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ABSTRACT

Mass balance measurements have been made on the major glaciers at the

headwaters of the Susitna and Maclaren Rivers during 1981, 1982 and 1983. The

primary purpose of the work has been to estimate the amount of water

originating from this 790 km2 glacierized area, in connection with the

development of water forecast models for the proposed Susitna hydroelectric

project. The study has been at the reconnaissance level, s i nce only one

measurement stake per 50 km 2 has been monitored. Annual balances, when summed

over the three year measurement period, were estimated at +0.1 T 0.6 m water

equivalent. Average runoff due to the melting of ice, firn and snow was about

1 .3 m/yr, as estimated by monitoring melt on the glacier surfaces. Average

rain runoff was about 0.25 m/yr, as estimated from rain gauge data. This is

probably a lower limit on rainfall runoff. Overall, the glaciers produced

about 1.5 T 0.3 m/yr of water. This is compared to 0.95 m/yr for the

unglacierized portion of the basin above the Denali Highway and 0.59 m/yr from

the basin as a whole a bove the Susitna River gauge at Gold Creek for the same

period. This suggests that precipitation in the glacierized portion of the

basin is about 2.5 times greater than the basin as a whole. The 5.77. and 7.1 7.

glacierized areas above the proposed Devil Canyon and Watana dam sites

produced about 157. and 177. of the water at the respective sites. It is

estimated that nearly 757. of the melt watet' originating from glaciers ran off

in July and August, while the remaining 257. was distrlhuted between May, June,

September and October.
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I. INTRODUCTION

This is a report summarizing the glacier balance data obtained for the

glaciers of the Susitna basin in 1981, 1982 and 1983, and the implications for

the amount and timing of runoff produced by those glaciers. The immediate

objective has been to obtain an assessment of the effect of glaciers on basin

water supply, to aid in the development of water forecast models for the

proposed Susitna hydroelectric project (Figure 1).

The reason water from glacierized portions of the basin has been singled

out for special attention is that it has several unique properties. First and

most obvious, its influence is several times greater than might be suggested

by the 77. or so a r ea l coverage above the proposed Watana dam site, because it

originates at high elevation where precipitation is high. Second, there is no

simple relationship between winter precipitation on glaciers and summer

runoff, which makes seasonal prediction of runoff from glaciet~7.ed areas a

difficult task, one for which there are few analogies fro~ unglacierized

basins. On the positive side, runoff from glacierized basins shows reduced

variability with meltwater from glaciers b~ing abundant in clear weather when

water from rain is not. Krimmel and Tangborn (1974) and Fountain and Tangborn

(1985), working in Washington state and southeastern Alaska, have found

minimum variability to occur at 367. glacierization ~Fountain and Tangborn

1985). Chacho (personal communication, 1985), working in south-central and

interior Alaska, finds that variability reaches a minimum from about 57. to 707.

glacier cover, but variability for any given percent glacierization can vary

considerably. And third, evaporative losses are very small and in fact

usually found to be negative (Patterson, 1969; Sharp, 1960) .

The complex relatfonship between precipitation and runoff for glacierized

basins is due to the unique storage processes which oc:ur in these basins.
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Although s t or age of winter snow well into the succe ed ing s ummer is famil iar

enough for unglacierized moun t a i n basins, glaciers store so me of the winte r

snow for hundr eds of yea r s , releasing each year not only some of t he previ ous

winters' accumulated snow, but ice melt that originated as snow many years

earlier. In the long r un this ice melt tends to be r e p l eni s hed by glac ier

flow, but in a given year there is generally no positive correlation between

winter snow accumulation and summer runoff; in fact the correlation, if any,

is generally negative. Heavy snows lead to the late appearance of underlying

low-albedo g lacier ice and therefore lower runoff. These phenomena are

aspects of glacier storage of solid precipitation. Storage of l iquid water

within glaciers also occurs, both in early summer, when a sizeable fraction of

the surface melt, or rain , is stored and released later in the year (Paterson,

1981 ; Tangborn and others, 1975 ; Stenborg, 1970) , and from year to year which

is usually released as jokulhlaups (Bjornsson, 1977; Hodge, 1974).

Storage by glaciers is the source of errors that have sometimes been made

in estimates of long-term water availability from stream flow records

(Bezinge, 1979). The errors have been due to failure to take into account the

component of runoff from secular decrease in glacier volume, which is usually

due to warm temperatures over the period of stream flow record . Glaciers are

extremely sensitive to temperature; a one degree change in summer temperature

may lead to significant volume change (Tangborn, 1980; Meier, 1965; Ahlmann,

1953).

In the work reported here the so-called glaciological method was used to

assess the effect of the Susitna basin glaciers on water supply. This method

is indirect in that glacier balar.~~, or the accumu lation and ablation of mass

over the glaciers' surfaces, is monitored at several points, and the water

pro~uction at the termini of the glaciers is estimated from the results,

2
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ra t her than measu r ed di r e c tly . ~i th t he except ion of Eureka Glac ie r, wh i ch

straddles t he eastern boundary of the basin , and the small gla ci e r s of the

Talkeetna Mountains to the south, all ma jor glaciers of the bas in were studi e d

( Fi gur e 2 ). The total area of glacierization is about 790 km2, or 7.17. of the

total basin area above the proposed ~atana dam s ite. Limitations on the

interpretation of the data are imposed by the very sparse coverage (3

measurement points per glacier), and perhaps more important, by the short time

span (1981 to 1983) of the data.

Three previous reports describe earlier phases of the work, including

thermal and flow regimes of the glaciers, the ~ffect of surges on sediment and

water supplies, and the effect of long term glacier volume change (R & M and

Harrison, 1981; R & M and Harrison, 1982; Harrison and others 1983). In this

report all the balance data are presented, and reduced in a consistent

fashion. As stated above, this report is primarily concerned with the

determination and timing of glacier runoff , and the mass balance of the

glaciers for the 1981-1983 period over which data were collected. The results

are summarized in Section IV, which is self-contained and can be read direc tly

by the reader not concerned with the intervening details.

