of data is.a function of the aécuracy and preci-
sion of the measurements;(COOk and Rabind@iﬁ%, f963). ‘The‘conc1usions
which are_drawn from data should be weighed against the sources-of error.
Fuchs. and qungz»(lQYD) have.shown howlerror analysis can assess the
'ﬁﬁalfiiro%-ﬁééi deﬁrcbmput-féoﬁé ffoﬁ brbfileudéta;, it ha§ 5150 Eeéh .
used to determine errorsfin radiometrically derived surface‘témberatures

(DeWalle and Pafmelle, 1974}.

Accuracy }efers to théfsize of ény systematic error in a
measurément system. This type of error can lead to ihcorrect conclu-
sions unless it is smail. However, it is also difficult to assess.
Concern for sensor desigﬁ and expoﬁure is directed toward minimizing

this type of error,

ey Precision refers to the size of the random error in a set of:

|t

measurements. It méy be reduced by careful calibration of sensors, and
the use of high resolution recording eguipméﬁi; Any value, Y, can be

expressed as a functjon_ofﬂfundameﬁfaﬁ measurements, X], XZ’ X3 .ees

’/Ehigh,have’éF?ors,-Xm, dX,, dXg ...~ /associated with them:

10 Ko £ Ky, Xg ¥ dXg ) (3.6a)

vef (X) £ dXy. X,

3
The total error in Y, dY, is given by the total derivative

_ 2 Y A 2 Y
dY __TX-]_ dX1 + TX(E dX2+ T-xg dXS “re (3.6b)



. o | | a2

“The probable error in Y is smaller. It is.calculated by takiné‘the root-

mean-square of Eq. (3.6b):

~ | | ]
. . 2. 1 Z ] . 3. . .
? Yrms 3[(2 YX{“ 'xa) +(“Tg Y?_G xz) * (3—5}5 X3) +...]7 (3.6c) -
| A X

T

The errors, § x1, 8 Xzf s x3;';' éféré951uaféd.eithgf f;bmwé_—;fégfmn:;u_¢_)‘—_—___
knowledge or, where mean values are used, by taking the standard errors,
c‘xl. o X o X3....(Fog¢13 1962). The quantity, 8Y/Y,.defines the rel-

ative error in Y. ‘It is expressed as a percentage.

1. Profile Meésurements _

a. Wind Speed

) The precision of a wind speed measurement is affected by the
£ ) .

“ error in the cup calibration factor (1_0.5%), and the read-out error
- (+ 0.047 rpm). They give rise to relative errors of 0.5% over the range
of wind speeds encountered in this study, with slightly greater error

foru< 1m 71 (Table 3.7a).

| The errors in wind speed differences between any two levels
are >¥r§er (Table 3.1b). Since they{depend upon the overall wind speed,
a rande of 4to5m s"1 was chosen as being repfesenpative of the data

obtainéd in the first metre (see Chapter Four).

Overestimates of the wihd Spéed may result from (MacCready,
1966; Bernstein, 1967; Acheson, 1970):
(1) deviations of the wind vector from the horizontal plane,

which create an additional vertical component,



. TABLE 3.1

Wind Profile .Errors

EaS

. (a) Wikd speed. " : T '
u_(m 5"1) ) '-.6u {(m s?]}
0 0.001
_ 1 0.005 |
2 _0“.010
3 0.015
4 0.020
5 0,025,
6 0.030 -
7 0.035
8 5 0080 -
9 0.045
10 0,050

s u/u (%)



TABLE 3.1 (cont'd.) - .

Wind Profiie Errofs

--;g____wm.m._(b)"uiné_speed_diffenence_between‘two jevels, a and b {u, = 4 m.s"I

uy = 4tobm 5‘1).
au {m 5'1) ' sau (m sy saujau (%
: o

0.0 © 0.028 -
0.1 0.029 2.0
0.2 0.029 14.5

0.3 0.030 10 0
0.4 0.030 7.5
0.5 0.030 6.0
0.6 0.030 - 5.0
0.7 0.031 | 4.4
0.8 ~0.031 3.9
0.9 1 0.032 3.6

1.0 0.032 3.2
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(2) differences between the vector wind, and the average wind
. N J
~in the mean direction, and TN

T \

(3) 1nert1a1 effects within the anemometer, which make it in--

-

sensitive to Tulls in the wind speed (overrhh error)
The f1rst two are likely to be neg]ig1b1e, -since dev1at10ns of most

quantities are relatively small in stable cond1t10ns (Lumiey and

Panofsky, 1964}.

1
Overrun error may be substantial in unstable conditions, but

can probably be 1gnored in the stable case. This is supported by
Hyson's (1972) analysis, in-which the OVerrun error was found to be
zero for o /U < 0.12; where o, 15 the standard deviation of the
wind speed. An estimate of o, was not avai1ab1e for this study, but
usidﬁ oy 7 2 U, as representat.ve of stable conditions (Lumley and
panofsky, 1964), gives o /u < 0. 12 for most of the measurement period.
In addition, Hyson's anemometer had approximate1y twice the distance

constant of the anemometers used in this study, so they shou1d have

been more susceptible to.inertial effects (MacCready, 1970). There-
fore, a larger value of uu/u could probably be tolerated here.

b; Temperature

The probable error in T was assessed from the error in the
ca]ibrat1on constant (+ 0.00937 C mV~ ), and the resolution error in
extract1ng data from the recorder charts (1_0 0067 mV). The results
(Table 3.2a) represent the errors in the half-hour mean temperatures,
6 and ew.' They indicate relative errors of less than 1% over most of

«
the calibration range.



TABLE 3.2

_Temperature Profile Errors

(a) Temperature (T =8 or ew).

T() 6T (C)- ST 8)

0 0.034 - -
2 0.035 1.8
4 0.035 0.9

6 0.036 0.6

8 0.038 0.5
10 0.039 - 0.4
12 | 0.041 0.3
14 0.043 0.3
16 & 0.085 : 03
18 . 0.088 0.3

20 0,050 0.3



(b} Temperature difference (s6 = 0.04 c).

47

TABLE' 3.2 (cont'd.)

.Temperaturé Profile Errors

4.1
3.6
3.2
2.9



48

. ' e
These error estimates may be too small. In cases where mean

values are obtained from discrete]y samp]ed data, MacCready (1970) has

stated that 1t {s. more appropriate to assess how representative a

“measurement may be. This is done for independent samples by computing

the'standard error of the mean, bqt these data .are autocorrelated.” Thus

. the computation.of-standard.errors requires a detailed knowledge of the . .

time series properties (Leith, 1973). Conséquent]y,'the error analysis

was based solely upon calibration and recorder error.

The error in potent1a1 temperature differences between two::::\_>//.~,,ﬂ

tevels is 1isted (Tab1e 3.2b} over the range of temperature differences
observed in the first metre (see Chapter Four), The analysis indicates
that 48 in excess of 1 ¢ is required for the determination of temperature

differences to better than t 5%.

Measurement accuracy could have been affected by radiation
error, and fallure to keep the reference bath at 0 C. The design
features intended to minimize these errors have already been described;
but quantitative estimates of thelr magnitudp could not be made. How-
ever, radiation errors could result in higher than expected temperatures,

while referen;e‘bath errors would tend to reduce the temperature below

‘the true value. Therefore, the net error was thought to be small.

c.  Vapour Pressure

The precision of the vapour pressure calculations depends upon

the precision of the dry and wet bulb temperature measurements. The

2

* This applies to t1me ordered data, in which each valué 15 corre]ated
with the preceding value,
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results of the error analysis are shown (Table 3.3a) for vapour pressures

which encompass the range observed in this study.

An evaluation of the probable error in vapour pressure d1ffer~
ences between two Tevels (Table 3.3 ) indicates that-g vapour pressure
difference of at least 50 Pa is required in order to keep the relative

~error within i;lp%.'-Observed-differences were usually smaller than this. . .

(see Chapter Four)-

- The accuracy of e depends on the performance of the dry and -
wet bulb sensors, The probable causes of temperature errors have already-
‘been noted, but the wet bulb deserves special consideration because it
1:/5;uc$ﬁfﬂzlourence and Pruitt, 1969). Incorrect wa'er feed rates and

~ifadequate ventilation can lead to erronebus]y high wet bulb va]hes, ‘
which raise the vapour pressure measuremeﬁt above the true value. This

problem was not satisfactorily solved. . (

2. Other Measurements

a. - Net Radiation

e
o~

The error in Q, depends upon the resolution in the s1gné1
reading (+ 0.33 mV), and the calibration error. The lattér was sét at
+ 5%, which is a 1iberal estimate for this type of radiometer (Latimer,

- 1972). |

The error analysis (Table 3.4) indicates a relative error of

+ 5%, with greater error for Q, < 300 W m'z. The errors for small Q,

are probably overestimates. The recorder was normally changed to a

smaller range for these values, thus improving the scale resolution.

~



50

TABLE 3.3

Vapour Pressure Profile Errors

{a) Vapour pressure.

e (Pa s se (Pa) - Ge[é (%)
Y 0 2.4 | -
e 100 2.5 2.5
200 ' 2.6 _' 1.3
300 2.7 0.9
400 2.8 . 0.7
500 . 2.9 0.6
600 .3.0 | 0.5
700 \ 3.1 " 0.5
800 | 3.2 0.4
900 3.2 . 0.4

1000 . | 3.3 0.3



=

-  TABLE 3.3(tont.‘d-)\

Vapour Pressure Profi1eg§rédps-

+ (b) Vapour pressure difference.

.

se (Pa) sae (Pa)

-

0
10
20
30
i 40
50
60

70 o

80
90
100

§Ae/ he ‘%!

