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ESTIMATE OF GLACIER ABLATION UNDER
A DEBRIS LAYER FROM SURFACE TEMPERATURE AND
METEOROLOGICAL VARIABLES

By M. NAKAWO*

(Geotechnical Section, Division of Building Research, National Research Council of Canada,
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ABSTRACT. A simple model suggests that the ablation under a debris layer could be estimated from
meteorological variables if the surface temperature data of the layer are available. This method was tested by
analyzing the data obtained from experiments with artificial debris layers. Fairly good agreement was obtained
between the estimated and the experimental data.

RESUME. Evaluation de l'ablation d’'un glacier sous une couche detritique a partir de la temperature de
surface et de variables metéorologiques. 1l est possible, grice a un modéle simple, d’évaluer I'ablation d*un glacier
sous une couche de roches détritiques en fonction de variables météorologiques si I'on posséde des données sur la
tempeérature de surface de la couche détritique. Ce modéle a été vérifié lors de 'analyse des données provenant
d’essais effectués au moyen de couches détritiques artificielles. Les données expérimentales sont venues corroborer
les données obtenues a I'aide des modéles théoriques.

ZUSAMMENFASSUNG. Abschatzung  der  Eisablation — unter einer Schuttschicht mit  Hilfe der
Oberflachentemperatur und von meteorologischen Daien. Aus einem einfachen Modell geht hervor, dass die
Ablation unter einer Schuttschicht aus meteorologischen Daten abgeschitzt werden kann, wenn die
Oberflichentemperatur der Schicht bekannt ist. Diese Methode wurde mit Hilfe von Daten erprobt. die aus
Versuchen mit kiinstlichen Schuttschichten hervorgingen. Zwischen den abgeschitzten und den experimentell
gewonnenen Werten ergab sich eine recht gute Ubereinstimmung.

INTRODUCTION

In order to evaluate glacier ablation under a debris layer, Nakawo and Young (1981)
proposed a simple model which was successfully employed in analyzing experimental data. With
this model, ablation under a debris layer can be estimated from meteorological variables when
the thermal resistance of the layer is known. Since it is difficult to determine directly the thermal
resistance of a layer of unknown material in the field, it was suggested that the surface
temperature of the debris layer may be used for estimating the thermal resistance and
consequently the ablation under the layer.

This paper presents the results of testing the validity of the proposed method by comparing
estimated data with field measurements. The symbols used are defined in Table L.

MODEL

The energy-balance equation at a debris surface, in which all the terms are taken to be
positive downward, is given by

C=F+H+E (1)
where

F=(1—a)G+A—a(T, + 273 K)*, (2)
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H=pu,(T, — Ts), @)
E=pL, ul0'623 (e, —ey). (4)
pe,

Assuming a steady temperature profile in the debris layer (i.e. a linear profile for a uniform
layer), then
c 3 (5)
=g
since the temperature at the ice-debris interface is 0°C and T; is in degrees Celsius. Neglecting
the variation of the stored heat in the layer, and assuming no conduction of heat into the ice
beneath, then

0= pri r. (6)

When condensation takes place, it is assumed that e, is equal to the saturation vapour
pressure, which is a function of 7. As long as the debris surface is wet, this assumption is also
made for periods when evaporation occurs. For a dry surface, on the other hand, e, is assumed
to be equal to e,.

By combining Equations (1) through (6) and eliminating 7, (and e, with the above
assumptions), one can estimate r for a given R when F (or G and 4 if a is known), u,, T, p, and
e, are provided. This was demonstrated by Nakawo and Young (1981). In most cases in the
field, however, the value of R is unknown.

When T, is given instead, F, H, and E can be estimated (Equations (2) through (4)), allowing
R to be determined by combining Equations (1) and (5). Once R is determined, r can be
estimated for other periods using the procedure mentioned above. This is the method to be tested.

EXPERIMENTAL DATA

Experiments were carried out at Peyto Glacier (lat. 51° 41’ N., long. 116° 33’ W.) in the
Rocky Mountains, Alberta, Canada from 20 to 22 August 1979. Meteorological variables

TABLEl. NOMENCLATURE
2

A atmospheric radiation flux, W m ™

C conduction heat flux through debris layer, W m~?2

& specific heat capacity of air as constant pressure, 1.0J g~ . deg"
15 evaporation heat flux, W m "~

€, mean vapour pressure at a height of 1.5 m, mbar

€, vapour pressure at debris surface, mbar

F radiation heat flux, W m 2

G global radiation flux, W m 2

H sensible heat flux, W m 2

h layer thickness, m

K,  thermal conductivity of debris layer, W m ~' deg ™'

L. latent heat of evaporation, 2 494 J g !

L¢ latent heat of fusion, 334 J g~

P atmospheric pressure, mbar

T ablation rate, m s~

R thermal resistance of debris layer, A/K n, m? deg W !
Ty mean air temperature at a height of 1.5 m, °C

T, surface temperature of debris layer, °C

Uy mean wind speed at a height of 1.5 m, m g

a surface albedo

i coefficient of heat transfer, 4.89 I m ~° deg ~! (Naruse and others, 1970)
Di density of glacier ice, 0.9 Mgm ~°

o Stefan—Boltzmann constant, 5.67 x 10 *Wm 2K ~*
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during the measurement period are summarized in Table II. The data were collected using the
procedures reported by Nakawo and Young (1981).

The ablation rate under debris layers was observed at six plots prepared artificially with
debris materials collected from the supraglacial debris of the glacier. Each plot was 0.3 m square
with a layer thickness 4 given in Table II1. The ablation at the plots during a given period was
determined by measuring the increase in the relative distance between the debris surface and a
taut string installed over the plots. The results are also compiled in Table III.