II. MASS BALANCE

( 1) Introduction and Terminology

The glaciological method, as already noted, was used to assess the water

supply from the Susitna basin glaciers. This method employs a network of

stakes drilled into the glacier surface. Mel t and accumulation are monitored

at each stake. These point changes in water equivilant thickness are then

extrapolated over the glacier surface. Me l t i ng of snow and ice, when

integrated over the hydrologic rear, is called the annual ablation, and the

discussion of its determination would fulf ill the major objectives of this

3
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report. However, the discussion is broadened to include data relating to

accumulation of snow as well.

Having embarked upon this slightly more ambitious program, a certain

amount of terminology is required. Mass balance, measured by the

glaciological method, concerns the gain or loss of mass of a glacier, and 'its

distribution over the glacier and over time. The four balance definitions

most important for this report are as follows:

1. Annual balance, the balance at a specified point on a glacier during the

hydrologic year (1 October to 30 September). Units of water equivalent

thickness are used throughou t.

2. Annual ablation, the total ablation (which consists of snow, fim and ice

melt) at a point during the hydrologic year.

3. Winter season balance, the balance at a point from 1 October to 14 May.

4. Summer season balance, the balance at a point from 15 May to 30

September.

These four quantities, which are defined at a measurement point, can be

converted to total volume quantities by integration over the glacier surface,

in which case they are usually divided by the total area of the glacier and

termed "average annual balance", "average annual ablation", "average winter

season balance" and "average summe r season balance". The average annual

balance is a measure of the "health" of a glacier, as it represents the mass

gain or loss in a given hydrologic year. The algebraic sum of average annual

ablation and rainfall runoff is approximately equal to total annual runoff.

Annual ablation is not the same as average summer season balance because the

upper reaches of a glacier might accumulate summer snow, so the summer season

balance can be less than, or even the opposite sign from, annual ablation

there. This terminology applies in the "fixed date" system of balance

4



I
I
I~

II

description (Anonymou s , 1969) . In the "s t r a t igr a phic" s ystem of balance

description, t he ma xi mum and mi nimum glacier volume in a g i ven year are

defined as t he winter and summer balances, respectively (Anonymous , 1969).

This report uses winter season balance and summer season balance as

approximations to winter and summer balances. These are only approximations

because maximum and minimum glacier mass does not necessarily occur on 14 May

and 30 September, r e s pe c t i ve l y . The complex terminology reflects the

suprisingly complex processes involved in accumulation and ablation of glacier

mass. Mayo and others (1972) presented a good discussion of the complexities

involved in mass balance determinations and terminology.

Some further ba ckground, is needed. Snow that has survived a summer of
\

ablation is "firn". In the fixed date system, the line on the glacier where

annual balance is zero is the "equilibrium line". It is the boundary between

the "accumulation zone" (annual balance> 0) and the "ablation zone" (a nnua l

balance < 0). The s'tratigraphic boundary between firn and new snow i n the

upper glacier , or the ice-snow bounda ry in the lower, is the "summer

surface". Sometimes summer surfaces f rom one year or several years can be

identified from snow stratigraphy studies in the accumulation zone. This was

attempted on the first visit to the glaciers in 1981; subsequent measurements

have been made on stakes drilled into the surfaces of the glaciers.

Grea t care is necessary in the interpre ta tion of s take or s tra tigraphic

mea s ur emen t s , because snow t hat melts at the cur f a ce is not necessari ly

available for runoff, even after some delay. This is because refreez i ng ma y

take place, even to depths exceeding that of the most recent summer surface

(Benson, 1962). The process depends critically upon the thermal regime of the

glacier , which is one reason that glacier temperature, measured in 1981 at one

site, is relevant to glacier hydrology. Me lt or rain water fro zen on a n ice

5
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surface is called supe rimposed ice . ~a te r a l so fr eezes i n snow and f irn

(Bazhev, 1973 ), a process t hat is sometimes cal led " i n t e rnal accumulat ion" . A

discussion by Tr a ba n t and Ma y o (1 984 ) points out t hat t he re a r e actua l l y two

processes involved in its formation ; the freez ing i n ear l y s ummer of do.nwa rd

per~olating water and the freezing in winter of the irreduci b le capil l~ry

water remaining in the firn.

When the term "mass " balance is used by glacio logists, "mass" usually

means the mass of solid phase H20. This is sometimes confusing, because it is

known that a great deal of liquid H20 is also stored in glaciers, particularly

in the first part of the melt season (Tangborn and others, 1975; Stenborg,

1970) and is released later either gradually or catastrophically. As with ice

storage, liquid storage may be unequal to zero in a given year ( Hodge,

1974).

(2) Point Balance Mea s ur emen t s

Balance at a point on a glacier was measured primarily by monitoring the

position of the surface with respect to a stake set into the glacier and

maintained t hroughout the year. Snow den~ity was me a s ur ed as a f unction of

depth and used to convert the stake measurements to water equivalent

balances. Three s tak e s were placed on each of the ma jor glaciers, one in the

ablation zone at about 1000 m elevation, one near the equilibrium line at

about 1500 m, and one in the accumulation zone at about 2000 m ( Fi gu r e 2) .

The stake data were supplemented by probing to th~ summer surface, where it

could be identified this way. Me a s ur emen t s were made in both April or May,

and late August or early September, and somet i mes in mi d summer.