- 42.0

21.0
14.0

10.5.
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TABLE 3.4°

] Net Radiation Errors X
' (W m? 6Qu (W m 2 6'9'*‘ /Q, (%) |
0 | ET - -
_ | , ~
50 - S 3.3 S £

5.0 50

10.2. S e T~
15.0 " |
20,0 :

25.0 n
£ 30.0 oo
3.0
40.0: nos
45.0 ' } o

50_0/
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Systéﬁétic errors could have resulted from the incorrett
" mounting and operation of the net radiometer, but these could not be
éVa]uated. The precautions for minimizing these have already been

descrﬁbéd.

b. Melt Energy

The prgcision of the me1tHE;t1mates depends upon the error
in the dischaxge gqefficiént'(i_1%), and the tolerance in reading the
hydrograph,(j_d.ooz‘ft.). These lead to relative errors of 1ess than
+ 5% over most of the range between:O and 1000 W m;z‘(Table 3.5). They
are about the.same as the errors usually encounteréd-in stream éauging

]

with weirs (Gray and Wigham, 1970). -

Systematic errors coﬁlgghave been caused by leaks in the
melt plot, ma]fupctioning of the siphon and tilting of the wefr. Pre-

cautions for minimiziné.mhese have been described.

\
)

'
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TABLE 3.5

Melt' Energy Errors

S QM (W m-Z)

0.1
o
2.8
4.3
6.6
8.8
10.0
1.5
12.9

_14.3

15.7 I

7.2
8.7

5.6
4.3
3.3
2.9
2.0
2.3

2.2°

2.0

2.0
T

1.9

A

6 Qy/Qy (%)
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‘wind speed u

" of fully developed tu

CHAPTER FOUR : ‘“‘\\;_”

RESULTS AND DISCUSSION

. A. Wind Speed, Temperature and Vapour Pressure Data

1. General Feetures of Data Obtained

Since the instrumentation required tbﬁétant7attention,
continuous measurement ove; long periods was not attempted Instead
most of - the data were co11ected over daylight periods, when the me]t
rate was high. However four Tonger periods, each of wh1ch exceeded -HJQJ
24 hours, included night-time data. The data are listed f% Append1xh

Five. Local Apparent Time {LAT) is used- throughout.

Wide ranges of wind speed, tempetaturef&%d vapour ptessure
were encountered (Table 4.1). Air temperatures, large relative to
the surface temperature, indicate a strong potential for heat transfer
to the g]acter; In contrast, atmospheric vapour pressure f1uctuated
around the‘ice point value of 611 Pa, so that the vapour flux was’
directed upward on some occasions and downward on others, IHence,.over

the melt per1od the net exchange of latent heat was all. Horizontal

7exceeded 3 m s 1, prov1d1ng v1gorous mixing in cases

- Cloud conditions were typical of the melt season. Cloudliess

periods, which have the experimental advantage of ‘minimizing fluctuations

55 =~
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in rad1at1on were encountered only sporadically. “Wind direction was
usually downglacier, within 45 degrees of the long axis of the g1ac1er
tongue. Barometric pressure varied slightly with the weather, but was.

always close to 7.8 x 104 Pa. Th1s value was used 1n‘ca}cu1at1ons.

4 . . .
2. Time Variation of Wind Speed, Temperature and Vapour Pressure

”

Data from the longest collection period (August 28-30) serve
to iilustrete time.variat1ons of wind speed, temperature and vapour .
pressure. Half-hourly means of these parameters, measured at-a he1gh;
of 1 m, are plotted in Fig. 4.1. VThe'se1ection of this height will ee

justified later. '1 )

Only lhe wind shows -a tendency to vary diurna]ly. Speeds

‘were higher by dey than at night. This is probably due to a Tocal

valley breeze circulation. Air in the valley below the glacier was
warmed by day, while the air over the glacier was cooled. Cold air

flowed into the valley in response 1o density and topographical differ-

" ences, resulting in relatively strong winds. At night the air in

the valley was also cooled, an both the density difference and the
resulting valley wind were reduced. This agfees with Sedgewick's
(1966) findings for Peyto Diurnal variations- of temperature and
vapour pressure were not observed, presumably because they were con-

tro11ed by air mass character1st1cs

Wind speed var1ed considerably over per1ods of a few

" hours, particularly at night. According to Lettau {1966) this type

of variation characterizes katabatic winds.
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‘; height, resu1t1ng in a temperature decrease. " Reduced wind speed pro-

60
Shoff-term variations in temperature were related to wind
speed. Re1at1ve temperature minima usually corresponded with relative .
wind speed maxima This can be expected when air is cooled from below
by turbuient mixing, since turbu]ence should 1ncrease with wind speed. .

As turbulence increases, so does the degree of cooling at a given

“duces relative warmth, This effect was also observed over periods of a

few minutes. Lulls in the wind were quickly folliowed by noticeably
warmer temperatures Shorf term varfations 1n'vapour pressure also res-
ponded to wind speed variations, but the response was weaker than that
for temperature, since the vapour pressure wWas always close to the 1ce

,point, v

These variations indicate that steadg-state conditions did
not strictly apply. Nevertheless, a steady state ﬁén be assumed, since
the flux divergence is negligibly éma11. This 1s illustrated by eval-
uating the finite difference approximations to pdu/3t and pcpae/at in
Eq (2.2). For the Peyto data at/az < 1073 Pa/m and A Qu/dz < 1
W m /m, over half-hourly periods.. Larger flux divergence values. could
have occurred due to gusts and lulls within the’ half- hour averaging
period. However, the resultant errors would off set one another, since

they would be similar in magnitude but of opposite sign.

The assumptﬁon of horizontal uniformity rests upon the
argument advanced earlfer (Chapter 2.A}, that horizontal gradients of
¥, 8 and e should'be negligible close to the surface away from the

glacfer margin. It could not be tested with the data obtained here.



61

-3, Profiles of Wind Speed, Temperaturé and quour Pressure

Prof11es of wind speed, dry and wet bu]b temperatures, and |
vapour pressure are plotted in FRY. 4. 2. Wind speed measurements showed
a smooth curvi]inear variation with height. Relatively few anomalies
were found, a reflect1onhof.godd ;nemometer performance; - The incidence
of anomﬁ]ous readings was_greater for dry bulb temperatures, buf the
profiles appr&ached the coﬁsistency of thosefobtained for the wind. The
results of the wet bulb and derived vapour pressure prof1ies are poorer
by cbmparison due to problems in providing a correct water sﬁpp]y to Eﬁé

‘wicks (see Chapter Three).

wind speed gradients generally decrease with increasing

height above the surface, but in some cases (e. 9. August 29 - 0300) the
gradient above 2 m became extremely shallow, and even reversed, The
temperature grad1ent also showed a decreésé with increasing height,
within 2 m of the g1ac1ar surface. Above this level 1t was éither very
shallow or exceedingly steep on occasion (Fig. #.2b), suggesting that
the flow above 2 m behaved differently from that below. Vapour pressure
gradients were small, and consequently patterns of variation with height
were difficult to detéct. A decrease of the gradient with height is
{ndicated when the profile shdws a consistent height variation (e.g.

August 29 - 0500).

Not all of the data were equal to the standard exhibited in
Fig. 4.2a,b. Instrumental ma]fuhctions, and recording errors often
caused anomalies to appear in the wind and temperature profiles. These

were usually difficult to detect in the type of plot shown in Fig. 4.2,
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t bulb
1400.

August 20 -

buld temperature, (c) we
Open symbols:

y

and {d) vapour pressure.

Selected profiles, (a) wind speed, (b) dr
temperature,



but became apparent in later stdgesof the analysis, Thefefore it was

 necessary to discard some data. This was pfeferred to the procedure

of smoothing data, employed by some authors (Businger et al., 1971;

?Pru1tt, Morgan and Lourence, 1973}, since the possibility of causing

bias was aQoided.

Thé need t;:be sélecttve is further 11Tus;rated by the
results of the error analysis ‘(Chapter 3.C.1). Values for au of 0.3 -
g.6m s'l_are ¢ommon. Error analysis showed that these have a preci-
sfon of 5 - 10%{’ffhé“fange of 48 1s usualily 0.4.- 1 C, with an error
of 6 « 14%. .Yapour pressure differences are~very»sma]1, with absolute
values of < 10 - 30 Pa. Thus the relative errors in se were rarely
less than 15%, moré often close to 40%. Due to the obvious short1 ,

comings in the vapour pressure data, vapour pressure profiles were

63

given a minor role 1n the analysis. Emphasis is placed upon the wind

speed and temperature profiles, from which most of the conclusions

about transfer over the ice are drawn,

B; Profile Structure of the Air Above the Ice

1. Katabatic Influence

) The tendency of the air. layer near the surface to behave
differently from ‘that above is further i11ustrated by logarithmic pro-
files of u and o (Fig. 4.3). These profiles follow the established
stable form within the first meter. However, eye#dfawn extrapolations

for greater heights diverge substantia11y from measured values, Above

‘1 - 2 m, measuréd values are smaller than the extrapolated. This i%

Vi
A
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Figure™4.3. Selected profiles plotted on a logarithmic height scale,
. (a) wind speed, and (b) temperature. Open symbols:
“simultaneous wind speed and temperature profiles. Dotted
1ines are eye-drawn extrapalations of the lower profile
' : N form. '
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interpreted to be a cénsequence of katabatic flow,

Katabatic flow was detected in the wind profiles where du/

.3z = 0. An_gxamp]e, accompanied by a\thermoc]ine, is shown in Fig.'4.4,

The association is inevitable. From Eqs. (2.1b), (2.5b) and (2.17)

r

2 2 ) o ’
K™z u _
Ky = +—— =37 . (4.1)
H E ¢M ¢H 4z .

Hence, when 3u/3z = 0, KH = 0, and heat transport is accohp]ished only
through molecular motion. This meahs that when warm air‘ié advected
over the glacier, turbuleht coo]jng is confined to a shallow layer near
the surface. As the air continues downglacier this surface_]ayér |
becomes increasingly colder than the origina] invading a%r. and a dis-
tinct boundary deveiops between the'twd. This ‘is ma;ked by a thermo-

cline, a featﬁre which has been observed elsewhere over glaciers .

(Hubley, 1957; Hoimgren, 1971).

