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Abstract. Measurements of discharge, reach morphology, and cross-sectton morphology in 
supraglacial streams on the Juneau lcefield reveal controlling variables that have analogous 
counterparts in alluvial streams. Downward sky radiation Imparts a strong diurnal pattern to 
supraglacial runoff generated by saturated slush flows, precipitation and melting, channel ero- 
sion, and spillover from water-filled moulins, crevasses, and supraglacia! lakes. Supraglaclal 
streams are generated when runoff is concentrated on glacier slopes and rates of incision 
exceed rates of glacier surface ablation. Streams leave the surface via moulins and crevasses 
where the water becomes part of the englacia! and subglacial drainage systems. Meander sys- 
tems develop and migrate downstream, driven by thermal erosion wtth heat supplied by climatic 
and hydrologic sources. Sinuosity attains a maximum value, in the absence of other roughness 
factors, when high stream power is imposed from an adjacent upstream reach. Form-process 
relationships for supraglacial meanders are similar to those for alluvial streams in spite of the 
contrast in time and scale of development. At-a-station hydraulic geometry for supraglacial 
streams serves to identify channel adjustments to changing discharge not unlike those for 
narrow-deep, straight alluvial streams. Daily formation of longitudinal grooves in channel walls 
leaves a record of daily flow and yields critical information regarding channel enlargement 
ratios. Fluvial adjustment toward equilibrium conditions involves all elements of channel rough- 
ness and cannot be analyzed using any single indicator such as channel pattern, cross-sectional 
shape, or materials involved 

Kay Words: supraglacial streams, glacial meltwater, meanders, channel roughness, hydraulic 
geometty, Juneau lcefleld 

S URFACE meltwater below the nbvb line 
o n  temperate, stagnant glaciers wi l l  

carve supraglacial (superglacial) streams if 
the rate of channel downcutting exceeds the 
rate of glacier surface ablation. Supraglacial 
streams merit investigation because they ad- 
just in  a similar manner to, but much faster 
than. alluvial streams. The primary objective 
of t t d  present study is to identify controlling 
variables in  supraglacial streams that have 
analogous counterparts in alluvial streams. A 
secondary objective is to examine form and 
process that a re  intrinsic to  supraglacial 
streams, including integration of supraglacial 
water with other portions of the multi-level, 
glacio-hydrologic drainage system. 

Research was conducted over two summer 
field seasons o n  the Juneau Icefield, situated 
i n  the Alaska-Canada Boundary Coast Range, 

east of lower Lynn Canal and north of the 
Taku River and Juneau, Alaska (Fig. 1). Cov- 
ering an area of approximately 4,000 km2, the 
Juneau lcefield is a remnant of the Cordil- 
leran ice sheet, and its direction of ice move- 
ment is controlled by the underlying topog- 
raphy. More than 30 outlet glaciers drain the 
Icefield, but only Taku and Hole-in-the-Wall 
are advancing. Two research areas on the 
icefield were selected for f ield sites. The 
Lemon C;ree~-Ptarmigan Giacier Rescareti 
Area includes sites at elevations of 850 m and 
1,200 m on the western edge of the Icefield.' 
The Vaughan Lewis-Gilkey Glacier Research 
Area lies in  a more continental climatic set- 
t ing at an elevation of 1,100 m. The mean 
nCB line reaches 1,090 m on Lemon Creek 
Glacier and 1,280 m on Vaughan Lewis Gla- 
cier (Miller 1975) The Juneau Icefieid is de- 
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scribeb in detail by Marcus (1964) and Miller 
(1963, 1964, 1975). 

