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ABSTRACT. The results of an experiment to examine the glacier boundary la yer over melting ice are 
described . They show that the boundary layer, as defined by the applicability of the log- linear profile, is 
approximately I m thick. The b0undary layer is a frequent, but not a dominant fea ture of the air c1o~e to 
the ice. The frequency of occurrenLe is rela ti vely high in cases where wind speeds are mainly controlled by 
kata batic forces. 

R EsuME. Une etude experimentale de la callche limite d'air all-desslls de la glacefandante d'lln glacier. On decrit 
les resulta ts d 'une experimentation pour examiner la couche d 'air au voisinage d ' un glacier au-dessus d e la 
glace fondante. lis montre nt que cette couche limite, defi nie par l'applicabilite d'un profil log- linea ire, a a 
peu pres un metre d 'epa isseur. Le phenomene d e la couche limite est un trait frequent mais non dominant 
d e I'air au voisinage de la glace. La frequence d'occurrence es t rela tivement forte d a ns les secteurs ou les 
vitesses du vent sont en m aj orite controlees par les forces cataba tiques. 

ZUSAMMEN FASSUNG. Eine experimentelle Unlersuc!lllng der Grenzschicht uber schmelZClldem Gletschereis. Di e 
Ergebni5se einer experimentellen Untersuchung d er Grenzschicht liber schmelzendem Gletschereis werden 
mitgeteilt. Sie zeigen, dass die Grenzschicht, cleren Bereich durch die Anwendbarkeit d es logarithmisch­
linearen Profil es definiert ist, etwa I m dick ist. Die Grenzschicht ist eine haufige, aber nicht vorherrschende 
Erscheinung in der eisnahen Luftmasse. Sie tritt rcla ti v haufig auf, wenn die Winclgeschwindigkeiten im 
wesentlichen durch kataba tische Krafte gesteuert sind. 

I. INTROD UCTION 

Surface melt estimates, suitable for d escribing diurnal variations in melting rates, are 
desirable but elusive quantities in glacier hydrology. One approach to es timation obta ins 
the energy used in melt as a residual in the surface energy-balance equation (Muller and 
K eeler , 1969, p. 93-95). Successful application of the method to periods of an hour or less 
requires accurate evaluations of the individua l energy-ba lance terms, principally the surface 
radiation balance, and the transfer of heat (sensible and latent) from the air to the surface. 

The radiation balance can be measured directly, but the transfer of sensible and latent 
heat fluxes must be calculated from micro m eteorological theory using m easured profiles of 
wind speed, temperature, and humidity close to the ice. The theory applies to measurements 
taken within the turbulent boundary layer of air adjacent to the surface, within which the 
fluxes are virtually constant with height. 

Examples of the energy-balance approach to melt estimation are abundant (Derikx, 
1975; F6hn, 1973; Wendler and Ishikawa, 1973), but few studies have been directed toward 
the basic question of boundary-layer structure. Some recent studies are useful in this regard 
(Holmgren, 197 I; La Casinere, 1974, Martin, 1975), though they do not examine the 
bounda ry layer per se. Experimental results which illustrate the nature of the turbulent 
boundary layer over melting ice are presented in this paper. 

2. SYMBOLS AND UNITS 

L = Monin-Obukhov stability length scale (m) 
QH = sensible heat flux (W m- z) 

X = /).z / /).(1n z) 
r = /).y / /)' (In z) 
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a = y -intercept of a line 
b = slope of a line 
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g = acceleration due to gravity (9.8 ms- I) 
k = von Karman's constant (0-41 ) 
p = air pressure (Pa) 
u = wind speed (m S- I) 

u* = friction velocity (m S- I) 
x = horizontal distance (m) 
y = u or {J 

Y Jf = UJf or {JJf 
Z = h eight (m) 

Zk = katabatic-Iayer thickness (m) 
Zo = surface roughness length (m) 

IX = Monin-Obukhov constant (dimensionless) 
{J = air temperature (CC) 

{Ja = temperature of undisturbed, advected air (C C) 
{Jb = temperature of advected air cooled by the glacier (cC) 
{JJf = friction temperature (cC) 

p = air density (kg m - 3) 

T = momentum flux or shearing stress (Pa) 
.p = slope angle (degrees) 

3. THEORY 

The general friction-parameter forms of the turbulent transfer equations can be written as 

T = - puJfz, ( la) 

and 

Ass uming similar transfer m echanisms for both fluxes, a general relationship between gradients 
and friction parameters is d efined by 

A method of calculating the fluxes from profile data is obtained if this equation is integrated 
with respect to height, which yields the familiar logarithmic profile 