Reversals of the wind speed gradtqgt were detected 1nfﬁeg
quently in the observed profiles, But all profi!es were 1ﬁf1uenced‘by
katabatic flow. Vertical flux divergence of heat and momentum probably
occurred, since'r';nd QH should approach zero at the level where the
katabatic force is stroﬁgest (where KM and KH approach 05. However,
values equal to zero are unlikely. H61mgren-(1971)‘has noted that a

certain amount. of momentum transfer across the core of the katabatic

wind {s possible through wave motion. 'In additioh. molecular heat

transfer can take place across the thermociine.
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F1gure‘4.4. Example of katabatic wind profile {closed symbols) and

associated temperature profile (open symbols), August 12
- 1430, (a)arithmetic height scale, and (b) logarithmic
helight scale. Dotted lines are eye-drawn extrapolations
‘ of the lower profile form.
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“because the data were not sufficiently precise. q:i:
&

' atmospher1c property, ¥,
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The flux divergences of heat and momentum aésociated with

the katabatic flow appeared to be sma]] c]ose to the surface. An approx-

imate-- evaluation of the momentum flux divergence is obtained from

(e /0, ) pg sin ¢ in Eq. {2.3). Ho]mgren (1971} suggested that o < ue'/
Ax could be used in assessing sensib]e heat flux divergence, where o'

is set equal to the temperature d1fference between the highest and lowest
measurement levels. This: procedureﬁas followed here, and 8' = 3.5 C
represents the usuaT temperature change encountered Taking u= 4 m s"]
and ax = 5 km, va]ues of Ar/Az s 0, 005 Pa/m and AQH/AZ =3I NWNm /m are
obtained. Computed values of the surface fluxes are substantia]1y

greater {see Fig. 4.15). Hence vertical flux ‘divergence does not seem

to be a critical facto, within the first metre above the ice.

Although the profiles follow the usual stable form.-within
the.first 1 - 2 m, it is not certain if the log-linear form is appro-

priate or not. This was determined by analyzing friction parameters

+ computgd from the wind and temperature data.

2. Procedure for the Analysis of Friction Parameters

The height'variations of the profile-derived quantities u,/k

" and 6,/k are examined. The primes signify that these values must be

cprrected in order to obtain accurate friction parameters. The proc

dure follows that devised by Webb (1970) for analyzing profiles in

stable equi]ibrium 1t was not applied to vapour pressure profiles

Rearranging Eq. (2.20), and dixiding by 4 1n z for any
v

;
/

i
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*crease 11near1y with X from a positive value at X = 0.
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v o [1+—f— ] | - _(4.‘2-.)

where Y = ay/a In z, and X = az/a n z. The quant1ty, Y, is equal to

u*/k or e*lk As z approaches zero, it converges to the correct va]ue
(U, /k or 8,/k), since z/L becomes negligib1y sma]] close to .the s
The value of X may be taken as- the height difference t'
the air 1ayer between the two measurement level 2d in computing Y.
It;is close to the geometric mean of t 0 heights. which is used
commonly in assigning a heigh quantities derived from finite differ- .
gncés.' SR :
values-of Y and X were obfainedffr;;\h11 po;sjb1e'combinae ‘\7”

tions of height pairs in a ‘profile. Subsequently, Y was plotted

Eaga1nst X, as a scatter diagram In a log-linear regime, Y should in-

|

3. Profi]es of Friction Quant1t1es and De]1m1tat10n of Boundqu_-

La!er ”

-

The, characterfstic p]ot for the “stable case occufs within
the firgd meter (Fig. 4.5). Above, the distribution 15 marked1y differ-
ent from the.eipected resu1t. Webb- (1970) alsg_showed deviations

(aboveaB m) in strong stabi11ty

For Gi/k (Fig 4 5a) va]ues reach a maximum near 1.5 m,

Lthen decrease gith height.-becoming negative above 3.5m (1.e., where

i
!

/

!
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au/a Inz = 0). Between 1 and 2.5 m, scatter in the data. 1s large. The

data were ordered by Jo1n1ng all po1nts N1th the same Tower 1eve1 for . )
1n Z. F1g 4.5a shows that p01nts joined in this way follow the ex-

pected stable d1str1but1on beiow 1 m, and para11e1 one anether above -

this level. HWebb (]970) showed similar resu]ts, except that he Jo1ned

points with the same upper 1eve] , . : —

- The 8,/k d1str1but1on (F1g. 4.5b) islsimtlar to that for

ui/k below 1 m. Above this he1ght values of the parameter 1ncrease

-

rapidly, due to the-strong temperatﬂre gradient 'of the thermocline, [

- reaching a maxiﬁum near 3 m. Va1ues then decrease with he1ght as the

temperature gradxent decreases

Both d1str1but1ons 1nd1cate that a boundary Tayer, where
the fluxes are constant with he1ght exists close to the ice surface.
This conclusion is inferred from the apparent log-linear variation of -~
Y for z < 1 m. Above, the fluxes probably decrease with height, and

become small within the katabatic layer.

4. Thickness of the Boundary Layer and the- Frequency of Its

b3
ot

Occurrence

The thin boundary layer 1mp11es that the placement of

1nstruments according to boundary layer adjustment cr1ter1a for hori-

'ionta] surfaces can be misleading. The.he1ght of the maximum kata-

batic wind speed is 1mportant since the thickness of the boundary

Jayer should be related to it. A modeT which predicts the katabatic

wind spatially is required, but is beyond the scope of this study.
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Therefore, a descriptive assessment for this site 15 offered here.

Boundary ]ayer thlckness was detenmlned by exam1n1ng 1nd1v1-
/
dual plots of u,/k and e*/k Examples are shown in Fig. 4.6. In most
cases the th1ckness was about 1 m. Departures‘from this va]ue were

R N

rare. It was more common for the boundary 1ayer to- d1sappear a]together.

”ﬂbbviou; cases of katabatjc winds (uj/k < 0) were a1so rare.

" The height decrease of e;/k from the maximuh value near 1 m was usually
small, which may indicate that the wind gradient revereal'occurs above
6'm. However, it is also possible that the geostrophie wind exerts sub-
stantial controT over the surface flow, and that the katabatic force is

not sufficientﬁy strong in such cases to obliterate it.

The disappearanee of the boundery layer was investigated
further to see if it would seriously influence the use of turbufent
transfer reiationships. Fig. 4.7 shows that the boundary layer was
observed relatively frequently. Hence the turbulent transfer approach
is just1f1ed for most f]ow cond1t1ons Since the katabat1cﬂ1ayer

thickens downglacier (Hﬁ]mgren, 1971), the boundary layer in the upper
basin of the glacier may be ever.thinner than that’

‘tongue. This hypothesis.is suppgrted by wind profiles asured in the
upper basin of the Valiée Blanche, French Alps, by de La Casiniére
'{1974), where the wind speed gradient vanistes within 1 m of the sur-

face. In this study it disappeared at about 3 m, or not at all.

In conclusion, %urbu]ent transfer theory may be used over
melting ice if the thickness of the bouhdary layer is determined, and
! B .

' measuremenﬁé are made within it. Assuming that the lower portions of
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Figure4.6. Selected friction parameter profiles, (a) from wind
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is shown.

72



Frequency

Frequency

73

»
o

[2)
[T

L2 ]
[+ ]
Basaslaann

»
L5

»
Q
llLl.lllll

-
. W
g eaal i nan

CAll Coses

L3 B ll'lll[l".ll'll"'!""l"

-l
. O
1 5.5

| |
1]

L

LT ¢
[
o o L 3 L L L J L]  J l L] ) '
000 1200 1800 0000
40 LAT
-
L j ~ >
3 All Cases P i C o
33— . o
30 .:-'
25-'. :l =
20‘: . = )/_,_/~
154 - )
- -
o : C
: \
5 o '_-
o . | L) ] L} ' | ) | | L ] L] I ". | ] L J
0000 0600 o 1200 1800 ' 0000 '
' . LAT , ¥

Figure 4.7.

Frequency of observed boundary layer cases, (a) from
wind profiles, and (b) from temperature profiles.
Vertical hatching shows the ‘difference between 21l
cases observed and boundary layer cases.

t - i e . e

et



74

- the profi]es 1n Fig. 4.6 represent the boundary layer. stab111ty

correct1ons for them can be estab11shed

" C. Stability Analysis of the Boundary:Layer

1. Select1on of Boundary Layer Cases

_‘0n1y measurements within the first héter of the surface were
used for the stability ana]ysis. These y1e1ded six sets of Y and X
values for each profile. Exampies (Fig 4 8a, b) show the expected

linear relationship. ‘ .

Fluxes can be obtained from these distributions by fitting
regression‘11nes. with Y dependent on X. From Eq; (4.2), ¢ =0 at
X=0 ‘(1-.e. y 2 _=-z°).,.__and the intercept va]ue‘ is equal to y./k {u./k or
B au/k). 1 and Qy areiehen obtained from Eqs. (2.5a) and (2.5b), while
Lis evaluated from Eq. (2.16). -

The use of only six points meent.that'dn1}.the best data
could be used, Substantial error at any one point would influence the
redress1on' ‘The only observations considered here were those’in which
an aerodynamic and a thermal boundary layer were cbserved together.
Moreover, a comp]ete data set was required. This eliminated data for
the first three days of August, since the anemometer at 0.75 m did not
function. The standard error of the 1ntercept was used to assess the

‘data quality. Cases where the standard error of efther u,/k or 6*/k
exceeded 20% were e]iminated since these were associated ‘with an un-

acceptably wide scatter of pointslgbout the regression 1ne. ' —

This s effectively a two-stage selection procedure.
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ham Y

Firstly, it rcqhires that boundaryfiﬁyer conﬁition; prcva11 for both
o . _
profiles, and secondly, it demands” the best data. A total of 124 cases

were selected (Appendix Four).

2. .s1m11ar1ty Analysis

The shape function method of Swinbank and Dyer (1967) was
uscd to test for s1m11ar1ty betwaen wind speed and temperature profiles;
It 1s derived from the f1n1tc difference form of Eq. (2.1) for any
flux Q Assuming a constant fIux layer, and eva1uat1ng Q from two '

d1fforcnt pairs of measurcments.

B A ) . . o | ’
S, TEJy'To : | P (o)

where S%'is the shape function. The null subscript designates a refcr:
ence difference, which is measured here between 0.25 and 0.5 m. The
other difference 1s calculated from any possible height»pair for z< 1 m,

while an adjacent height pair is specified for z > 1m.