Supraglacial streams are best developed in 
stagnant ice areas. Ferguson (1973) and Park 
(1981) focus on the sinuosity and hydraulic 
geometry, respectively, of supraglacial 
streams on a Swiss valley glacier. Knighton 
(1972) examines the meander geometry of su- 
praglacial streams in Norway. Parker (1975) 
and Pinchak (1972a, 1972b) derive models to 
explain thermal degradation in supraglacial 
streams. Dozier (1976) uses measurements of 
bed shear stress to test whether supraglacial 
streams adjust according to the principle of 
minimum variance. Leopold and Wolman 
(1960) and Zeller (1967) include supraglacial 
streams in their systematic studies of mean- 
dering in alluvial rivers. Other research be- 
gins to define the relationship of supraglacial 
water to englacial and subglacial drainage 
networks (Clayton 1964; Price 1973). Partic- 
ular attention is given to the evolution of 
moulins and the hazard of glacier outburst 
floods (Streiff-Becker 1951; Glen 1954; De- 
wart 1966; Howarth 1968). The present study 
reviews past findings and theories con- 
cerning supraglacial runoff and stream mor- 
phology in the light of new data. Moreover. a 
systematic analysis of supraglacial channel 
roughness is seen as a key, and previously 
unstudied, element of supraglacial stream dy- 
namics. 

Supraglacial Runoff 

Supraglactal water is dertved from four 
sources Ftrst, daytime melttng In the n6vb 
(area covered by perenntal snow or ftrn) pro- 
duces water at a rate exceedtng the lnflltra- 
t ~ o n  capacity of the dense firn Ntghtttme ra- 
dtatcon cool~ng of the snowpack may create 
a hard surface crust, resulttng In a saturated 
slush flow between the crust and ftrn Supra- 
glacial water produced an thts Rawer occurs 
on gentle glacier slopes at the stage of the 
ablatton season when old snow ts 10-20 cm 
thtck over t t rn  and IS prolonged when 
cloudy days follow clear sky nights Ferguson 
(1973) and Doz~er (1976) support clatms that 
saturated slush flows reopen former suprag- 
lacial channels U s e  of fluorescent dye In sat- 
urated slush flows tn the Lake Ltnda study 
area demonstrates that mscrorelief concen- 

trates the slush flow, although rates of flow 
do not exceed 5 percent of overcrust flow 
rates on the same glacier slope. 

The second source of supraglacial water is 
precipitation and melting below the neve line. 
Surface runoff on a glacier slope leads to the 
formation of rills that combine into channels 
cawed in firn and later superimposed on gla- 
cier ice. 

Melting of the channel bed and banks by 
streamflow in existing channels provides the 
third source of supraglacial water. Channel 
initiation and expansion requires thermal 
erosion; a temperature of 0.005 to 0.0l0C can 
account for observed rates of incision be- 
tween 3.8 and 5.8 cmlday (Pinchak 1972a. 
1972b). Parker (1975) and Ferguson (1973) 
claim that heat derived from viscous flow dis- 
sipation accounts for the necessary heat 
supply, but energy budget models by Pinchak 
(1972a. 1972b) point to the need for steep 
channel gradients before frictional heat can 
provide the necessary heat of fusion. In an 
example calculation, Pinchak (1972a) reports 
a channel gradient of 20 percent necessary 
to produce the heat required for melting in a 
supraglacial stream with a width of 0.6 m and 
discharge of 56 11s. Gradients of this magni- 
tude are found only where streams drop into 
a moulin or crevasse. 

The fourth source of supraglacial water in- 
volves spillover from water-filled moulins, 
crevasses, and supraglacial lakes. Supragla- 
cia1 water leaves the glacier surface via mou- 
tins and crevasses that impose a local base 
level on the stream. 

Hydrograph Characteristks 

The production of supraglacial runoff can 
be related to downward sky radiation for a 
six-day interval in  1981 (Fig. 2). Downward 
sky radiation is measured with a pyranometer 
sensitive to 3S, percent of iadiatirm from 0.35 
to 2.0 pm, 50 percent of radiation at 3.3 (Lm, 
and 20 percent at 40 (rm. Stage-discharge 
rating curves were constructed for three 
streams in  the Vaughan Lewis-Gilkey Re- 
search Area in order to derive hydrographs. 
This task was accomplished ustng pygmy 
current meters, fluorescent dye, and statf 
gages, The three streams transect medial mo- 
raines at the confluence of the Vrtughan 
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Rqut. 2 Sky conditions, downward sky radiation and discharge for one of the supraglacial streams in 
the Vaughan Lewis-Gilkey Glacier Research Area. CAVU denotes clear and visibility unlimited, CLDY 
cloudy, and DRZL drizzle. 