Sn ow pits were dug to the most recent summer surface at representat ive

stakes in spring. S tratigraphy, snow temperature, and snow density we r e

measured i n these pits. In spring 1981, the first year of t he work, snow

­
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stratigraphy was used to estimate t he 1980-81 winter snowpack and t he 1980- 81

winter balance. Snow density was estimated from samples taken f r om pit wal ls,

and from samples taken from the surface with thin-walled core tubes . Density

was measured in the 1981 and 1982 snow pit: from 500 ml snow samples taken

from the pit walls every 0.50 m and assumed to be representative of the 0.50 m

interval . The cu mulative thickne,s of ice lenses was also measured and

dens i t y was corrected according ly. I n 1983 the same procedure was used exc~pt

samples were taken every 0. 10 m. Cores, taken from the surface, were 54 mm in

diameter and 1 . 5 m long. Of t en several cores had to be taken in each hole to

complete a snowpack sample .

Table I summari?-es density data gathered on the Susltna glaciers between

1981 and 1983. Mean sno~pack density, which is of primary concern when

ca l c u l a t i ng t he water conLent of a given snowpack , is tabulated for late

spring, mid s umme r and early fall and for each field season, The density

shown for early fall is for t he l a t e summer snow only; the previ ous winter's

snow is not included in early fall snow density determinations. The data

listed in Table I or e averaged both over depth and elevation. While mean

snowpack density did not change significantly wi th elevation, density-depth

re lat ions did . Al most invariably sno~packs above the equili~rium line showed

increasing density with depth and snowpacks below the equilibrium line ~ howed

de cr ea s i ng dens i ty with dep th. The change in dens ity with depth was greates t

i n t he surf icia l t hird of t he high elev~tion snow packs and greatest in the

basal third of t he lower elevation snowpacks. These relations are mor e

clearly illustrated in Figure 3. The density relations at high elevation can

be explaine d by co mpaction; the low altitude relations a r e caused, at least in

part , by the formation of a depth hoar.

The data in Table I show the spr i ng snowpack mean density to li e

7



consistently around 400 kg/m 3• The mid-summer data are limit~d but the

measured density of roughly 500 kg/m3 seems reasonable considering the late

spring 400 kg/m 3 snow pack is wet then. The late summer-early fall densities

can vary considerably depending upon when the new snow accumulates. In late

August of 1981 a very wet snowfall had a density of about 380 kg/m3 • Density

of the September 1982 and September 1983 snowfalls was not measured. These

relatively minor snowfalls had been on the ground for several weeks before

their depth was measured and were therefore assumed to have a density of

250 kg/m3•

For the mass balance calculations a density of 400 kg/m 3 was used for

spring snowpacks, 500 kg/m3 was used for snow that was still present after

mid-summer, 400 kg/m 3 was used for the late summer snowfall of 1981, and

250 kg/m3 was used for the fall snow of 1982 and 1983. Ice density was

assumed to ~e 900 kg/m 3 as is standard practice in glaciological

inves tiga tions.

Superimposed ice, formed on the lower part of the glacier from downward

percolating water as discussed earlier, was not studied in the fiel d.

However, rough estimates of the amount of ice were made from earlier

temperature measurements in Black Rapids Glacier (Harrison and others, 1975)

located j us t east of the Susitna basin. Spring temperatures , meas ured in the

ice Just before infiltrating water reaches it through the overlying snow,

characterize the strength of a "cold reservoir" which is available for

freezing of downward percolating water. These temperatures were used to

estimate the amount of superimposed ice that could form. The result is 0.3 to

0.4 m of water equivalent, which, although large, is probably an upper

limit. Mayo (pers. comm.), in 20 years of mass balance work on Gulkana

Glacier, has never observed this much superimposed ice.

The formation of superimposed ice would not significantly affect the
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-- estimates of total ablation, and therefore of runoff. If so me snow had mel t ed

and refrozen as superimposed ice, this quantity would have been tabulated as

glacier ice melt rather than snow melt, but t he total melt quantity would be

the same. ~inter season balance estimates could be affected by superimposed

ice, but the glaciers were visited early enough in 1982 and 1983 that little

melt is thought to have occurred. However, in 1981 melting occurred early ,

and the field measurements late, and there was little snow on the lowest parts

of some glaciers when they were visited. A lower limit on the winter season

balance was therefore all that was obtained from that year. Attempts to

estimate the magnitude of the effect on winter balance from snow course data

are described in R & H and Harri~?n (1981) but no corrections are included in

this compilation.

Superimposed ice forms only in the lower, essentially impermeable areas

of a glacier, but an analogous phenomenon called internal accumulation occurs

in higher areas. Its physical basis was discussed earlier. Because the

higher areas aT2 permeable, freezing can take place to considerable depth. I f

the freezin~ was confined to the snow above the most recent summer surface,

and if the density of this snow was monitored, the effect should lead to no

serious errors in balance determination. However, freezing may occur deeper,

within the firn accumulated from previous years , where it may be impractical

to make density measurements. Thi~ quantity of internal accumulation was

estimated by the method of Trabant and Mayo ( 1985 ) , which employs an empirical

relati~nship between internal accumulation and the late spring temperature at

the summer surface. This temperature was determined from snow pits. The data

and results are summarized in Table II .

(3) Balance-Time and Ba l ance - El e va t i on Curves

The evolution of water equivalent thickness was estimated at each

9
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measurement point from the snow and ice accumulation and ablation data, t he

density data, and the internal accumulation estimates. Th e results permit

balance-time curves to be drawn for each measurement point from spring 1981 to

fall 1983 (Figure 4). From these curves balance-elevation curves can be

constructed for any desired time interval. Summer season ( 15 May to 30

September), winter season (1 October to May 14) and annual (1 October to 30

September) balance-elevation curv~s are shown in Figure 5.