Y Jf Z Y = -In- , 
k Zo 

(3) 

then rearranged to solve for the friction parameters and combined, in appropriate form with 
Equations ( I). Hence, fluxes can be evaluated from measurements of u, {J and Zoo 

The logarithmic framework assumes that measurements are within the constant-flux 
layer, and that the lower atmosphere is in a state of neutral equilibrium. Neither of these 
assumptions is expected to be valid over melting glacier ice because the surface is usually 
inclined and cold. Hence, in addition to a synoptic-scale pressure-gradient force, local 
pressure-gradient forces influence the glacier wind (Holmgren, 1971 , p. 20-23), and sub­
stantial flux divergence can occur close to the surface. Also, the vertical temperature distribu­
tion is characterized by inversions which dampen turbulent motion. In this stable state, 
measured profiles undergo a greater change with height than the logarithmic form predicts. 
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Following Holmgren (1971, p. 20- 23) height-divergence of the momentum flux can be 
written as 

where the terms on the right-hand side are, respectively, the synoptic pressure-gradient force 
and the local pressure-gradient force (katabatic force). Holmgren (1971 , p. 26) showed that 
the former is smaller in magnitude. Neglecting the synoptic pressure-gradient force, the 
vertical flux divergence (which is equal to the horizonta l flu x divergence becau se of continuity) 
is equated to the katabatic force: 

(5) 

On the macro scale, the height where the wind speed reaches its free-stream velocity defines 
T = o. In katabatic flow, the momentum flux may reach zero quite close to the surface, 
where aula;:. = 0 (Fig. 3). The height at which Qu/a ;:. = 0 will be used here to define the top 
of the katabatic layer. If this layer is shallow, say a few metres thick, vertical gradients of T 

are strong near the surface. According to Equations ( I ), QH must also h ave a zero value at 
the top of the katabatic layer. H ence, the flux will diverge in the layer . 

Other factors which may contribute to flux divergence are the unstead y nature of kata­
batic flow, which is evident in short-term accelerations (Lettau, 1966, p. 7-10), and horizontal 
temperature and humidity gradients, created by the contrast between the glacier and its 
surroundings. However, these effects a re thought to be rela tively small compared to the 
effect of katabatic layer thickness. In spite of flux divergence, a constant flux layer may be 
found adjacent to the surface. In this study this will be considered as the boundary layer. 
Its thickness can be established with profil e data if departures from neutral equilibrium are 
incorporated into the logarithmic framework . 

D epartures from neutral equilibrium a re accommodated by using the log- linear profile 
(W ebb, 1970) : 

Y = Y; [In (t )+Z (;:.-zo) ] , (6a) 

where L is the Monin- Obukhov stability length, defined usually by 

(6b) 

and ex is an empirically determined constan t. The validity of Equation (6a) for stable condi­
tions is well established by experiment, a lthough determinations of ex vary. The results of most 
investiga tions suggest that the value of ex is close to 5 (Dyer , 1974, p. 37 I ) . 

This equation can b e used in examining boundary-layer structure following a method 
outlined by Webb (1970, p. 49-71 ). If we define the difference iny between two levels above 
the surface as L'iy and divide by L'i (1n z), 

Y'f [ !XX] Y = y l+y , 

where Y = L'iy / L'i (1n z) and X = L'i ;:./ L'i(1n ;:.) . 
With Yand X evaluated from experimental da ta, Equation (7) takes the form of a linear 

regression equation, Y = a+ bx, where a =Y'f /k and b = (Y'f /k) (ex/L). Both a and bare 
positive in turbulent boundary layers in a stable atmosphere. From a, U'f a nd ()'f are readily 
calculated and the stability length is obtained from 
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U 2(J 

L = k;(Jlf • 

which is obta ined directly from Equations (1) a nd (6b). 

(8) 

I t is proposed to test for boundary-layer occurrence by determining if r and X are linearly 
rela ted , with a and b positive. Since the log- linear model is d erived with the assumption that 
fluxes are constant with height, the boundary layer is defined a s a zone within which the log­
linear model describes the profiles. 

4. SITE AND MEASUR E ME NTS 

A measurem ent site was esta blished on the tongue of Peyto Glacier (la t. 5 1° 40' N., 
long. 11 6° 33' W. ), in the Canadian Rocky M ountains, abou t 10 km north of Ba nff, Alberta. 
The site elevation was 2 300 m. M easurem en ts were taken in A ugust and the first week of 
September 19 71 , prior to the end of the abla tion season. The ice surface up-wind of the 
measurement site consisted of elongated ice hummocks, with a local relief of a bou t 0.5 m 
and <:0 = 0 .07 mm. T he cha racter and relief of the surface a ppeared to be uniform over a 
distance of 1 km in the up-wind direction. T h e surface slope was close to 3°. 