Lewis and Gilkey Glaciers (Fig. 1). Drainage between climatic, hydrologic, and morpho- 
area for the three streams ranges from 40 to logic variables (Table 1). 
60 ha. Crevasse patterns related to the con- Peak daily discharge ranged between 140 
fluence and wave bulges at the base of the and 230 lis and is most closely correlated with 
Vaughan Lewis Icefall exert strong controls peak downward radiation (r = 0.928) in the 
on supraglacial channel orientation. A cor- absence of measurable precipitation. The lag 
relation matrix reveals the interrelationships time between peak downward radiation and 

T.W.. 4. Correlation Matrix with Downward Sky Radiation and Supraglacial Stream Dynamics, 
Vaughan Lewis-Gilkey Research Area 

- 

CDC GSA VGD HGD PDR TDR PDS TDS 
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Tota! Discharge 
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peak dally dtscharge remained at approxl- 
matefy two hours regardless of sky condi- 
tions. The lag can be attributed to the time 
needed to accumulate latent heat of fusion 
required for melting glacter Ice. The rrsing 
limb of hydrographs IS generally steeper than 
the receeding limb. In the morning, meltwater 
production per unit area and source area are 
both increascng. In the afternoon, meltwater 
production per unit area decreases while the 
source area continues to expand. Channel 
downcutting and groove dimensions as a 
function of discharge are discussed later. 

Total daily discharge ranged from 515 x 
lo3 to 763 x l o 3  llday and is more close- 
ly correlated with peak downward radiation 
(r = 0.916) than w ~ t h  total downward radia- 
tion (r = 0.715). Crude daily sketches of the 
active trellis drainage network point to a link 
between variable source area and total daily 
discharge, with the source area responding 
to peak downward radiation. 

Lake Linda 

The link between supraglacial, englacial, 
and subglacial water can be examined in the 
vicinity of Lake Linda in the Lemon Creek- 
Ptarmigan Glacier Research Area (Fig. 1). 
Lake Linda is a supraglacial lake at the head 
of Lemon Creek Glacier that drains suddenly 
each summer through a composite englacial 
cave 450 m long (Fig. 3). Glen (1954). Howarth 
(1968). and Rothlisberger (1972) attribute 
rapid and catastrophic release of supraglacial 
lake water to increasing water depth beyond 
a threshold when hydrostatic pressure ex- 
ceeds compressive strength of ice on the lake 
bottom. In the specific case of Lake Linda, the 
critical factor may be the tensile strength of 
the bond between glacier ice and headwall 
moraine debris on the lake bottom. The ice 
fractures and becomes buoyant, opening the 
cave entrance. Later, the entrance is blocked 
by icebergs as lake water drains. The notion 
of a water depth threshold is supported by the 
fact that the cave opening is at the deepest 
part of the lake. Water floods the cave to 
create an extensive englacial reservoir, even- 
tually leaving through subglacial drains in the 
cave floor. Streamflow surges recorded in 
Lemon Creek below the glacier terminus may 
be related to the sudden release of Lake 

Flgun 3. Linkage between supraglacial, engla- 
cial, and subglacial drainage systems in Lake Linda 
study slte. Lake Linda englacial cave originally sur- 
veyed by Asher et al. (1974). 

Linda water (Miller 1975). Spectacular ice 
speieothems, sublimation features, and black 
glacier ice are revealed by a cave traverse fol- 
lowing drainage of Lake Linda. 

Plan-view and longitudinal maps of Lake 
Linda are presented by Asher et ai. (1974) 
from their survey of the cave under difficult 
conditions. During the course of the present 
study, cave survey stations were projected 
onto a hydrologic map of the glacier surface 
(Fig. 3). Fluorescent dye placed in rills and 
channels that empty into moulins and cre- 
vasses reveals links between the supraglacial. 
englacial, and subglacial drainage, An artifi- 
cial moulin drilled near survey station 8 for 
radio communications in the cave fills with 
snow during the winter, blocking the cave in 
a manner described by Dewart (1966). When 
Lake Linda drains the following summer, 
water backs up under hydrostatic pressure in 
the cave, reopening a large moulin between 
stations 9 and 10 (Fig. 3). Water from the cave 
spills onto the glacier surface at this point, 
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creating a supraglacial overflow channel 
leading toward Lynn Falls. 