(4) Average Balances

Average balances were found by integrating the point balance measure ments

over the glacier surfaces, and dividing by their total surface areas . A

standard method was used. The balance elevation relations of Figure 5 were

multiplied by an areal distribution function describing the distribution of

glacier area with e levation, surface elevation t hen becoming the single

variable of integration. The areal distribution functions were obtained by

planimetry from 1:63, j 60 USGS topographic maps, using a 152 m (500 feet)

contour interval. At low elevations, the areas were divided into debris

covered and clean sections . Ablation under the debris covered areas was

assumed to be one half that of clean ice at the same elevation ( Naka wo and

Young, 1981 ; Fujii, 1977; ~htrern, 1959). Percent debris cover for each

glacier and elevation f oun d is given in Ta ble III. At hi gh elevations onl y

the a r e a s s hown in white on t he maps were included. Th e r e sults are s hown i n

F igure 5 next to the balance-elevation curves. The procedure is open to

criticism as di s c u s s ed later. Th e r esults of t hes e i ntegrations a re g i ven in

Table I V.

All tribu ta ries, surrounding small g l aci ers and perenn i al snow patc hes

we r e assumed to behave i n a man ner similar to that of t he ma i n gla c i e r s. Th ey

were divided according to river drainage (Figure 2). The area-elevation

10
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relations of each were determined and added to the areas of the main glaciers ;

these areas are included in the Figure 5 plots. Susitna Glacier , with its

more complex tributary system, was the only exception to this procedure.

Complete accumulation/ablation data were obtained on its Turkey and Horthwest

tributaries in 1981 and on Turkey tributary in 1982. The balance-elevation

relationships on those tributaries were used to calculate their individual

mass balances.

The accuracy of the mass balance of Susitna Glacier in 1983 is limited

because the only reliable accumulation data for that year were collected in

the large north facing basin on the main tributary. If this stake, and the

other two on the main glacier are used to calculate annual balance for 1981,

which we were forced to do for 1983, the result is -0.09 m water equivalent

rather than -0.30 m. This is a difference of 0.21 m water equivalent or 57 x

106 m3 of water. It should be noted that this uncertainty has little effect

on estimated glacier runoff for that year. The balance relations on the lower

reaches of the glacier, where nearly all the melt and therefore from which

most of the runoff occurs, are relatively unaffected by this lack of

accumulation data. Rather, the amount of replenishment in the upper reaches

is affected, which is a reflection of the general health of the glacier that

year, not the melt or runoff •

(5) Eureka Glacier

Eureka Glacier presents a problem because it straddles the drainage

divide between the Susitna and Delta River basins (Figure 2). Its balance

characteristics were assumed to be similar to those of Maclaren Glacier. It

was further assumed that 607. (24 km2) of its area lies within the Susitna

basin.

11
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There are many uncertainties in a mass balance investigation such as

this. They fall into two categories, those associated with the measurements

a t each point, such as density, snowpack thickness, superimposed ice,

elevation, etc. and those associated with extrapolations of the points over

the glacier area. The former, point balance error, was estimated by squaring

the uncertainty in each measurement that contributed to a balance, summing the

squares and taking the square root. The results are given as error bars on

the balance-time data points in Figure 4. These errors were transferred to

the balance-altitude plots of Figure 5. In general the errors are small

compared to the balance changes between measurements.

The elevation of each stake and the distribution of area with altitude

were taken from USGS 1:63,360 series topographic maps, which are based on

1949, 1954 and 1956 aerial photography. Based on the photogrammetrically

determined surface elevation change on East Fork Glacier (R & M and Harrison,

1981) and the wor k by Post (1960) or. Susitna and other surging-type glaciers

in the region, a 100 m elevation error was assigned to the lower elevation

stakes, 75 m to the middle stakes and 50 m to the upper stakes . These errors

are shown as vertical bars on the balance-elevation plots of Figure 5.

Although the glaciers have lost considerable mass since 1949, it is no t safe

to assume that elevation uncertainty can only be in the form of an elevation

loss. Surge type glaciers build a reservoir of ice at high elevation prior to

a surge , and deplete it during a surge. Both Susitna and West Fork Glaciers

surged before the maps were made , so their upper basin elevations should be

higher than the map elevations. As noted earlier, at high elevations only the

areas shown as white on the USGS maps were counted as "glacierized . This must

lead to a small underestimate in effectively glacierized areas, since mos t of

(6) Error
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t he snow f all i ng on t he s teep slopes at high e leva tions is probably ava lanc hed

onto the g laciers.

How accurate ly a given stake represents t he area i t samples can be

estimated qualitative ly by comparing stake data to the more extensive probe

data. Th e point balance data from probes for the wi nters of 1980-81, 198 1-82

and 1982-83 are shown in Figure 6. In general the probe da ta agree well with

stake data up to about 2000 m (Figure 5). Above 2000 m probe data genera lly

show greater winter balance than stake data. Often at high elevation t here is

no hard summer surface to probe to, which results in less accurate estimat~s

of winter snowpack. Consequently, stake data were considered to provide more

reliable data for these high elevation areas.

The error introduced by extrapolating the balance-elevation curve to hig h

elevation is probably large. The curves were drawn in such a way as t o peak

and level off at the elevation of the topographic saddles in each glacier's

bas i n. This error is buffe red by the fact that very little glac ier area lies

above about 2500 m, where the error due to extrapolation is greatest

( Figur e 5).

Th e stake and ~ levation errors, when combined, allow the balance­

e levation curves , as a whole, to shift both with respect to elevation and with

respect to ba l ance. I f these curves are shi fte d to t he extr~me end of both

the elevation error bars and balance error bars the effect is to increase or

dec r ea s e the balance at any point by an amount t hat i s greater than j us t t he

uncertainty in the balance at that point. For the winter season balance thi s

overall error is about 0.20 m water equivalent; for the annual balance it is

about 0 .40 m water equivalent, and for the summer season balance it is about

0 . 50 m water equivalent. I f the winter, annual and summer balance-elevat i on

curv~ s are shifted , as a whole, by these respective amounts , the average

13
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balances shift by approximately the same amount. It is felt that these error

estimates are conservative for the point balances and realistic for the

average balances, the latter of which are subject to the extrapolation errors

discussed previously.