The shape function'}esponds to stability variations, and
changc of pos1t1on in the flow field., If wind speed and temperature
.profiles have similar responses, their hapo functions will be {dentical.
Thus equa11ty of transfer coeff1c1cnts can be’ uccepted Af the neutral

values are equal.

Shape functions for wind spoed, SM’ and temperaturc SH'

were calculated for cach data set. and meaned over 124 runs. These
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are. p1otted against the mean Richardson number in Fig. 4.9, Since the
Ri values are taken at different heights above the ground, the analysis

{1lustrates shape function variation with he1ght aS-we11 as stab111ty.

A small systematic difference between SM and S 15 1nd1cated
for z <1 m. Large standard deviations are associated with each point.
and 1t 1s not clear if the difference is significant. The comparison
was clarified by counting ‘the number of data sets (SM and SH) below 1 m
which 1nd1cated SH < SM These amounted to 72% of the total. According
to a standard test of proport1ons (Append1x 3.A) this differs signifi-
cant1y from 50%. the value which would be exﬁ%cted if the shape func-
tions were similar. Hence, 1t is 11ke1y that température‘and wind pré-
f1le responses to stability are different This implies that KHS Ky
in stable cond1t1ons. a conclusion which 15 at variance with most pre-
vious work. A few investigative rasults-agree with- the Peyto finding
(Bus1ngnr et al., 1971; Carl, Tarbe11 and Panofsky, 1973), but th1s
othcr work also finds KH KM in noutral stab111ty. Here, however, the

cqua11ty of transfer coefficients in neutral conditions 1s aéfpmed

. The analysis above 1 m paru11e1s McVehil's (1964) findings
for South Pole wind and temperature distributions, where an apparent
docrease of KH/KM {ncrease of SH/SM) with height was found for R1>
0.08. Ho associated this with a decay of turbulent flow at some
hotght above the. surface. In hif‘ttudy the decay occurrcd near 4 m,
wh1l¢ thc log-11ncar mode} described the flow between O and 4 m, The
anu1y515 for Peyto indicates decay near 1 m, and Tog-linecar prof11es

between 0 nnd 1 m.

L i B
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| The ana1ysis conta1ns an apparent 1nconsistency in that SH

Sy above 1 m, but the 1nequa]1ty 1s reversed below 1 m. If. the decay of
turbulent fiow due to increasing stability alone accounted for the
changes in shape functions, the inequality should be the same at all
levels, However the air above 1T mlies outside the-boundary layer, 1In

a zone wheﬁe the effects of vertical flux divergence are also 1mportent
Here the tendency toward thermocline formation results in large S
‘values, since temperature gradients are large, while the weakening of

wind speed gradients in kafabatiprflow-causes Sy to be small,

3. Investigation of Monin-Obukhov Constants

[n}
A computerizad version of the procedure used by Webb (1970)

for estimating o was developed. The 1inear regressions of Fig. 4.8

were extended to intercept the X axis at Y = 0 (Fig. 4.10),

Let the value of X at Y = 0 bec. Substituting into
Eq. (4,2)

N 7 (4.5)
Individual o values can be eva1uqted from Eq. {4.5) for each profile,
'us1ng.the appropriate value of t. This differs from Webb's procedure

“{n that his a values were derived by using Ri instead of L. Assuming

“similarity between transfer coefficients, he obtained

. -ﬁ— [-1\” _%_]-1 R . ’(4.5)

P
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! Then, using Eq. (4;?). | - o . ;”//
\!L\- ‘ . Y | §
Ny L M Y

-

in determining Ri.

———

—

The use of Ri is- advantageous in thut—1t 1s evaluated
d1rect]y from au and Ae data. On the other: hand L must be evaluated

from Eq. (2.16), which uses estimates of u:/k andxo*/k; These are the

i 1ﬁtercept values (at z = 0) in the regression analysis of ul/k and

| ;/k (Fig. 4.8). They are very sens1t1ve to measurement error, since
only six points are used in fitting each 1ine, and consequently a low .
reso]ut1gn'fh determining L can be expected. This was shown by per-
forming the ana1¥s1s with both types of stability parameter. The &
determinations from Eq. (4.7) showed a sma]]erﬁFange than those from
Eq. (4.5). However the use of Ri requires that Ky = Ky 1n stable
conditions. The shape function analysis suggesté that this require-
ment can not be ﬁet. Hence the'resu1ts from Eq. (4.5) are used

(Appéndix Four).

A value of a« was computed for each wind speed and témpera: ’ ‘,
- ture profije, and two values, respectively ay and aH. were obtained
from individual runs. Most of the values computed from the tempera@ure
profile wefe smalier thén those from the wind prof11e. Also the range
of ay was greater than that of ays and i1ncluded a few extremely large

values. The reason for these relatively lhrge values can be seen in
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S~ the plot of data for August 19 - 1400 in Fig. 4. Bb where 0,fk increase
rap1d1y with height. An anoma]ous]y low value for ¢, and a correspond-

. ingly high'est1mate”for oy result. In the wind profile analysie‘slopee

showed less variation and fewer extreme values.

* smafier o values were obtained from the temperature profile
than from the wind profile in 60% of the samples. This probort1on was
found to be stat1st1ca11y sign1f1cant (Appendix 3. A) It suggests that.

¢H < ¢M' and that Ky > Ky in stab]e conditions, This agrees with the

" results from the:shape function ana1ys1s.

- Individual « values wcre meaned to arr1ve at the Monin-
'Obukhov constant for each profile (Table 4. 2a)" Arithmet1c means y1e1d-ji
7.14 for the wind/5r0f11e, and 34, 09 for the temperature prof11e, Geo-
metric means, wd\éh are preferred by ‘some authors: (Crawford 1965; Nebb
_ 1970)1”q1Ve7ya1ues of .5.41 for wind, and 3.58 for temperature, These _
discrepancies might ref1ect non-nermality in tre'data §1str1but1ons.

Therefore they were tested for skewness (Appendix 3.BY. Arithmetically

_"'--_r-'--.\

distributed data were'found'to be positively skewed, whiie#géometrt:
"-ca%]y distributed data were normal. The ekewness of the arithmetically
~distributed data is attributed to overestimites of a which result from
unusually large L ca]cu]ations It 1s possible that the anomalots L -
va]ues_ref]ect 1mprec1se data. Consequent]y new means were obtained |
for oy and o, from aAsubset of the data, which containedﬁa11 casEs
wherein the standard errors of u, /K and 0*/k did not exceed 10% (Tab]e,
4.2b). The resu]ts are essentially the same as those of the full sample,

i_ except that the standard errors of the MonihQObukhoy constantS‘are:

i,
. . . f -
1 | o .

.
L.



\ TABLE 4.2
Determinations of Monin-Obukhov Constants

(a) Mean of 124 values (standard errow, of friction parameters < 20%).

T

oM ' 9y
. Arithmetic mean 7.14 , 34.09
Geometric mean | - 5.41 ‘ 3.58"
Standard error of
geometric mean 3.9% | ]2.8?

(b) Mean of 73 values (standard error of friction parameters ;_10%).

™M °H
" Arithmetic mean ~ 6.79 24.47
Geometric mean . 5.44 2.64
| Stqndard.error of - ' |

geometric mean ‘ 4.6% 21.2%
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larger. Hence‘the géometric means of the ful]'sample, ay = 5.4 and aH'
. = 3.6, are accepted. The former is close to the experimental. results
of other investigators (Webb, 1970; Sheppard, Tribble and Garratt, 1972;

~ Dyer, 1974).°

" The smaller constant for'teﬁperature does not agree with the
‘conélusggns of others, which support a single vaiue{pf the Monin-
Obukhov‘%onstant for all profi]es. An explanation for the Peyto result
is offered here in the form of a tentative hypothesis. 'nRewriting Eq.

@(2.]at b).to includethe effect of molecular transfer, .

au
¥4

(4.8a)

-,
1"

= p (KM + v)

- L]
and Q= o ¢, (KH + vH) =3 , (4.8b)

in which v is the kinematic viscosity, and VH the thermal diffusivity.
f’b’-.

In fully turbulent flow, thé molecular transfer coefficients can.be

-

safely ignored since they are negligible by comparison wfth their eddy
counterparts. However they may be important in strongly stable con-

ditions, where the decay of turbulert flow is well advanced.

. From Eq. {4.8)

u_ 1 - o
T - rr y S (4.9a)
36 _ QH” e

(4.9b)

and

oz oo, (Ky+ vy
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‘Hence, gradients (or finite difference approximations)'are governed by
the combined mechah%sms of eddy and mo]ecu1ar transpos As Ky and'KH

approach 0, the denominator of Eq (4 9) approaches the value of the

molecular coeff1c1ent. At Peyto the convergence gccurs. ‘within a few

metres of the surface,'since'Ri jncreases rapidly with he1ght As ”H. v,

the reIative ¢hange in au/oz with 1ncreasing stab111ty is eventua]Ty

greater than that for aa/az. This results in a greater change.of ux/K_

with height than {$ the case for 64/k< Thus oy 5_ oy since a greater

-

change with he1ght also 1ﬂp11es a greater change with stab111ty

1t follows that any form of analysis wh1ch emp]oys prof11es to
examine the stable case must be influenced by mo]ecu]ar transfer. There-
fore the ratio of the two ¢ functions reflects the ratio of the combined
eddy and molecular transfer coefficients for heat and momentah; Thus

Eq. (2.21) is written

Kyt vy _ %w

Kyt v by

k4.10)

~&4s z/E’becomes very 1arge the eddy transfer coefficients shculd approach

negl1g1b1e va]ues, and ¢M/¢H = vH/v. The functions, ¢y and o were
evaluated from Eq. (2.18b) for d1fferent stabilities by using: uH and uH,
respectively, tn place of a (Table 4.3). The limiting vaiue of ¢M/¢H,
as turbulence ceases, is approximately 1.5. This is close to the ratio
of wy/v = 1.43 (at 10 C). ' |

Since the ratio of the Monin-Obukhov constants is determined

by the molecular transfer coefficients in .this case, op can be evaluated

from

R

—rmia.



' TABLE 4.3 «
V A ‘;'-u'/»‘) [N B .
Evaluation.of ¢ Functi§¢§fht‘01fferent stabilities
‘ & _:’\ v | e
o .