Supraglacial Stream Morphology 

A small but discrete supraglacial stream on 
lower Ptarmigan Glacier is re-established 
each year on mudflow debris. The mudflow 
originated from a mass-wasting event in the 
early 1970s on the west-facing valley wall and 
is re-exposed each summer by ablation. With 
a thickness (approximateiy 1 cm) insufficient 
to insulate the ice, the mudflow debris ab- 
sorbs shortwave radiation and then conducts 
sensible heat to the ice, accelerating melting 
alang the narrow downslope path of the mud- 
flow. The lower Ptarmigan stream is divided 
into 16 reaches based on shifts in sinuosity, 
channel shape, glacier slope, discharge, and 
presence or absence of reworked mudflow 
debris in the active channel. Stationary and 
symmetric ridges of ice are carved into the 
channel bed in  several reaches. These 
carved-ice bedforms are transverse to the 
flow direction and cause undulations in the 
water surface profile. 

Stratght channel segments are restricted to 
supragiacial streams contolled by crevasse 
ortentatbon or located on steep glacter slopes. 
Braided segments are usually found as nlls 
on glac~er slopes where thermal erosion by 
the water in rtlls barely exceeds glacier sur- 
face ablation, s o  that channel capacity 
cannot expand at the rate of morning tn- 
creases in meltwater product~on Meanders 
are weil developed rn the study sites where 
channel downcuttrng proceeds at rates more 
than twtce the rate of glacier surface abiat~on 
Meander wavelengths in the lower Ptarmigan 
stream are very short (135-500 cm), but small 
amplritleles rfistiiet sinuo$:ty to values he- 
tween 1 05 and 1 25 Nevertheless, definite 
breaks in sinuosity are evtdent with sh~fts In 
one or more of the other variables used to 
deitneate reaches, these are rndtcative ot sys- 
tematic morphological and process controls 
Contrary to claims by Parker (1975) supra- 
gtactal meanders do mcgrate downstream 
whrle downcutftng, feavtng a vtsually rrnpres- 

sive record of the meander belt on channel 
sidewalls. Abandoned meander loops are 
also formed when cutoffs are created while 
the channel is rapidly downcutting. 

Stream power per unit bed area PJA and 
stream power per unit channel length PJL are 
calculated using the following formulae: PJA 
= yRSV and PJL = yQS, where y is the spe- 
cific weight of water, R the hydraulic radius, 
S the slope of the water surface, V the ve- 
locity, and 0 the discharge. Stream power per 
unit bed area and glacier slope respectively 
explain only 49.8 percent (SE = 0.037) and 
68.9 percent (SE = 0.029) of the variance in 
sinuosity (Fig. 4). Stream power per unit  
channel length offers little additional explan- 
atory power (r2 = 0.597. SE = 0.031) and 
values are generally an order of magnitude 
higher for a given sinuosity than reported by 
Schumm (1977) using flume data. Close in- 
spection of the ice at the lower end of highly 
sinuous supraglacial reaches reveals ice 
structures that may retard the downglacier 
migration of the meander system. Recrystal- 
lization of water in ice fractures can create a 
density barrier, causing meanders to "pile 
up" and generating a higher sinuosity than 
expected for observed values of stream 
power or glacier slope. This situation is anal- 
ogous to the effect of resistant clays in the 
lower Mississippi River Valley retarding 
downstream migration of that meandering 
system (Kolb 1963). 