Wind-speed and temperature profiles were measured by sensors a t heights of 0.25, 0.5, 
0.75, I , 1.5, 2 and 4 m above the surface. On some occasions temperature m easurements 
were also taken at 6 m . Additional wind-speed measurements were made a t 2·5, 3, 3·5, 5 
and 6 m . 

Sensitive cup anemom eters (sta ll speed , 0. 1 m s- ,) were used to measure th e wind speed 
to ± 0.025 m s- ' . Ven tilated thermopile thermometers m easured tempera ture. Sensor 
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Fig. I. Selected profiles Qf (a) wind speed and (b) temperature. 
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outputs were recorded on a potentiometric recorder (Honeywell Model 194) using a stepping 
switch. The precision of the temperature measurements was approximately ± 0.04 deg. 
Data were meaned over 30 min time periods. The range of experimental conditions is shown 
in the examples of Figure 1. A few matched pairs of the wind and temperature profile are 
included in order to compare the shapes. Missing data are the result of instrument failure. 
The profiles show well-defined, smooth variations with height. 

The precision of individual measurements and the magnitudes of /}.U and /}.(} determined 
the relative errors in differences between levels. Values for /}.U of 0.3 to 0.6 m S- 1 are common 
near the surface, where a precision of 5-10% can be stated for /}.u. The error in /}.(} is 6 to 
14 % for typical values of 0.4 to 1°C. 

5. RESU LTS 

Values of u and () were plotted against In z to see if they conformed to the expected 
profile form in stable conditions (Fig. 2) . The expected form seems to describe the data well 
within the first metre, but eye-drawn extrapolations of the lower profile form beyond a height 
of 1 m deviate substantially from the measured values. This suggests a glacier boundary 
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Fig. 2. Logarithmic plots of (a) wind speed and (b) temperature. 
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layer with a depth of approximately 1 m. Some wind profiles indicate that /:::;.U approaches 0, 

and even reverses sign at upper levels (Fig. 2a). Cases where u achieved a maximum value 
below 6 m were observed infrequently in the data, but all of the profiles showed greater than 
expected reductions of /:::;.U with increasing height above the surface. 

A well-defined example of a wind-speed maximum near the surface is shown in Figure 3. 
It seems that the zone of highest wind speed is associated with a thermocline. The association 
is expected. Since u~ approaches 0 as ou/ox becomes 0 , QH will also vanish at the top of the 
katabatic layer (Equation ( I b)) . Then the thermocline marks the upper limit of the cooling 
effect of the glacier on advected air, which becomes thermally separated from the katabatic 
layer adjacent to the surface. This feature has been observed elsewhere over glaciers (Hubley, 
1957; Holmgren, 197 I ), and it supports the postulated association between katabatic layer 
thickness and flux divergence. 

Application of the Webb (1970, p. 69- 71 ) procedure to the profiles confirms the relative 
thinness of the glacier boundary layer (Fig. 4) . A linear relationship, with positive slope, is 
found only when measurements taken at 1.5 m or less are used to calculate rand X in the case 
of wind speed. The limit appears to be I m for temperature. Scatter in the data points is 
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Fig. 3. Example of katabatic wind and associated thermocline. 
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Fig. 4. Example of air layer analysis for 21.00 iI , 13 August 1971: (a) from wind-profile data; (b) from temperature-profile 
da ta. 

/', adjacent height /lairs, the lowest level marked by a Ilumeral (solid within the boundary layer ). 
o other height pairs (solid within the boundary layer). 

-----joins height pairs with the sallle lowest level . 
• . . . . . the best fit of points within the bOllndar), la),er. 

attributed to errors In 6.u a nd ~ T. H ence, the boundary layer is defined to be [ to [. 5 rn 
thick in this case. 

Inclusion of measurements taken a bove the boundary layer results in la rge scatter, but 
order is achieved by j oining a ll points with the same lower level for 6. (ln z) . Points joined 
in this way follow the line of best fit when calculated from boundary-layer measurements, and 
parall el one a nother for m easurements above the layer. This result is simi la r to that obtained 
by Webb (1970, fig. 4) . T he values of 6.u j 6. (ln z) show a m a rked increase at first , due to the 
thermocline, but decrease as measurements at higher levels a re used . 