III. GLACIER RUNOFF

When compared to nearby unglacierized areas, glaciers tend to produce

large quantities of runoff. The Susitna glaciers are no exception. During

1981, 1982 and 1983 the runoff per glacierized area was roughly 2.5 times that

of the unglacierized basin above Gold Creek and 1.5 times that of the

surrounding basin above the Denali Highway. Glacier runoff comes from three

sources: snow melt, fim and ice melt, and rain. A comparison of each of

these components to the total water flow through each gauge site during 1981,

1982 and 1983 (USGS) can be found in Tables V and VI and Figure 7.

Before discussing each of these water sources, we emphasize that glacier

runoff is not the sum of the summer balance and summer precipitation because

the high elevation precipitation falls as snow. This summer snow has two

effects. First, it makes the average summer ablation less negative and

second, not all the precipitation that falls in a given summer leaves the

basin that same year.

(l) Snow ~Ie 1t

By the definitions discussed earlier, all winter snow that falls below a

glacier's equilibrium line melts the following summer. This is the average

winter balance below the equilibrium line. Some snow melt also occurs above

the equilibrium line, but the quantity is obscured by summer accumulation at

the higher elevation stakes. This higher elevation snow melt had to be

estimated from melt rates at lower elevation stakes where summer accumulation

does not occur •

14
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Melt rate decreases with increasing elevat ion to t he po i n t whe re a l l melt

i s absorbed by t he g l a c i e r as internal accumulation. Traban t and ~ayo (1984 )

p l a c e this mel t / i n t e rna l accumu lation equa lity at rough l y 2100 m i n the

cen t r al Alaska Ra nge . Us i ng this elevation as the point above which no r unof f

co mes, and a ll low and mid elevation ablation data, the melt rate versus

elevation plot of Figure 8 was developed. Fr om this curve the average me l t

per year, in excess of that absorbed by internal accumulation, can be

estimated at any elevation. The total snow melt above the equilibrium line is

approximated by integrating this balance-elevation relation over t he area

between the equilibrium line and 2100 m.

The total snow melt is the sum of the winter balance below the

equilibrium line and the calculated amount of melt froe above. This total,

for each stream gauge and year is listed in Tab le V.

(2) Firn and I c e Melt

The firn and ice melt is the amount of mel t produced be low the

equilibrium line in excess of the past winter's snowpack. It is the tota l

me l t below the equilibrium l i ne mi nus the average winter ba lance be l ow t he

equilibrium line . This quantity for each yea r and s t ream gauge is lis ted i n

Ta b l e V. It should be noted t hat s ignificant fi rn me l t only occurs du r i n&

yea r s with exceptionally hot summers and/or low winte r accumulation. Unde r

these conditions the equilibrium line is pushed to an unus ua l l y high

elevation, thereby exposing previous years' firn.

The firn and ice melt is the water that ma ~es glacierized basins

different from unglacieri zed basins. It is the precipitation that fell i n

decades past, metamorphosed and was then transported to lower elevation. It

provides, at least on the short term, a very large reservoir of sol i d water

available for melt. The quantity of melt depends almost entirely upon summer,

15
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-- rather than winter meteorological c ondi tions and, therefore , has about t he

same pr edi c t a bi l i t y as summer rain.

(3) Rain

A rain gauge has been maintained by R & M Consultants on a west facing

~lope above the confluence of the llorthwest tributary and the main Susitna

Glacier at 1430 m elevation since 20 July 1981. The data from this gauge are

listed in Table VIla. The data in Table VIla were sup plemented by linear

regression using precipitation data at Ta lkeetna Airport. The 9 months for

which there are complete data on Susitna Glacier were used in the regression

(r2 • 0.86). The resulting regression equation is

Ps • 1.65 PT - 36 .5 mm

where

Ps • precipitation on Susitna Glacier(s) in mm

PT • precipitation meas ured at Talkeetna Airport in mm

The supplemented data set appears in Table VlIb. Comparison of fie ld notes to

the dates that precipitation fell at Talkeetna Airport allowed ~he

establishment, with reasonable certainty, that the calculated precipitation

did indeed fall as liquid on at least part of the glacier area. For example,

if the Septembe r 1982 (a month for which rainfall was calcu , ed) data are

exmained i n Figures 4a and 4d it is reasonably clear ~hat no snow had

accumulated by late September at 1460 m (Figure 4a ) but some def initely had

accumulated at 1670 m ( Figure 4d ) .

Above 1600 m, summer precipitation almost invariably falls as snow on

nearby Gulkana Glacier (Mayo, pers. comm .). Assuming, for the case of the

Susitna Glaciers, that all summer precipitation below 1600 m falls as rain,

and all summer precipitation above 1600 m falls as snow, and assuming the

catch efficiency of t he R & M rain gauge to be 1007., and ignor i ng
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precipitation-elevation gradients, the average liquid precipitation on the

glaciers can be determined by multiplying the rainfall in Table VIIb by 0.37

since only 377. of the basin's glacier area lies below 1600 m. The results of

this calculation are shown graphically in Figure 7. It should be pointed out

t hat this is probably a lower limit on rainfall runoff since the catch

efficiency of ~he gauge is unknown.

(4) Evaporation

It is known from surface energy balance studies that "net" condensation,

the difference between condensation and evaporation, plays a significant role

in the su r face energy budget of a glacier (Paterson, 1969; Sharp, 1960). Data

from a number of glaciers indica te tha t the energy Lnpu t from nne t."

condensation varies from near zero to about 307. of the total energy used for

summer melt. However, because the ratio of the heat of vaporization to the

heat of fusion is about 7.5, the upper limit of 307. in energy converts to one

of 47. in mass. In other words, the ratio of total melt water to condensed

water is usually less than 47., which was considered negligible. What is

interesting is that condensation almost invariably exceeds evaporation in

glacierized areas.