. : . . R /
/L oM |+ - ¢ ‘Wt
0 1 1 T 1

. 0.01 1.05, 1.04 1.04 1.02

0.02. TN 1.07 V/;/;l,ﬁ?a\\\\ 1.04
0.05" 1.27 a8 L WW 1.08
0.0 . 1.54 1.36 1.3 1.13
0.2 - 2.08 1.72, 1.68 R
- ' - .
to.5 0 3T 2.8 2.7 1.32
1. Q§§1?:.4 4.6 4.4 1.39
10 5 37 35 1.49
I .
100 540 360 - . 340 1.5
&’ -
. S

- 0.009

0.017

0.037

0.057. -

0.08

0.102

0.112

0.122

0.123

86 .
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.\
in which VE is the d1ffus1on coefficient of water vapour Using standard
| va]ues of the molecu]ar coeff1c1ents at 10 € (List, 1966), ag = = 3.4,

~ Applying apprdpr1ate Mon1n-0bukhov constants to Eq. (2.1&b), o

Cgy=c (U eBAZ) (4.12a)
oy = (Le36zL) (4.12b)
‘ _ / i, B ' __—
and 6 = (1+3.8 Z/L) R © (a.2c)

\ ' T RERS

. - s
| \

-

B

fhe d{fferenee between ¢H and ¢E'1s not cruc1al 1n flux determ1nat10ns,

sinCe ?txis smal] for z/L <1 (Tabl12 4, 3)

\

Stability parameters can be re]ated us1ng Eqs. (4.12a. b) and
C (2 23) o . ,:]' B S |

‘ai. = A1+ 3.6 2/1)
S (5.4 /L)

(1) o {803)

Vatues offﬁd in Table-4.3 were comuuted from this re]ationshie The
function was p]otted along with exper1menta11y determined Ri and z/L
v31ues at z = 0.5 m {Fig. 4. 11) ‘In the case of the R1chardson number,
0 5 m refers to the geometr1c mean of the two measurement 1evels used

(0.25 and 1 m). Individual L values (Appendix Four) were used to

S

3

L)
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| cbtain z/L. Eq. (4.13) provides a description of the observations in
,! cases where z/L > Ri. "Data points for z/L < Ri are affected by the
unusually large 8,/k increases with height noted ear11er. The limiting .
va]ue of Ri, as z/L becomes indefinitely large, is c]ose to 0.125
(Table 4.3). This can be taken as a critical value at which turbulent
decay is comptete. .A value of Ri = 0.125 Ijee-within che range of
. valies (0.1 - 0.2) defined by mcst'other mork.

/7(‘x\\\<\\\\?;" Surface Roughness Parameters S
/» " N . ’ ' . . . !
i % T 1. Est1mation Procedure . R '

76;M . u Usua]]y z is obtained from wind prof1]es in neutral stabil-

ity. In such conditions a p1ot of u vs in z'is 11near, and n z, is
obtained by extrapo]ation-to u=10. Inthe absence of neutral cond1t1ons '
at Peytd, a different method for-e;tTmating z, in stable conditions had
co be devised. The method, which 1nvo1ves two steps, ‘is based on the

know]edge that the stabi]ity correct1on function is 11near in the stable
case' (F1g 4. 12) F1rst1y, apparent ln zovaiues are obtained from each

possible pair of wind speed measurements by Jo1n1ng the points with a
straI%Ei Tine, and extend1ng the line to intercept the In 2 ax1s at u =

0 (Fig. #.12a). These are denotedcggl(]n zo)i for the 1% measurement .

pair, fnd the prime indicates that it is inf]uenged~by stability.
Then P
[} ﬂ(
‘(Au)i . S : o
Wz, - TWmz-(mz); - {404)
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in which z'¥€FePs to the higher level of the feasurement pair.- Secondly,
the influence of stability was removed b regvé?i?ﬁguin,zéﬂipainét up/k

(Fig. 4.12b). The value of 1n z, is{ defined at u*/k; which represéntsl

neutral conditions. Since the surface temperature is known, the sémé_'

procédure may be applied to the temperature profile (Fig. 4.12).

2. Estimates of Roughness Parameters

Mean'z0 and zy values were calculated. Langlebeh (1972)

obtained different values, depending upon whether individual z, or 1n zo‘

\\ were meaned. He chose the mean of In z_ on the grounds that the logarith-

0
\x mic value is used in the neutral wind profile. A skewness test ;//’/_

e

y . S i L e
\jAppendix 3.B) was applied to the distributions of 1n zy and In Zys and
they were found to be normal. Consequently means of 1n.zd and 1In 2, are

used here,

. r
s [

The geométric mean value of z; is 0.073 mm (standard error
R 4.1%) which agrees we11 with-0.07 mm, obtained over snow covered lake -
jce by Hicks and Martin (1972)flwIt is slightly smaller than‘ﬁost other
determinations. Holmgren {1971) lists values ranging from 0.1 mm to
1.3:ﬁm, depending on surface conditions, while Langleben (1972) reports
0.5 —53 hm over sea iFé. Liljequist (1955) obtained a value of 0¢92 mn e

over snow in Anarctica. Relatively large values would result if a

! L3 » N » . » B
neutral wind profile was assumed in stable conditions. ’



: - - .92
The'geometrio mean zH'value'is 0.156 mm (standard error. é 3%),‘
. about twtce that‘for io The relative magn1tudes of 2, and zH contra-
d1ct previous g]ac1olog1ca1 op1n1on which suggests that Zy is several
orders of magnitude smaller than z, (Sverdrup, 1936; Ho]mgren;‘197t).
This aeemingiy contrad{ctory finding is examined aga1nst resu1ts from i
hlmeasurements made over other surfaces, which suggest that In(z /zH) de-
pends upon the degree of turbu]ence in the f1ow "(Owen. and Thompson, 1963;

Chamber1a1n. 1968 "Thom, 1972; Garratt and H1cks, 1973). It is indicated

by the roughness Reynolds number, Re,, (Sutton, 1953):- .

S
Re, = Yl T 0 (aas)
. ‘ ’ .“;.g_

F i
- ‘1-"‘
- - -

Calculated va]ues of Re, were meaned geometr1ca11y and p]ottéﬁ aga1nst i
the mean of 1n (2 /ih), together with data compiled by Garratt and H1cks .
(1973) The sample point for Peyto ies . among their values (Fig. 4.13),

1ndicat1ng that 2> Z, for small Re, values., It is also close to the

. result obtained by Hicks and Mart1n (1972) over lake ice. -

' The agreement shown in Fig. 4 13 probably does not form the .
basis of a pred1ct1ve relationship for.1n (z /zH) *As Thom (1972) has
'u‘p01nted out, such an approach is weakened by the appearance of z, jn'both .5i
axes of Fig. 4.13. Characteristically, experimentally der1ved 2 values:"’
vary through several orders of magnitude (Unterste1ner andﬁBadge]y, 1965
H1cks and Martin, 1972) due to measurement and sampIing errors. v:}

addition, the range of u, is re]ative]y small. Therefore it 1s.poss1b1e"

that the mean of In (zole) on[d be suitable over the rangé of conditions

. A
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. | S N
experienced on the glacier. - It also seems appropriate td use z, for the

vapour pressure prof11e since existing experxmenta] ev1dence does not

1nd1cate that a different value should be used- (Monte1th 1973).

The finding that zH> Z, has important 1mp11cations for
g]acier energy exchange studies, since it contrad1cts a long -standing
be]:ef. The importance of this is seen in thn s (1973) study on Peyto.
He 1ﬁitia11y computed QH with Z, > ZH‘ and obta1ned poor results.
Bettef'resu]ts were obtaiﬁed by assuming z, =z which is close to the

result in this study.

3. Investigation of Roughness Parameter Variations
. - q

Fig. 4.13 suggests that zo'and zy vary with the degree of
furbu]enééﬁ”.Previous]y, roughness length changes over water have beedlﬁ
related to u, (Sverdrup, 1951 Sheppard, Tribble and'Garratt 1972),
However, the computatwon of Uy requ1res detailed prof1le measurements,
or an a priori kqow]edge of z,. Therefore it is more common to look -

for a ‘possible reTationship with the wind speed at some referenee level.

A tendency for Zy to decrease with increasing wind speed
over frozen surfaces has been suggested by Liljequist (1955), Unter-
steiner and Badge1yu(1965),;and Hﬁ]mgren (1971). However, in this study
o
not indieated The poss1b111ty of time-variant roughness lengths was
suggested by the- observat1on that the ice surface was rough and easy to
walk over by day, but slippery at night. This is due to differential

ablation, resulting from the penetration of shortwave radiation into

i ‘and z,, were p]otted”against wind speed at 1 m,.and a relationship was

AN
;
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other studies of this type are needed..

) o : J-QS'

he ice.- The roughness parameters were. p]otted against t1me of day, and

no detectab]e temporal change was found in either. Hence mean va]ues
were used in the computation of drag: coeff1c1ents.
. ) S 6 .

it

4. Drag Coefficients

Given fixed roughness length values, the eomdeat%on of drag -

coefficients from Eq. {2.10} is Straightforhard The use|of z, gives T
_fdrhthe wind speed. Ty is ca]culated from z, for temperature and_ vapour
2
but is %ep]aced by CH = I, Iy in Eq. (2.11b, c). These are shown in

pressure. Thé drag coeff1c1ent C is retained 1n Eq (2 Na),

Table 4.4 for z = 1 mand z =10 m. The values at 10 m were computed

-.J

‘for comparison with those of H1cks and Martin (1972); which were obtained

us1ng eddy correlation measurements of =, QH and QE Excellent agreement
is obtained for CD’ but-CH is smaljer. It is not clear whether the differ-

ence relates to measurement error or other causes. Comparisons with

E. Flux Computations

1. Estimation Procedure

The foregoing results may be used in estimating 1, Q, and Qg.