The relationships between meander wave- 
length and discharge and between wave- 
length and channel width reflect the role of 
secondary circulation in  meander mor- 
phology (Fig. 5). Fluorescent dye may be used 
to detect heltcal flow in supraglacial streams. 
Of particular interest is the separation of data 
into two groups, depending on whether cfas- 
tics are present in the channel from reworked 
mudflow deposits. The slope of the curve for 
the debris-free reach data agrees closely with 
values reported by Leopold and Wolman 
(1960) and Zeller (1967) for supraglacial 
streams and with values for alluvial streams 
summarized by Shahjahan (1970). It is b e  
lieved that debris in the active channel pro- 
vides the roughness necessary for shorter 
meander wavelengths. In the absence of de- 
bris, wavelength and stream power increase? 
unless kinetic stream energy is dissipated by 
other elements of channel roughness. 
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Figurn 4. Inverse sinuosity relationships with stream 
16 lower Ptarmigan supraglacial stream reaches. 
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power per unit bed area and glacier slope for the 

5. Meander wavelength falatronshtps wtth discharge and channet wtdth tor the 16 lower Ptal- 
mrgan supraglacial stream reaches 
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Ferguson (1973) claims that maximum sin- 
uosity develops in supraglacial streams with 
the highest initial rates of power expenditure. 
Indeed, data from the lower Ptarmigan stream 
indicate that sinuosity increases in the down- 
stream direction as the adjacent upstream 
reach supplies a higher stream power per unit 
bed area. Random irregularities related to dif- 
ferential ice crystal density impart asymmetry 
to the helical flow, causing water surface su- 
perelevation against one bank. This incre- 
ment of water depth and associated shear 
stress may provide frictional heat sufficient to 
accelerate thermal erosion on the outside of 
bends and freezing on the inside of bends 
(Parker 1975. 1976). Differential melting and 
freezing caused by differential frictional heat 
associated with secondary currents need not 
account for all observed downcutting, but it 
does explain the initiation and migration of 
meanders. Pinchak (1972a, 1972b) and Dozier 
(1976) demonstrate that sensible heat flux to 
the stream from the air along with the trans- 
mission and absorption of shortwave radia- 
tion can account for 75 to 100 percent of all 
downcutting. In the present study, incision 
rates range from 4 to 8 cmlday, whereas gla- 
cier surface ablation rates range from 1 to 4 
cmlday. Therefore, climatic processes ac- 
count for 25 to 50 percent of incision rates. 

Channel Roughness 

Mutually interdependent elements of 
channel roughness can be quantified for su- 
praglacial streams. The potential stream en- 
ergy per until mass of water is proportional 
to the relief in each reach. Vertical-fall ob- 
structions in a stream reduce the potential 
stream energy available for conversion to ki- 
netic stream energy, which is needed to 
transport imposed water and sediment sup- 
plies (Marston 1982). No vertical-fall obstruc- 
tions are present i n  the lower Ptarmigan 
stream. Kinetic stream energy is dissipated by 
particle roughness (skin resistance) and form 
roughness. The latter involves geometry of 
the channel bed, channel pattern, and 
channel cross-section shape. The undissi- 
pated kinetic stream energy per unrt mass of 
water is proportional to the square of flow 
velocity. An indicator variable was assigned 
to each of the 16 reaches to represent part~cle 

roughness. A value of 1 was assigned where 
a reach contained clastic sediment, and a 
value of zero where it did not Debris can be 
contributed by mass-wasting events, as in the 
case of the lower Ptarmigan stream, or by 
channel cutting through medial moraines, as 
in the case of the Vaughan Lewis-Gilkey 
streams. A second indicator variable was as- 
signed to each reach to represent form 
roughness contributed by channel bed to- 
pography. A value of 1 was assigned where 
water surface undulations were in  phase with 
channel bedform topography (upper flow re- 
gimes), and a value of zero where water sur- 
face undulations were out of phase (lower 
flow regime) (Harms and Fahnstock 1965; Si- 
mons 1969). Sinuosity and variance of hy- 
draulic radius data serve as an index of form 
roughness attr~buted to channel pattern and 
cross-sectional shape. respectively. Froude 
numbers range from 0.57 to 2.14, with values 
for four of the 16 reaches exceeding unity. 