(5) Timing of Runoff

On the average, runoff from glacierized basins in Alaska. peaks in late

July or early August (Chapman, 1982). This is when the air is warm, most

precipitation falls as liquid, insolation is still relatively high, and a

large amount of low-albedo glacier ice is exposed. If storage of early summer

melt water by the glaciers is ignored, the proportional monthly melt runoff

can be approximated by adding the water equivalent melt at all stakes fo~ a

given month and dividing by the melt at all stakes for the summer as a

whole. This could not be done for each year owin& to lack of mid-summer data,
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espec:1a 11y in 1983. Rather, all stakes tha t had enough da ta to allow

resolution of monthly proportions were used in the analysis . Stakes that

showed net accumulation were omitted.

The melt distribution as calculated by this me thod comes out to 47., i07. ,

427., 307. and 47. for May, June, July, August and September respectively. For

comparison, the average monthly flows at Phelan Creek , a 707. glacierized basi"

40 km east of Susitna basin, were 17., 157., 407., 337., 97. and 27. for May , June,

July, August, September and October during the 1967-1978 period of record.

Comparison of these percentages shows a larger Susitna spring melt than Phelan

Creek runoff, which is probably at least partly due to spring melt storage in

the Phelan Creek glaciers. Since such storage is a well-known and documented

fact from other glaciers (Patterson, 1981; Tangborn and others, 1975;

Stenborg, 1970), we have used the Phelan Creek data to distribute the monthly

melt from the Susitna Glaciers, even though it is a different basin and the

data are for different years. The results are shown in Figure 7.

IV. DISCUSSION AND CONCLUSIONS

The primary objective of the work described in this report has been to

assess the impact of high-elevation glacierized areas on the flow of the

Susitna River above Gold Creek. Melt and snow accumulation data obtained on

the glacier surfaces in 1981, 1982 and 1983 were used for the analysis. The

interpretation of the data serves t~ree purposes; first, to produce an

estimate of the amount of water produced by different sources in the

glacierized areas; second, to prOVide an estimate of the timing of its runo lf;

and third, at least in principle, to assess glacier volume change over the

three year period. Volume change estimates over a longer period, from 1949 to

1980, have been crudely estimated by Clarke (1985) and R & M and Harrison

(1981). The most recent estimates by Clarke (1985) indicate that on the order
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of 3-47. of the Susitna River discharge at Gold Creek has been from secular

decrease of glacier volume for this period.

The conclusions of this report can be listed as f o l l ows:

(l) During 1981, 1982 and 1983 roughly 347. of the flow from above the Dena l i

Highway originated on the 257. (790 km2) glacier cover, and about 137. of

the Susitna River flow at Gold Creek originated on the 4.9% gla c i e r co ver

above that gauge (exclus ive of the glaciers in the Talkeetna Moun ta ins)

(Table VI). Of the approximately 1.5 m/yr flow from the glaciers, 0.49

m/yr came from snow melt, 0.79 m/yr came from ice and fim melt and about

0 . 25 m/yr came from rain. Runoff from the rest of the basin above the

Denali Highway was about 0.9 T 0.2 m/yr; runoff from the basin above the

Denali Hi ghway as a whole was 1.1 T 0.2 m/yr (Table VI); flows through

t he Susitna at Denali, Macla r en near Paxson and Susitna at Gol d Creek

gauges were 1.1 ~ 0 .2 m/yr, 1.2 T 0.2 m/yr and 0.59 T 0.06 m/yr (Table

VI), respectively.

For co mparison, t he smaller and better-stud ied Phelan Creek

drainage, 70% g lacierized and 40 km to the east , produced about 2.02 m/yr

from 1967 to 1979 (Mayo, 1984).

( 2) If the a ve r a ge monthly runof f fro m 1967-19 78 for Phelan Creek is taken as

representative for the 1981-1983 me l t runoff from the Susitna Gl a c i e r s ,

the resulting flow distribution is 1% , 157., 40%, 33%, 9% and 27. for May ,

June, July, August, September and October (Figure 7).

( 3) For 1981 , 1982 and 1983 the average annual glacier ba l ances (i n m wate r

equivalent ) were -0.05 T 0 .40 m, -0.15 T 0 . 40 m and + 0.26 T 0 .40 m,

respectively (Table IV). Based on these data, which average to a gain of

+ 0 .02 m/yr, it is tempting to say the glaciers were in approximate
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equilibrium for these years, but the error is SO large t hat this cannot

be said with much confidence.

(4) Accumulation varies considerably from glacier to g lacier . Generally the

winter precipitation gradients are the same throughout the basin, about

1.2 ~ 0.1 mm water equivalent/m elevation , based on winter accumulation,

but each glacier's accumulation-elevation line is shifted vertical l y with

respect to t he accumu lation axis (Figure 6 a-c ). This shift ranges over

about 0.5 m water equivalent, Maclaren Glacier being invariably the

highest, Turkey tributary the lowest, East Fork and Susitna main branch

close to Turkey and West Fork closer to Maclaren . Upon closer

examination East Fork and the main tributary of Susitna have nearly

identical winter precipitation gradients, even down to local accumulation

fluctuations (Figure 6c). This is probably due to similarities in basin

geometry (Figure 2). Also, as might be expected, this variability in

accumulation is reflected in the equilibrium line elevations (Table

VIII). The greater the accumulation, the lower the equilibrium line.