_ Two procedures for doing this from the available dataare possible, each

yielding the same answers. One is to compute the fluxes from Eq. .(2.22),
using the appropriate stability correction. The 0.25 and 1 m measure-

ment levels would be used to obtain the largest possible gradients of u,
o and e within the boundary layer. A second appreach is to use the bulk

transfer coefficiehts for 1 m from Table 4.4, and measurements of u,

A



2o 2y (m)

- -

Tor T at.jO m

. CD‘ CH at lim

H

| Cos ¢ at]]Q m
o Oy at:10 m
(Hicks and

C

Martin, 1972)

E;) ; _ * mean of separate dete

water vapour.

-

ro) I‘Hat]m- Bl
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TABLE 1.4
Bulk Transfer Coefficiepis -
Momentuni ; Heat and Water Vapour‘
- . |
0.73 207 e x 107t
'4}§é;xf{béé;5 T a0
351 1072 3.75 x 1072 ,
1.90 % 1073 2.25 x 1073 7
123 x 107 % xwd Y
o 20k 07 .72 giaoffi : /wi
rminatioﬁé bjzﬁi;ké'andMartin for Heat and
. . ‘ P



N

and e at z = 1 m in Eq. {2.17). However, 2 modification for stability
is requiréd. The latter is the more precise of the two, since the
“errors in gradients have been shown to be relatively larger than those

for single measurements in Chaptér Three.

The modification of the bulk ‘transfer procedure involves a .

stabilify correction in Eq. (2.10). Rearranging Eq. (2.20)r

) -

“t S

Vs : K 5 | _
Yz = Yo ;ﬁTn (z/z,) * olz - 207/ 44.17)

Since roughness lengths ére negligible compared to z,

- k T
o - Tn{z/z,)* a2 /L (4.182)
r, = K | (4.18b)
H. In (z/zH)r+ qu/L ' .
and T = ' k : (4l18c)
: E in (z/zH) + uEz/L : :

-~

where z = 1 m ('i.ef (z - zo) and (z - zH) = 1m). In addition, the
‘:sf;bf1jty éorrectioh for Eq. (2.22) is‘obtaine&:from Eq. {2.19), eval-
uating ¢ at 0.25 and 1 m. Hence, stability corrections for both the
bulk and.gradient approaches'are easily oBtained within the‘fram9w0rk

of the Monin-Obukhov scaling length.

z/L can not be .obtained directly from gradient measurements.

The Richardson number is easi]y‘computgd from gradients, but it is not

* '
A N .
A -
i

B -
s _-

[

s
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readily incorporated into Eq. (4;12). Mofeover,.stability cerrection

functions which are based upon Ri must be integrated numerically over the

_ height difference between the measurement levels (Lettau, 1962). A method

whereby z/L 1s computed from Ri, and subsequently used 1n Eq (4.12) is

‘required. Eq. (4.13) is unsuitable for this purpose since it can not be

reafranged to-express z/L in terms of Ri.

Approximate z/L estimates were obtained from Ri, at z = 0.5 m,

by rearranging Eq. (4.6):

. __Ri o
z/L = _('l_-—?'RT)' . (4.]9)
The value of o' was chosen so that it minimized the error in ¢ over
the range of most frequently encountered Ri values (0 < Ri < 009; Fig.

4.11}. A similar procedure has been applied to the results of Businger et

. {1971) by Binkowski (1975).

The error was examined in relation to the stability correction
for momentum because, having the\largest'a, it was the mast sensitive to
error. The relative error in ¢y was assessed by comparing the true oM

correction with its approximate value. The true oM correction was

~obtained from Eq. (4.12a), with an assumed z/L. The corresponding value _

of Ri was computed from Eq. (4.13), and inserted into Eq. (4.19) to calcu-
late an approximate z/L'value. Eq (4. 12a) was subsequent]y re-evaluated,
using the new z/L, to obtain an approx1mate o correction. This was done
for various a* values (Eig. 4.14). Relative errors in ¢, showed 11tt1e

sensitivity to o' for small Ri, but the sensitivity increased as Ri



-
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- Figure 4.]4.

_ ,
Relative error in ¢y@s 2 function of a'

B.O

and Ri.
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increased. The value, a' = 7.5, was adopted for use in f1ux_ca1cu1ations.

since 6'¢M/¢M was within 5% for Ri < 0.9, and negligible for Ri < 0.7.

The bulk‘transfer-approach demands less {nstrumentel precision;

and lends itself to simpler measurement procedures, which require a minimum

~of attention in the fie]d. ‘In addition, stability influences have a much

greater 1mpact upon gradient estimates than is the case for the bulk method
(Table 4.5). It follows that an error 1n determ1n1ng ¢ w1]1 have a less
serious effect upon the bulk transfer method. For these reasons, it was

adopted for flux calculations.

5

Bulk est1mates of the momentum and sens1b1e heat fluxes agree -

with the friction estxmates from Eq. (2. 5) (F1g 4 1 Y. The wide scatter

in the comparison of QH estimates (Fig. 4.15b}-nsfq‘ggﬁo errors in 8.

These are caused by large variations in the slope of the &4/k regression
. . /

nnalysis referred to earlier. Error analysis jndicated that most of the
uncertainty in the bulk estimates could be attribnted to the evaluation of
L, from\Eq (4. 18) Measurement errors in u, ¢ and e were neg]ig{ble by
compar1sonxm Rence, the bulk transfer procedure appears to be the best
method of ca1cu1at1n;\BE] g1Ven the difficulties encountered 1n 0bta1n1ng
vanour pressure gradients. Account1ng“for errors in the roughness 1engths,

Monin-Obukhov constants and z/L, the re]at1ve error in bulk estimates of

fluxes is generally 15%.

2. D1urna1 Distribution of Fluxes

Short-term energy balance estimates are a useful aid to under-
standing glacier melt hydrology. Values of QH and QE are plotted aga1nst .

time in Fig. 4.16, along with the measurements of Qx and Q. The time
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- TABLE 4.5

2
-

P
S

Flux Estimqtés Meaned over 124 Individual Computations wjih_and-ﬁfthout

.

Stability Cofrections ’

R R o . E , »;A-..,_
(a) Gradient method. o
Uncorrected ~ Corrected 3

Momentum {Pa) ' 0.0703 0.0340 .
Sensible heat (W m™%) 125 | 55.9
Latent heat (W m™2) -14.8 ‘ ©-5.99 -

. - P \

| .
(b) Bulk method.
Uncorrected ‘ Corrected
Momentum (Pa) 0.0429 0.0357 ..
Sensible heat (Wm™2) - | 842 65.4 i
Latent heat (W m"2) 2.47 -2.68
>
b

o
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Figure 4.15.

v LA | '-_~'I.‘I L J | ) | ﬁ_l 4 T T Lanm |
5° . 100 150 200
Enctlon Estimate (W m-~2}

Comparison of bulk estimates and friction: .estimates:
of fluxes, {a) momentum, and (b) sens1b1e heat.
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depending mainly upon wind speed (compare Fig. 4.1). The contr1but1on

of QH to the melt is positive.

ting around OWm 2, in respons

The magnitude of Q¢ is sma11, oscilla-

to variations of e about the ice

point. | : )

 Fig. 4.16 is probab]y'unique in‘tne g1aciolo§jca1 litera-
ture,iboth with respect to the preci%ion of the estimates, and the smai]
time segments used. The earlier stddyof Derikx (1971) used one-hour
estimates, but less precise profile measurements. Other studies have

been concerned so]ely with daily totals.

T Energy balance estimates of the me]t energy, QM’ were .
obtained by summing P*, QH and QE They represent the energy 1nput
to the melt process. A comparison of the computed and measured short-
term variations of melt energy indicates that QM lags behind QM  This

' 1nd1cates that the surface hydrologic system is complex, since" 1t

\

requires time to respond to changes in energy input. Hence, the sur- N
face is a hydrologic zone w1th1n wh1ch storage effects are 1mp0rtant i
3. Daily Totals
Daily totals of the measured melt energy were compared with
those which were computéd from the energy balance. Compar1son was not .

made for shorter time periods because of lags in the hydrograph created

by storage effects (Fig. 4.16), ensuring differences between the i
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predicted and measured values. . This.is readily observeddin‘the_1ate ///f;/,/,;//
. ‘afternoon periods,'where‘the valug of QH obviously. exceeds the sum of
~ the other components. _ L | o ’/////,,,/””Ji -

' i of”?d‘haﬁ?gﬁaa;;t;hn were found

1s of Qus QH’ QE and QM' as well as the

Five independent
amohg the data. Daily t
pred1cted melt energy, QM’ are listed in Table 4 6. The reiative
1mportance of Q*, QH . corresponds with most other stud1es, where
Q, was found to’be the™jreatest energy source and QE was the sma]lest
(Paterggg;’]QﬁQ). However, the energy-ba]ance perslstently under-

-
wid

estimates the melt,

The‘underest:mation of,QM may be>due to two features of the
glacier surface hydro1091c system. The first is that base fﬁow'occurs.
This has been observed in snow packs (Davar 1970), and it is seen’in
Fig 4.16, where QM never, goes to zero, even though the sum of the other
energy balance d;rms is at times negative. Therefqre, QM can be in-
fluenced by the melt events of precediné time ﬁeriods The second is | =
that some water js'trapged among the ice grains at the surface. As the
grains melt, trapped water is released along with‘ meltwater, thus_
leading to discharges which are greater than those predicted trom the
energy balance. Relatively high Q* values shou]d correspond to periods
when differential ab]at1on creates cracks in the ice which store water,
thus reduc1ng the effect of trapped water re]eas This could result in
QM exceeding QM’ though this was not observed among the small number of
cases obtained here. Miiller and Keeler (1969) have shown that QM/QM

“tends to be greater than unity when Q, is relatively large, and less than
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1.0 on days when Q, is small.  Also, Stenborg (1970) indicated that late
1n the ablation season glacier bas1n run-off exceeds values computed
from climatic’ parameters It is not known whether his result necessar11y

app]1es to the small-scale system stud1ed here. A satisfactory answer

to th1s question must be based upon the ana1ys1s of continuous measure--,

ments throughout the ablation season.