Values of Manning's roughness coefficient 
n were calculated for each reach in the Ptar- 
migan supraglacial stream using field data for 
velocity, hydraulic radius, and channel slope. 
The minimum value obtained for n was 0.013 
for a debris-free reach with water surface un- 
dulations in phase with ice bedforms, a sin- 
uosity of 1.05. a width of 21 cm, and a depth 
of 0.4 cm. An n value of 0.013 is below values 
found in natural streams but approaches n 
values for artificial concrete-lined channels 
(Chow 1959). The maximum value obtained 
for n was 0.039 for a reach with debris where 
the water surface undulations are out  of 
phase with ice bedforms, a sinuosity of 1.25, 
a width of 14 cm. and a depth of 1 cm. An n 
value of 0.039 is typical of clean, meandering, 
minor alluvial streams with pools and riffles, 
or a major jagged and ~rregular channel 
carved in bedrock (Chow 1959). The mean n 
vaiue of 0.022 is slightly lower than expected 
for natural, straight streams with minimal bed 
topography. The considerable range i n  n 
values and shifting importance of various 
roughness elements belie reported charac- 
terizations of supraglacial streams as homo- 
geneous, free of elastics, and in  the upper 
flow regime (Parker 1975; Park 1981). 
A correlation matrix of roughness elements 

is presented for the lower Ptarmigan stream 
using indices described earlier [Table 2). The 
high degree of interdependence is not sur- 
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Table 2. Relationship Between Elements of Channel Roughness 

CBM CBF SIN HYR MAN 

Channel Bed Mater~al (CBM) 1.000 -0.656 0.446 0.604 0.576 
0.001* 0.042 0.007 0.010 

Channel Bedforms (CBF) 

Sinuosity (SIN) 

Hydraulic Radius (HYR) 

Manning's n (MAN) 1 .MX) 

' Probability that r = 0.0 In the population. 

prising for stream systems but does preclude 
multiple regression. Along-the-reach varia- 
tion in hydraulic radius provides the best 
single estimator of Manning's n (SE = 0.002), 
followed by sinuosity (SE = 0.003). Nu- 
merous equations are presented in  the liter- 
ature for estimating Manning's n with se- 
lected key variables, usually involving ky- 
draulic radius and particle size (Gardiner and 
Dackombe 1983). The component method 
proposed by Cowen (19561 for estimating n 
assigns an index number to each roughness 
element out l ined by Marston (19821, but 
values appropriate for supraglacial streams 
are not given. Further studies of roughness 
characteristics in supraglacial streams that 
replace qualitative indices wrth quantitative 
data will better define the relative contribu- 
tion of individual roughness elements to the 
overall flow resistance. 

Cross-Section Morphology 

At-a-statlon hydraultc geometry data are 
presented for the three Vaughan Lewts-Gtlkey 
supraglactai streams ustng methods de- 
scrtbed by Leopold and Maddock (1953) (Fig 
5) Mean values fcr !he hyd:au!rc geomet?f 
exponents are as follows b = 0 097, 7 = 
0 433, and iii = 0 47 As dtscharge tncreases 
in streams w f t h  the afofement~oned expo- 
nents, the wtdth-to-depth ratto decreases, 
competence increases the Froude number 
increases and the slope-to-roughness ratto 
tncreases (Rhodes 1977) The fact that f IS 

greater than b rnd~cates the channel bed IS 

more easily eroded than the banks. Indeed, 
daily lateral cutting ranges from 17 to 75 per- 
cent of daily downcutting by thermal erosion 
in the three Vaughan Lewis-Gilkey streams. 
The low b value is also typical of a straight 
channel reach, the pattern found at stations 
on all three Vaughan Lewis-Gilkey streams. 

40 ' s ' * " ' '  

. i 
40 E a e o i o o  XYJ 400 

DISCHARGE (ittarr/lcc) 

Figure 6. Hydraulic geometry for the three Su- 
pragtacral streams In the Vaughan Lewis-Gtlkey 
GIacter Research Area 
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The meander wavelength-channel width re- 
lationships described earlier for the lower 
Ptarmigan stream also confirm this relation- 
ship (Fig. 5). 