The limitations of this study need to be borne in mind. With only one

measurement point per 50 km2, it can at best be considered a reconnaissance

level study co mpared with the mass balance stud ies done on many other

glaciers. An even more serious problem may be its short (3 year ) duration,

which has given but little pe rspective into the yea r -to-yea r var iab i l ity of

the water supply from glaciers. Based on exper ience elsewhere, it s eems safe

to assume that in a drought year such a s 1969, water fro m ice and firn melt is

much more important, both in relative and absolute terms, than over the period

of this study. Final ly, no attention has been given to the problem of

understanding, or seeking a correlation with, the meteorological factors

responsible for glacier water supply.
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Table 1. Snow pa ck densi ty (k g/m 3), ave raged ove r both depth and .e l eva t i on ,
for di f f e r en t times of t he year on the Susitna g lac i e r s . The
under lined number is the numbe r of stations occupied duri ng t he
i ndi ca t ed time period. The number next to it is t he tota l number o f
sa mp les used in ca lculating the mean density. A samp l e is one
co mplete snowpack density determination, either by co r e or snow
pit. The number of samples is always greater t han or equal to t he
number of stations because often several samples were taken at t he
same station. Error shown is one standard deviation where the data
points are average snowpack density. That is, the error reflects
density variations over the glacier's area rather than densi ty
variations with snow depth.

Snowpack Density i n kg/m3

Snow Pit Data Core ~a ta

198 1 198 2 198 3 1981 198 2 1983

May 370 -: 20 420 T 20 390 T 10 410 T 80 390 T 40 390 T 10
~10 !!J4 2.1 5 ]2/65 2/3 2/12

Late
J u ly - - - 530 T 40 - .

l.!13
Late
August - - - 380 T 50 - -

2/7
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Table II. Internal accumulation based on late spring firn s urface tempera t ure
(me t hod from Trabant and May o , 1985) •

'; l a c i e r Date Eleva tion Firn Tempera t ure Interna l Accumu lation
(m) ( ·C) ( me t e r s water equivalent )

May 1981 1950 - 3 0 .12*
West Fork 5/23/82 1950 -8 0 .30

5/8/83 1980 - 4 0 .16

Susi tna 5/26/81 2010 -3 0 .12
Main 5/ 17/ 8 2 2010 -7.5 0 .28
Tribu tary 5/5 / 83 2010 - 5 . 2 0.20

Turkey 5/23/81 2290 -6 0.23
Tributary 5/15/82 2200 -8 0 .30
of Susitna 5/6/83 2040 - 5. 6 0 .21

Northwes t
Tributary May 198 1 2350 -6 0 . 23*
of Susi tna

5/28/81 1950 -1 0.04
Eas t Fork 5/20/82 2050 - 6 0 .23

4/28/83 2060 -3.0 0.12

5/29/81 1950 - 3 0 .1 2
Maclaren May 1982 2010 - 6 0 .23*

5/1/83 2030 -2 .0 0 .08

*These fim temperatu r e s were not measured. They had to be es timated fro m
o t he r temp era tu res at s i mi l ar alti tudes and snow de pt hs .
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TABLE Ill. Percent debris cover in each elevation band on each glacier in the upper Susitna River
basin. Area for each elevation band is ahown graphically in Figures 5a-f.

Susitnll Sud tna Sud tna
Elevation Interval \lest Fork Hain Branch Turkey Tributary Northwest Tributary I'as t Fork Haclaren

763-915 m 100% 100% - - 7lX

915-1067 91 92 - - 19 37X

1067-1220 63 48 - - 10 18

1220-1372 42 21 - 20X 10 23
...

1372-1525 22 3 27% 14 8 13

1525-1677 6 0 23 6 2 0

1677-1830 0 0 0 5 0 0

ro-~ ~?
•

{~bl
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Tab le IV .

Ave r a ge Wi n t er Season Balance (~e te rs water equ i va lent ) *

Gl a c i e r 1981 1982 1983

West Fork +0.86 +0.78 +0.93
Susitna +0.73 +0.65 +0.78
East Fork +0 .77 +0.78
Maclaren +0 .83 +1.l4 +1.07

Average +0.80 +0.8 1 +0 .89

*1 October-14 May

1981-1983 Average: +0.83 m/y r

Avera ge Summe r Season Balance (meters water eq uivalent)*

Glacier 1981 1982 1983

West Fork -0.87 -l.02 -0.81
Sus i tna -1.03 -0.87 -0.38
East · . ck -0.97 - 0 . 69
Ma c l a r en -0.52 -1.00 -0.70

Average -0.85 -0 .96 -0.63

*15 May-30 September

1981-1983 Average : - 0 . 8 1 m/yr

• Avera ge Annua l Balance (meters water equi valent)*

Gl a c i e r 1981 1982 1983

I Wes t Fork -0.01 -0.24 +0 .12
Susitna -0.30 -0. 22 +0 . 40
Eas t Fo r k - 0.20 +0 . 09

III Ma c l a r en +0.31 +0 .14 +0 . 37

Avera ge - 0. 05 - 0 . 15 +0 . 26

Id * 1 October-30 September

I
1981- 198 2 average : +0 . 02 m/yr
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Tab le V. Annual water yie ld from snow melt, firn and ice melt, and r a in f r om

the Susitna basin glaciers during 1981, 198 2 and 1983.