Surface temperature was measured by a thermistor inserted within a few millimetres of the
surface of the debris. This measurement was made only twice in the daytime, but this is
considered to be satisfactory for a test of the method as the weather was very stable during the
experiments (e.g. atmospheric pressure was almost constant at 803.1 + 1 mbar). The observed
values for 7, of the measurements are shown in Table IV.

TEST RESULTS AND DISCUSSION

The albedo of the layers was not determined. The debris material had a relatively dark colour
and its albedo, when dry, was considered to be about 0.1 to 0.2 (Penndorf, 1956; Geiger, 1961).
For a wet surface, the albedo decreases by about 20% (Geiger, 1961), but it was still considered
to be in the range of 0.1 to 0.2.

By substituting the values of 7, (Table IIl) and meteorological variables (Table IV) into
Equations (2) through (5), and combining with Equation (1), R was estimated for each plot. The
estimated values are shown in Table III. Uncertainty in R was caused both by the uncertainty in
the albedo and by the difference in the two estimates for 21 and 22 August. It should be noted
that E in Equations (1) and (4) was assumed to be zero in the calculation for plot F because its
surface was dry. Thermal conductivity K,, estimated from these R values was in the range 1.4 to
2.6 Wm~ " deg ' m (Table III) which are comparable with the values obtained for various soils
(e.g. Kersten, 1949; Penner and others, 1975; Jumikis, 1977).

The ablation rate was calculated using the data on meteorological variables given in Table II,
and assuming @ =0.1 and a=0.2. The results are plotted against R in Figure 1 (a) for the first
two periods and (b) for the latter two periods. The solid and dashed lines are for wet and dry
surfaces respectively in the daytime. The short dashed lines correspond to the estimates for
night-time. The observed ablation rates in Table I1I are also plotted in Figure 1 using the R values
given in Table II1.

The agreement between calculation and observation is fairly good, although there are some
discrepancies. It is considered that the disagreement could be attributed to uncertainty in the
estimates of R because there were few measurements of 7}, and there was the uncertainty as to
whether the temperature was in a steady state at the time of the observations. The errors
involved in the measurement of 7, could also cause an error in the determination of R,

TABLE II. METEOROLOGICAL VARIABLES DURING THE EXPERIMENTAL PERIOD

p T €a Uy (€] A*
mbar oC mbar ms ' Wm? Wm?
20-21 August (night) 803.1 —0.91 10.17 (4-5) 0.0 (252.7)
21 August (day) 803.1 535 8.17 4-5 5253 252:7
21-22 August (night) 803.1 —0.26 10.56 (4-5) 0.0 (284.1)
22 August (day) 803.1 5.97 10.17 4-5 340.2 3154

#A4 was calculated by an equation proposed by Kondo (1967): A4—
a(T, + 273 K)* {1 (0.49—0.066 mbar "2e!?)C,}, where C, is given by cloud type.
cloud amount, and mean vapour pressure. Numerical values in parentheses were assumed
for the periods of night: for 21-22 (night), an average of 21 (day) and 22 (day); for 20-21
(night), the same value as 21 (day), since no data are available for 20 (day) either.
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TABLE IV. VALUES FOR THE METEOROLOGICAL VARIABLES WHEN THE SURFACE TEMPERATURE WAS MEASURED

D i e, Uy | G 5 A% 5

mbar 8¢ mbar ms~ Wm~ Wm~

12.10-13.10 local time (21 August) 803.1 6.16 8.06 4-5 567.0 2527
15.20-16.20 local time (22 August) 803.1 11.83 8.94 4-5 441.0 3154

* A was assumed to be the mean value for the daytime, as its variation is small within a day.

particularly when R is large. For plots E and F, for example, a 0.5 deg difference in T, would
result in 10 x 10~ and 5 x 1073 deg W' difference respectively in the value of R when the
modified T is applied through Equations (1) to (5).

Another source of disagreement between the calculated and the observed data is the
uncertainty in the value of £. The value of 4.89 J m~* deg ' is an average compiled by Naruse
and others (1970) from the data for f§ obtained at various surfaces of glaciers, snow fields, and
artificial basins. The original data for f§ scattered in a range of + 1.16 Jm~> deg™' around the
mean value. Owing to the presence of the experimental plots, the surface roughness of these plots
on Peyto Glacier was greater than that of a natural glacier surface. This would result in a larger
value of f# than for a natural surface. The value of £ at the plot could therefore have been larger
than 4.89 J m* deg '. Using a larger value of /# would result in a larger ablation rate for a given
R; if R is large, however, an increase in the value of A has little effect. The value of f is also
dependent on wind stratification. Log-linear profiles of wind speed and temperature were found
applicable at the glacier (Derikx, [1975]; Munro and Davies, 1977, 1978). In the present
experiments advection could have played an important role in heat exchange at the surfaces of
the plots, since the area of the plots was small. However, the determination of the value of B
taking the advection term into consideration is a very complex problem.

i m S-l

10

r

ABLATION RATE,

THERMAL RESISTANCE, R, 107" m “C W

Fig. I. Ablation rate versus thermal resistance during 20-21 August (a) and 21-22 August (b). Solid and open
circles are observed data during nighttime and daytime respectively. Short dashed lines show the estimation JSrom
meteorological variables for night-time. Solid and dashed lines represent the calculation for wet and dry surface
respectively during daytime.
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Nonetheless, the general agreement between the calculated and observed values suggests that
glacier ablation under a debris layer can be predicted from meteorological and surface
temperature measurements. To obtain a good prediction, it is recommended. as pointed out by
Kraus ([1975]), that special attention be paid to surface roughness which is sometimes very large
at stagnant areas near termini of glaciers (see e.g. Iwata and others, 1980). A continuous record
of surface temperature as well as observations on temperature profile in the debris layer would
also improve the prediction.
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