‘The effectiveness of the energy baTance method in estimat{mgl
ab]at1on is assessed by chang1ng QM and QM into measures of surface

1ower1ng (mm of water equivalent to melt energy, or mm w.e. ) Daily

“totals of QM and QM are plotted along with the resu1ts of other investi-
‘gators (Fig. 4.17) Although d1fferences between measured and calculated -

ablation are all. of the same sigh, they are relatively small.

oy
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Comparison of computed and measured ablat1on from
Peyto and other glaciers.
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CHAPTER FIVE _

S w.- 7" CONCLUSION

AN
This\s udy -sought to obtain short-term estimates of'the tur-
bu]ent heat f1uxe::>QH_and QE’ over melting- ice. (It was stated at the
beginning that this: requ1res a detailed exper1menta1 exam1nat1on of
f]ux—prof11e re1at1onsh1ps\near the surface. The theory, and exper1—

mental procedure for doing’

1is were descr1bed

This experimeht suc_ eded in its purpose, ~nd provided new
information about the glacier boundary layer. Three important'findings

are 1nc1uded:among the results: \
B

(1) The boundary layer, in th1s\;jse, is about 1min éebth.'

Lo

Most previous energy ba]ance studies haye used profile measurements
taken at greater he1ghts above the surfae\ In some of these the boun-

dary layer depth may have been adequate foyr the app11cat1on of turbu-

«

f such investigations should®

!' - LY

EAbe viewed with ca:}lop, g%rt1cu1ar1y where there has been 11tt1e examin-

. lent transfer theory However the resu]ts

ation of profile variation with height.

(2) The log-1inear framework satisfactor11y describes stability
1nfTuences w1th1n the boundary 1ayer. It 15 necessary to app]y this
framework to both the grad1ent, and the bu]k transfer methods in order

to obtain accurate flux.est1mates. The correspondence of the correction

’

) v

. BT 1

- L m
. . -
e
' s » : '
b, . -
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- feasurements. However, two measurement

110

a1
/

,Ascheme for the wind profile with'thet of other studies suggests that

stab111ty affects katabatically 1nf1uenced f]ow in the same way that

lit affects flow over horizontal surfaces. The smal]er value of the

Monin-Obukhov constant for the temperature prof11e is an unusual result
but it could explain some of Wallén's (1948) findings for the Karsa
Glacier, Sweden. ‘His results aiso point toward a weaker dependence of

temperature on stability than is the case for wind.

(3) Sioks'for the momentum and heat fluxes dre different, as the
different 2, and zy values indicate. .Although‘this-Was expected, the
d1rect1on of the inequality, z, <§£H’ is: oppos1te "to what is usually,
assumed in glaciology. This is 1mportant 1n u51ng the bulk transfer

methOd. ) . B ,.- —‘; :

The possible thickness,of the boundary aeyer should be con- '
sidered in fututeistudies before measurements are made. This is an-
important cons?deration for all methods stemming-from turbulent transfer
theory‘ In th1s connect1on, experimental studies of katabat1c flow over
g1ac1ers with a v1ew to determining boundary layer development spat1a11y,
would be useful. The crucial questions are boundary layer thickness in

relation to fetch, and possible temporal variations in thickness.

"~ The stab111ty correction procedure sed Fere served the pur-

pose of obta1n1ng fluxes from wind speed, témperature and vapour pressure
e]sfwere~requiredftordetenn1ne
the magnitude of the correction. A_truerbu1k transfer model should- use

measurements from-one level alone to determine stability corrections. The
, - . .
R

-~
-
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‘use of a bu]k R1chardson number has been suggested for th1s purpose
(Deacon and Webb, 1952) but its re]at1onship to z/L is uncertain.
Invest1gat1on 1n th1s area is needed. 'In add1t10n, ‘the finding of |

~different Mon1n-0bukhov constants for wind speed and teMperature re- -

e

qu1res further clar1f1cat10n.

The value of Zgs and the determ1nat1on of zH from profiles -
.are 1mportant 1nputs to larger scale heat balance studies over gla-
ciers. They should be useful to investigators who rely upon measuré-
ments -taken from meteore]qgicaT shelters for heat f]ﬁx;estimates, since
the bulk traﬁsfer prbeeeere must be used for this type of data. JThey
could also be 1mportant parameters in synopt1c sca]e determinations of
melt from_?lac1er basins.  This wou]d be an 1mprovement over semi- stat15~
t1ca1-modeis of the type used by Stenborg (1970). However, it wou]d
.have to be done with an understandingrof the*spatfa] behaviour of kata-
batic flow, including its profile structure close to the surface.
The future direction of glacier cltmetearesearth will prob-

-ably be toward basin kmeso-scale) studies, since this is the scale at

~

which the ﬁydfe}ogiial role of glaciers can be ‘assessed. By way of
contributing te this,aaddit1oﬁgi work in.glacial microclimatolegy could
be directed toward studies of ketabatic f]ow, the incorporation of
katabatic influences into flux estimation procedures, and the improve-
ment of bulk transfer methods. This would be useful 1nﬁobta1ning con-
- tanuous short—term estimates of energy ba]ance components, extending
over the me]t season. In this way a better understanding of the in-
fluence of changing weather conditions upon the energy balance of the

glacier surface, and its consequent hydrologic response, might be gained.
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* APPENDIX ONE

NOTATION

Upper Case Roman

" constant in Eq.:(3.6), equal to 17.269A

area of meltwater discharge plot

constant in Eq. (3.6), equal to 237.3 *’;——’7
. discharge ccefficient

drag coefficient for momentum

" M " heat énd water vapour

» discharge

vapour pressure at the freezing-point of ice

turbulent energy exchange y

.general eddy transfer coefficient, sub-

_ script;/E},H and M applying to water vapour,

— / . -
__~~—heat and momentum respectively

stability length scale )

latent heat flux dqe to water vapouruirans—

pgrt _ _— | '

sensible heat flux, subscripts 0 and z

app]yiné to values at the surface and at some
~ height above the surface respectively

Beat flux below the ice surface

7_me1t energy

112

dimensionless
m2
c

~ dimenstontess

m 5! tft3 s"]);

o



Y a

_value_not_corrected for stability

energy balance estimate.of mé]t energy
general'f1ux'notation

net radietive flux

roeghness Reynolds number

flux Richardson number

_gradient Richardson number, subscript c de-

noting the critical value

.shape funct1on, subscripts H and M app1y1ng

‘to heat and. momentum respectlve]y

temperature, not corrected for adiabatic

lapse rate:

any independent variable, specified in text

any dependent " " n n

Lower Case Roman

‘polynomial regression coefficient, order de-

noted by numerical subscript

number of anemometer cup revolutions
specific heat of air at constant pressure
vapour pressure, surface value denoted by o
subscript

friction vapour pressure,'prime denoting

anemometer cup calibration factor

gravitational acceleration

N3 .

W m’g

Pa; W m2
H m -2

d1mens1on1es

rpm
J'kg ¢!

Pa

1

dimensionles

G (ft s

3

S

_2)



Ny
WY

Y

z/L

hydrd]ﬁgic head

von Karman's constant, equal to 0.415
elqcfromotive output

air pressﬁre, reference va]ug denoted by o
subscript and set equal to 105

time

wind speed,ifﬂsubscript referring to a paft%c-

“ular height above the surface

friction ve]ocity; prime denoting value not |
corrected %or stabjlity

distance along the wind direction

any profile parameter, surfacé value denoted
by o subscript, value at specific height above
the surface by z subscript

any friction parameter

height above the surface

temperature profile roughness length, prime
denoting value not corrected for stability
wind profi]e roughness length, prime denoting
value not corrected for stab{]ity

stability parameter

Upper Case Greek

o applying to water vapour, heat and momentum

respectively

ﬁaftfaT‘dFag‘coefffcient:*subscripts—E;?Hmand ——————

114 -

ft

dimensionless

my

Pa

dimensionless

dimensioniess



¢ height-integrated stability correction, subscripts
E, H and M applying to water vapour, heat and |

momentum respectively

Lower Case Greek
a Monin-Obukhov constant, subscrfpts E, Hand M

applying to water vapour, heat and momentum

respectively
!
Y psychrometric constant equal to 66
€ ratio of molecular weight of water to air

constant equal to 0.622

4 X-intercept value used in determination of
Mon%n—Obukhov'constants

8 air temperature (potential value), surface
value denoted by o subscript

;] absolute ajr temperature used 1n'computation

of stability indices

o, wet bulb temperature (potential value)
\\\e; friction temperature, prime denoting value
not corrected for stability

temperature disturbance (8 - ao)

latent heat, subscripts f and v referring to

fusion and vapourization respectively B
kinematic viscosity, subscripts E and H
applying to diffusion coefficients of water

vapaur and heat respective]y

- 118
dimensionless
dimensijonless
Pa C!
dimensionless
m
c (K)

K
C
n
K



716 -

air dené%ty, subscript w denoting water density kg S
standard dev1at1on of the wind speed . m'Sf]‘_
momentum flux (shear1ng stress) | S pa L
‘stability correct1on, subscr1pts E H and M o 'u,' fﬂ

app g to water vapour, heat'and momentum o
‘resizziﬁgs1y - ; - "‘ _ ’ dﬁmgnsionless
any of the entities, momentum, heat and watEr |
vapour.

slope angle ™~ degrees



APPENDIX TWO

INSTRUMENTATION DETAILS

The ventilated psychrometer system, patterned after the system
of Lourence-and Pruitt (1969), and the hydrological discharge ﬁeas&re-
ment system are described ih this appendix. The accompanying‘diagrams
f]]ustrate the basic proportions, the arrangément of parts, and the over-
all dimensions:  British units are used, in accordance with present North

American industrial practice.

A. Ventilated ?sychrometer‘Systeﬁ

1. Sensor Housing

The sensor housing is comprised of a set of shields, a T-
junction, 'a water reservoir, and a ventilation unit (Figure A2.1a). An
inner, and an outer shield aré used.. Both are covered with aluminized
mylar on the outside, and flat black paint on the inside. The outer
shield is constructed of acrylic tubinb (2" 1 D),.to which a hood of
tinned steel is added. The mouth is inclined at 60 degrees to the hori-
zontal, thus shielding iﬁ% interior from direct sunlight. PVC tubing
(1 1 D) is used for the inner shield, which has small holes drilled
riear the downstream end, %o allow purging of the air between thé‘inner
and outer shields. A support keeps the dry bulb centred in the air

stream.