Glacier Firn Total Glacier Total
Snow and Ice Glacier Rain Gl a c i e r
Melt Melt Melt Runoff Runoff

Year Stream Gauge m/yr m/yr m/yr m/yr m/yr

1981 Maclaren River at 0.54 0.42 0.97 0.33 1.3
Denali Highway

1981 Susitna River at 0.43 0.93 1.2 0.33 1.7
Denali Highway

1981 Susitna River at 0.45 0.83 1.3 0.33 1.6
Gold Creek

1982 Maclaren River at 0.64 0.51 1.1 0.25 1.4
Denali Highway

1982 Susitna River at 0.45 0.95 1.4 0.25 1.7
Denali Highway

1982 Susitna River at 0.49 0.86 1.3 0.25 1.6
Gold Creek

1983 Macla ren Rive r at 0.70 0.36 1.1 0.17 1.2
Denali Highway

1983 Susitna River at 0.49 0.77 1.3 0.17 1.4
Denali Highway

1983 Susitna River at 0.53 0.69 1.2 0.17 1.4
Gold Creek

Average Ma c l a ren Ri ver at 0 .63 0.43 1.1 0 .25 1. 3
Denali Highway

Average Susitna River at 0.46 0.88 1.3 0.25 1.6
Denali Highway

Average Susitna River at 0 .49 0.79 1.3 0.25 1.5
Gold Creek
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Table VI. This table gives a detailed brea~down of how the runoff from glaciers compares to total runoff. The
first fo ur columna refer to total runoff and area above the given atream gauge. The middle three
columna refer to glacier melt runoff. The laat three columns refer to both glacier melt runoff and
glacier rain runoff. The years in parenthes below each atream gauge refer to the time period ove r
which avera gea were taken. Runoff from the two dam sites, (5) and (6), do not strictly compare because
streamflow data are for a different time period than glacier data.

Basin Area
above Stream

Guage
km 2

Stream Guage

Average
Annual
~low

m /a

Specific
Runoff
m/yr

Glacier
Are !!
km 2/ :t

Glacier Snow, Firm
and Ice Kelt Runoff
m/yr m3/s %.

Glacier Helt and
Glacier Rain Runoff
m/yr m3/s %

•

(1) Maclaren River at
Dena 11 Highway
(1981-1983)

(2) Suaitna River at
Dena 11 Highway
(1981-1983)

(3) Total flow from
above Denali Highway
[sum of (1) and (2»)
(1981-1983)

(4 ) Susitna River at
Gold Creek.·
(1981-1983)

(5) ijatana Dam Si t e••
(1949-1981 synthesi zed
flow)···

730

2460

3190

15,950

:: 11 ,100

28.3

83.6

112

299

224

1. 22

1.07

1.10

0.59

160·/22

628/25

790. /25

790·/4.9

790· /7.1

1.07

1.34

1.29

0.06

5.44

26.8

32.2

32 .2

32.2

19

32

29

11

14

1.32

1. 59

1.54

0.08

6.7

31.7

38.4

38.4

38.4

24

38

34

13

17

(6) Devil Canyon Dam Si t e · .
(1949-1981 synthesiz eo
flow··· I : 13 , 800 258 790·/5.9 32.2 n 38.4 15

·Area is not known accurately because Eureka Glacier atraddles the drainage divide.
··Numbers do not include glaciers in the Talkeetna Mountains.
···From Acres American, 1982
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I.

*April 14-30 **September 1-2 ***May 1-10 ****June 14-30

*Precipi ta tion approxima ted by linear r eg reas Lon wi th Ta lkee tna Airport da ta
(r2 • 0.86).

438 .6 mm

1982 1983

16.6* 13 .0

26.0 2 .6***

103.8 18.8****

194.2 50.8

78.6 242.0

0.4** 108.0

N/A 3.4

419 .6 mm

1981

N/A

N/A

N/A

N/A

N/A

66.7

300.2

366.9 mm

~

1981 19 ~

NIS NIS
~O

11* 26 -".

183* 104 38*

330* 194 51

300 79 242

67 279* 108

N/S N/S N/S

891 mm 682 mm 455 mm

Summer precipitation on the Susitna Glaciers during 1981, 1982
and 1983 • . In general, summer precipitation abov> ;00 m
elevation falls as snow (Mayo, pers. comm.' ~ce only 37%
of the glacier area lies below 1600 m· ation
quantities must be multiplied bv ~ te
rainfall runoff from glacier~

August

May

Rainfall collected by an R & M rain gauge during 1981, 1982 and
1983 at 1430 m elevation next to Susi~a Glacier. Data are
lis ted in mm.

October

April

May

April

August

September

October

TOTAL

TOTAL

September

July

June

July

June

Table VUb.

Table VIla.



Table VIII. Approxi mate equilibrium line elev3tions

1981 1982 1983

\le s t Fo rk 1650 1675 1650

Susi tna 1775 1850 1700
l1a in Tributary

Turk ey 1950 1825
Tributary

No r thwe s t 1925
Tr i bu ta.r y

Ea s t Fork 1825 1775

Maclaren 1625 t 575 1625

31
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SPECIFIC GRA VITY SPECIFIC GRAVITY

0 .2 0.3 0.4 0 .5 0 .2 0 .3 0.4 0 .5

-E • •.... •
LIJ ••
(J 1.0 • 1.0 • •
-e • •u. •a: • ••
:::l • •en ••
:i

2 .0 • 2 .0 .1
0 ••a: • •u. • ••
J: 3 .0 3.0 •
l- • • •
~ 1982 ~ ' I mmer Surface

s •LIJ •0
1980 Summer Surface

4 .0 ._._- - - • 4 .0

NORTHWE'H TRIBUTARY. EAST FORK GLACIER
SUSITW\ GLACIER 2060 m Elevation
2350 m Elevation 28 April 1983

22 May 1981

LIJ
(J
~
u,
a:
:::l
en
~ 1.0
o
il:
U.

l: 2 .0
t-
~
LIJ
o

SPECIFIC GRA VITY
0 .2 0 .3 0.4

•
•

• 1980 Summer Sur face

TURKEY TRIBUTARY.
SUSITNA GLACIER
1670 m Elevation

13 May 198 1

I
I

Figure 3. Snowpa ck density variations with depth and elevation .
No t e t hat the top two figures de pict accumu lati on area snow pa cks,
and the bottom figure depi cts an ablation area snowpack.
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GLACIER WATER AND TOTAL WA TER A T STREAM GAUGES
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Fi gure 7. Runoff from glaci ers cOQpa r ed to tota l runoff at stream gauges on
the Sus i t na and Mac l a r en Ri vers .
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