Not a ll profiles indicated boundary-layer occurrence close to the surface. Plots of Y 
against X were classified into three groups: 

( [) boundary-layer cases in which the expected linear rela tionships were found close to 
the surface (Fig. 5); 

(2) cases in which Y d ecreased with h eight everywhere above the surface. These were 
interpreted to be cases where the bo undary layer fa iled to establish itself within the 
ka ta batic layer ; 

(3) cases where missing data or la rge scatter made it impossible to obtain relationships 
between r and X: these were discarded. 

In all boundary-layer cases the layer thickness appeared to be clo;e to I rn, with only rare 
deviations (Fig . 5). Also, boundary-layer depths defined from th~ wind profile usually 
coincided with those defined from the temperature profile. The constant IX was determined to 
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be 5.4 for the wind profile and 3.6 for the temperature profile from mean values of ex = X/L. 
These results are close to those obtained by other -investigators in stable conditions (Dyer, 
1974, p. 37 1 ). 

A boundary layer occurs frequently (Table I ) but is not a dominant feature of the air 
over the ice. There is a tendency for boundary layers to occur more frequently during the 
day than at night, though it is possible that the difference in sample size affects the result. 

The possibility of a diurnal variation in boundary-layer frequency was further examined 
by analyzing five 24 h periods, thereby equalizing day and night sample sizes (Fig. 6). The 
result is essentially the same as that obtained from the total sample, but a regular diurnal 
variation of boundary-layer frequency is not apparent (Fig. 6a). 

A higher frequency of boundary-layer occurrence during the day is not strongly supported 
in results for individual days (Fig. 6b). Some of the records show extended periods of 
boundary-layer occurrence which are interrupted or abruptly ended by absence. Others 
appear to be characterized by the total absence of boundary layers. H ence the boundary 
layer is an ephemeral feature of the air adjacent to the ice, and its occurrence does not follow 
a simple pattern. 
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Fig. 5. Selected friction parameter profiles for (a) wind and (b) temperature . 

• boundary layer height in pairs. 
o height pairs outside the boundary layer. 

----- best fit to points within the boundary layer. 
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TABLE 1. SUMMARY OF BOUNDARY LAYE R ANALYSIS 

Da)' Total 
(00.60- 18.00 h) 

Night 
(18.00- 06.00 h) (06.00- 06.00 h) 

(A ) Total measurement periods 
(B) Periods with a ccepta ble da ta 
(C ) Boundary layer cases 
(D ) Proportion of (B) to (A) 
(E ) Proportion of (C) to (B) 

(0 ) 
10 
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· . 
· . 
· . 

. .. . 

. . 
I ::- :-:- :-:« .:-:-
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0.88 
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AUG 13 - 14 • • •• 00 •• • •• 000000 . 0 . 0000000 . 0000 •• 0 . 000 . 

AUG 20-21 • •• ••••••••••••• 0 •• 0000000000 0 . 000 • • ••••••••• 

AUG 28 -29 o e oo ••• •• •••••• • ••••••••••• • 0 ••• 0 . •• 
AUG 29 - 30 ••• c • • ooeo e oooooo 000 ••••••••• 

S EPT 4 -5 0000 •• 0 •• 00000000000000000000000000000 . 0 0 00 

12 14 16 18 20 22 0 10 12 

LAT ( h ) 

488 
417 
255 

0.85 
0.61 

433 

Fig. 6. Frequency oJ boundary-layer occurrence as aJ 1l11ction oJ time based upon five 24 h periods . i n Figure 6a the hatched area 
(riferred to zero) shows all cases with usable data while the stippled area shows boundary layer cases. in Figure 6b 
boundary-ltl),er cases are represented b), dots and !lon-boundary layer cases by open circles. 

6. DISCUSSION 

The reason for the ephemeral nature of the boundary layer may lie in the mechanism 
which governs the flow. The simplest mechanism would be one in which Equation (5) 
describes the divergence of momentum flux. The momentum flux at the surface could be 
defined by integrating Equation (5) with respect to height over the interval Zk -Zo 

(
Oa - Ob) 

T = - -----0;;- pg tan!f ( Zk - Zo) · (9) 
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The surface flux is a lso obtained by combining Equation ( la) with the log- linear wind profile 

T = ( 10) 

Combining Equations (9) and (10) 

_ ((}a - (}b) t [In (<.1<'0) + ex <.IL] .1. ( )1 
u - (}a k g tan 'i' Zk-<'o . (II ) 

Hence, wind speed can be estimated from values of Oa and (}b. Holmgren ( 1971 ) suggests 
using the temperatures above and below the thermocline for (}a and Ob respectively. His 
suggestion is followed here. 