The T-junction is a standard PVC plumbing fitting, (1-172"

i n7
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0 D), which supports the inner shield. The outer shield support is a

‘plastic sieeve, fitted over one end of the T-junction. A plug, which

holds the dry.and wet bulb probes in place, is inserted_iﬁfo the oppo4
site end. Ho]eﬁ of”appropriate diameter are drilled in the plug to

allow the passage of a wick. : \\:
A one foot length of plastic tubing (1-1/2% 0 D) iS\used for

a water reservoir, ‘This is plugged at both ends, and accéss fgr re-
supply of water is provided by drilling a smali hole in the top. watgt

-leaves along a wick which passes through a hole in the end closest to

.ﬁhe T-junction. A wick conduit is constructed from an appropriate length
of plastic tubing, which has short pieces of stainless steel tubing

(3/16" 0 D) fitted to eacﬁ end, These fit the holes in the plug and. re-

servoir. The reservoir is suspended from the cross-arm by electrical \\\

tape. . , | \\§
The ventilation unit is a 115 V ac fan (Rotron Mfg. Co., NTO ‘¥\§\

120). contained wjthin a housing,_which'is attached to the cross-arm. ' '

The cross-arm is made from a length of PVC tubing (1" I D). Thisharrahaé3"‘ A
ment ensures that the ac and dc parts of the system are separafed,.thus‘
minimizing chances of interference with the temperature signals. During
pperation, air is sucked in through the shield opening, paéses through /

the system, and exits from the fan housing (Figure A2.1a).

A1l exterior surfaces-are painted white to minimize heating

'by"§o1gr“radiat10n;”“Except1onsmtn—th1S”aFE“thE“shie1d"e& riorsvmsfncéd"”—“—"""'f”*

aluminized mylar is a superior coating in this fespect, and the fah _ \_

housing, which is _far removed from the sensors. ‘ N \

)J | - |



- - Y20

2. Thefmopi]e Construction

- ’ e .

'  Five-junction thermopiles were used (Figure A2.1b). These
are constructed from #30 awg coppérwconstantah thermocouple wire. 'The_
junctions are welded, and covered with heat-shrink\tubing to insulate
them from electrical contact. They ére petted inside a smé]] 1ength
(1;1/4") :f aluminium tubing 13/16" 0 D}, filled with polyester resin.
Thg aluminium tubing is turned down along part of its 1ength, and fitted
"1nt0 a relatively thin-walled piece of‘gtainless steel tubing (3/16" 0 D). L  'TI’
\Individual wires are led back through white plastic tubing,tb a reference J |
seﬁsor of the same construction. One of tﬁe c0pper‘wfres ié cut'nEar‘the

reference sensor, and the two leads thus formed (positive and negative)

are'301d¢red fo copper signal cable, which is’attachéd to the recorder.

Tﬁe\reference.probe; are apprdximate]&‘B“ in length. Wet
'bu]b"probesiarq ]" long, and covered_with“a-w§¢g.' Dry bulb brobes are
14" long. This e;%np length is needed to ensugécﬁhat the dry bulb is
the firs% to encounte? fhe-air flow, and is thus unaffected by the envir-.

orment of the wet bulb (Figure A2.1a).

8. Hydrological Discharge Measurement System

" 1. Description of System

The system is drawn schematically in Figure A2.2. The main

» — —

component is a holding tank, approximately 4’ 1ong,v§T&WidEHand,2f deep.

Waﬁfé?*é;ﬂé?smﬁﬁé"fé'ﬁ]("’tih’ﬁdg’gh“a'"'S"i phon, " and Te aveyby'“faTH'nQ overTaT ot T
22.5° V?noch weir. The siphon drains water from a sump, which

collects all of the'water melted from a known area. This area is cut

” - . .-
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off from the surrounding glacier surface through differential ablation
around a boundary of ‘white plastic. The tank is mounted on a set of
skids so that it may be dragged over the glacier surface. Pneumatic;

jacks are used to adjﬁst the attitude of the box to a.]eve} position.

A st1111ng well is mounted behind the tank. Water moves in?
and out of the we]l through a small diameter p]ast1c ‘tube, in response
to water level changes in the -tank. The water level is mon1tored by a
recorder wh1ch is housed in a she]ter at the top of the stilling: we]]
The effects of short-term inflow var1at1ons are smoothed out by a

baffle. - ‘ | ~ - | ﬁ
. ) . o . e . \ \\
2. System Calibration . o T B i

The discharge equation was checked against direitmf%e]d
measurements of flow over the weir. This was done by collecting the
water in a container. This discharge va]ue was compared with the
-calculated value (F1gure A2.3). Since good agreement was obtained, the

- discharge equation was accepted as being accurate. \1\

¢ The head reading on the water level recorder chart was cali-
brafed against point-gauge readings taken near the.v-notch (Figure A2.2)
1n'thodsandths of a foot. The two sets of readingé, taken several times
for each observation period, show good overall agreement {(Figure AZKEQ\\
The main source of d1sagreement probab]y lies in po1nf;gauge reading
errors. These were sometimes d1ff1cu1t to make‘because of surface ripples
‘which appeared during very w1nd} conditions. h

L.
i

N
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C. Supplementary Anemometer and Thermopile Calibrations

- Correction factors for anemomq;er cup assemblies are Tisted
“in Table A2.1. Correction constants “for thermopile thermometers are -

?1sted in Table p2.2. |
k o

_The consistency of wind prof11e data, using ‘correction factors
estabiished by the manufacturer, and by field intercomparisons, was checked
by plotting 30 wind profiles which were sampled from all of the data. The
samples were distributed throughout the observation period, and se]ectioﬁ
WJE confinéd to cases where all 12 anemometers functioned._ Except for cup
assemblies 1450, 1725, 1473 and 1606, smooth Tines could be fitted through_

the data points im each samp]e.

Each of the four exceptional cup assemblies consistently over-
estimated (1725) or underestimated (3450, 1473 and 1606) its correSponding
value on the.smboth line. Moreover, the relative magnitude of the devia- '
tion“for any one of the four anemometérs was approximate1y_the same in each
samp]ei These observations suggested that anemometer error was the most
Tikely- explanation for the exceptional results‘of the four cup assemblies,
and their correction factors were adjusted according to the mean deviations

observed.



Sensor

1567
1326
1450
1434**
1726
1725
1730
1324

1473
1530
1606

1565

* determined to * 0.5%.

~ TABLE A2.1

- Correction Factd%s for Anembmeter Cup Assemblies

Correction Factor*

1.0120
0.9951

0.9959
1.0000"

1.0000
1.0084
0.9977

0.9985

0.9848

0.9948

0.9870

o.géj?

** sed as a calibration standard.
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" Height Sml

0.25
0.5
0.75
]
1.5



[

Sensor

n
21
31
4
51
61
n-
81
12
22
32
42

82

62
81
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TABLE A2.2 ~ — . | ‘//ﬁ)

Correctign Constants for Thermopile Thermometers

Correction Constant (C) Height (m) Function
0.033 0.25 “ dry bulb
0.000 05 oo
0.001 ‘-},jg" .75 oo

.0.008 . - . 1 "
0.000 - 1.5 o
-0.008 2 "
0.007 4 u

0,001 - 6 n
-0.003 - - 0.25 wet bulb
0.007 0.5 | "
0,019 0.75 !
-0.007 1 o
-0.019 | - 1.5 '
0.053 2 u
-0.001 s | "

‘&)



APPENDIX THREE

 STATISTICAL TESTS

A. Test of Proportions

-,

The test of proportions 15 applied to a set of N independent
trials in which the outcome of each is e1ther a success or a failure
(Freund fB62: p. 275) In this case success and fa11ure are inter-
preted according to the direction of inequality between two quant1t1es,

A and B. Success occurs when A< B, failure when A 2 B.

The observed proportion"of successes, S; is tested to see if
it is significantly greater thén 0.5, the value which would be expected -
if success occurred as frequently as failure. The probability d{stribu—'
tion of S is binomfal, but for N > 100 the normal probability distribu-
tion is used as an approximation, and a test statistic, zs; is. computed

from

7. = ———— - | (A3.1)

The test statistic is compared yith a critical value of 1.65 at the 5%
level. The value of S is takeﬁ to be significantly different from 0.5,
if z, > 1.65.

B. Skewness T&st

Following Pearson and Hartley (1954: b, 61), the skewness of

a sample containing N values of a particular quantity, X, is tested by
, o _3% . _
‘ :2,_,} 128
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¢

estimating the first three moments of the distribution of individual

values, X, ? o
N x.i - ' . .
m] = 151 W X h : ' (A3.2)
TN (% - 0P -
and m3 = 12 ——-N-—" | | . (A3.4)

- Ol

in which My, M, and mq are the moments about -the mean, X; and by computing

the coefficiént.of skewness, JE;:

my ) .
/5]— = 377 : (A3.5)
M2

The value of JET is compared with the critical value at the 5% level,
‘which is obtained from Table 34.B of Pearson and Hartley (1954). This
gives a critical value of 0.366 for the sample size Used in Chapter Four

(N %124). The sample is considered to be normal if |/E]1g;0.366€

T i BT
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. ) . ) " l- l ) .
- A ; MMARY

out,in the fo&1DW1ng condensed format:

* -

m— Ty

- Aug. 14 - 0830

387,0/572.0 P \

5.55 10.62 4.06 . 0.25
6.05 11.39 4.14 . 0.50 s

16.39 11.83 4.46 0.75
6.65 1216 4.58 . , 1

7,00 12,50 479 18 r
7.27 12.86 4.59 2 -
7.52  Whkkkk  okkok _ 2.5 -jﬁ
7.63 ik eknr T o
779 whkkk  dkk 3.5

@ - 7,92 13,08 ek s
D BL14 Rhkkk  kkdk 5
;_8.34 12,87 *kxx 6

First 1ine: time of start. Second line: Q*-(H m )/D ( 6 m ]).
:fhe columns of data are (from left to right) u (m s ]), 8 (C), By (C)
and z (m). Heights are:shown here for referende. “Since they are
common fo a11'the measurements;‘theg are omitted from the summary .

Asterisks denote missing data. A]]j&a1ues are half-hour means.
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