In a purely katabatic flow it should be possible to find a linear correlation between u and 
[(Oa - Ob )l (}aF if <'0' .p, a nd <'k are constant. An attempt was made to correla te the wind 
speed a t <. = I m, the observed top of the boundary layer, with the temperature data. Con­
straints of the experimental procedure confined Oa to a height of 4 m or less, so 4 m was 
chosen. (}b was taken at I m , a level which seemed to be well below that of any thermocline, 
and coincident with that of the wind speed. Thermoclines were classified indirectly through 
an examination of the wind profile. Assuming that the top of the katabatic layer corresponded 
to the position of the thermocline, only those cases where <. was 4 m or less were considered. 
The majority of wind-speed maxima were observed close to 3.5 or 4 m in the 96 samples 
chosen. 

Wind speed correlates poorly with [((}a - (}b )IOa]l (Fig. 7) . However, wind speed has a 
lower limit given by !::,.ul !::,.[ ((}a-(}b )I OaF = [In (<'I<.o)+ rx <'IL] (g tan .p)!lk. This was evaluated 
using ex = 5.4, L = 00 (the neutral case), <'0 = 0.07 mm, .p = 3°, and <'k = 4 m. The value 
of <'k follows from the selection procedure for the data used in the analysis. 

Several factors could account for the large scatter of da ta p oints in Figure 7, particularly 
failure to account for stability effects as slope evaluations at other values indica te. U nder­
estimation of the thermocline strength by the difference in temperature between 1 and 4 m is 
another possible source of error. However, boundary-layer cases make up 80 % of the plotted 
points, a much higher proportion than that for the whole sample. This is instructive because 
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Fig. 7. Correlation between u and [( 8 a- 8b)/ 8a] 1 Boundary -layer cases (dots ) are distinguished from non-boundary layer 
cases (open circles ) . The dotted line is determined from Equation (1I ), using dijJerellt L values. 
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the data were taken during p eriods where the flow was largely katabatic. Other forces are 
probably influential as well, nota bly : 

(I) forces generated by heating and cooling effects which give rise to valley winds. The 
winds r everse direction over the course of a day, and cover a reas larger tha n that of the 
glacier ; 

(2) large-scale pressure-gradient forces. They have been ignored in the initia l discussion 
of the theory, but it is possible that synoptic-scale winds, channelled thro ugh moun­
tainous terrain, disturb local wind pa tterns. 

The influen ce of the glacier on the wind speed is felt whenever the air tempera ture is above 
freezing. H owever, the influen ce of other forces could be highly variable in time, strongly 
amplifying or da mping the ka tabatic force on some occasions, h ardly affecting it a t other 
times. It is possible that the d a ta selected for F igure 7 were taken a t times when outside 
influences were small . At such times the flow m echanism is relatively simple, and a pparently 
favours bounda ry-layer development. Alterna tively the Aow a t o ther times m ay depend 
upon a complex mechanism in which severa l forces interac t, reducing the likelihood of 
boundary-layer occurrence. This view is supported by the consta ncy of the glacier boundary­
layer thickness a nd the small va ria tion in the thickness of the zon e of flux divergen ce (ka tabati c 
layer) . They indicate a more-or-Iess constant ra tio of the two thicknesses, which agrees with 
the genera l view in boundary-layer work . Consequently, the a bsence of a wind-sp eed maxi­
mum close to the surface may not indicate a thickening of the ka ta ba tic layer, but ra ther that 
other forces have become domina nt in the con trol of the glacier wind. 

7. S UMMARY AND CONC LUSIO NS 

This study shows that turbulent-transfer theory may be res tric ted in its a pplication to 
heat-Aux estim a tion. The boundary-layer thickness is particula rly important in d etermining 
the height of m easurements. The usual practice of locating m e teorological shelters a t 1.5 to 
2 m above the surface for the purpose of energy-exchange computa tions, is inappropria te for 
this site. H owever, a genera l criticism of the practice canno t b e made because boundary­
layer thickness probably depends upon the cha racteristics of each experimenta l site. T he 
frequency of boundary-layer occurrence is also important because i t determines the long-term 
effectiveness o f the turbulen t-tra nsfer approach . 

Further study of profile structure at other sites over glaciers is warranted . Particular 
a ttention should be directed towa rd obtaining m easurements a t m a ny levels within I or 2 m 
of the surface since this appears to be the importa nt region for the a pplication of turbulent­
tra nsfer theor y. 
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