Small fluctuations in  stream width with 
diurnal cycles i n  discharge account for a 
series of longitudinal grooves on supraglacial 
channel walls parallel to the channel stope 
(Fig. 7). As meltwater production and dis- 
charge increase, lateral thermal erosion ex- 
pands active channel width concurrent with 
downcutting. As supraglacia! runoff is sup- 
pressed, stream width decreases but down- 
cutting continues. The resulting cuspate- 
shaped channel banks are truncated the fol- 
lowing morning as discharge rises again. 
Horizontal groove depth correlates most 
closely with total daily discharge (r = 0.946; 
Table 1). Vertical groove depth correlates 
most closely with peak daily discharge (r = 
0.877). Longitudinal grooves may be consid- 
ered intrinsic to supraglacial streams only in 

JULY 27 

JULY 28 

JULY 29 

JULY 30 

JULY 31 

0 
AUGUST 2 

1 
0 5 10 I5 20 25 

CHANNEL WIDTH km) 

Ftgur* 7. Hortzontal grooves on channel walls 
correspond~ng to former ecttve cross-sect~ons In 
one of the supragtactal streams tn the Vaughan 
Lmts-Grikey Glacrer Research Area 

the sense that such streams experience 
diurnal flow patterns and rapid downcutting. 
and have banks of ice capable of supporting 
concave slopes steeper than the angle of in- 
ternal friction for earth materials. The supra- 
glacial cross-section profile with cuspate 
banks and fiat bea is proposed as an equilib- 
rium shape (Pinchak 1972a, 1972b). The 
channel enlargement ratios discussed earlier 
may be theoretically explained by the relative 
distribution of frictional heat on the channel 
perimeter. However, the values of b, f, and m 
for supraglacial streams in the present study 
are not unlike values reported for a number 
of alluvial streams with low sinuosity and 
small hydraulic radius (Rhodes 1977). 
Streams in contrasting climatic-hydrologic 
regimes may have similar b, f ,  and m values 
(Richards 1982). Therefore, fluvial adjust- 
ments toward an equilibrium condition must 
consider all elements of channel roughness, 
not just channel cross-section shape. 

Summary and Conclusions 

The present study identifies sources, path- 
ways, and temporal aspects of supraglacial 
runoff as a precursor to understanding su- 
praglacial stream morphology. Supraglacial 
meltwater production exhibits a strong 
diurnal pattern, with peak and total daily dis- 
charge dependent on downward sky radia- 
tion. Supraglacial channels are established 
below the nBv(! line where downcutting ex- 
ceeds glacier surface ablation. Channel inci- 
sion occurs by thermal erosion at rates of 4 
to 8 cmlday from heat supplied by shortwave 
radiation, sensible heat flux from the air to 
the stream, and frictional heat from flow en- 
ergy dissipation. The latter source of heat ac- 
counts for 50 to 75 percent of incision rates. 
Supraglacial streams leave the glacier sur- 
face via moulins and crevasses, contributing 
weler to englecia! srrrd srtbg!aciai portions of 
the giacio-hydrologic drainage system. 

Meandering supraglacial stream segments 
develop with small wavelengths and ampli- 
tudes but d~sptay form-process adjustments 
similar to those described for alluvial 
meander belts. However, ice structures can 
create a density barrier to downstream mi- 
gration of supraglacial meanders, just as re- 
sistant clays cause aIIuviaI meanders to pile 
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up i n  the downvalley direction. Time and 
scale are clearly not important i n  meander 
development. Sediment load is not necessaty 
to initiate meanders in supraglacial streams, 
but the presence of clastics i n  the  active 
channel can al ter  meander dimensions. 
Asymmetrical helical f low i s  c i ted  as the 
mechanism for differential mel t ing  and 
freezing in supraglacial meanders. Water sur- 
face superelevation against one bank could 
provide the incremental frictional heat for 
thermal erosion. Sinuosity varies inversely 
with stream power within a given reach, but 
sinuosity increases in  the downstream direc- 
tion when the adjacent upstream reach sup- 
plies a higher stream power. 

Systematic analyses of channel roughness 
characteristics are undertaken for supragla- 
cia1 streams that have a diverse assemblage 
of roughness elements. Adjustment o f  
channel pattern and cross-section shape to  
imposed stream power is affected by the si- 
multaneous adjustments in other roughness 
elements. Hydraulic geometry data demon- 
strate that supraglacial streams respond to 
fluctuating discharge in  a manner not unlike 
alluvial streams with cohesive bank materials. 
The cuspate form of supraglacial channel 
banks deserves more attention as an adjust- 
ment toward equilibrium conditions in  con- 
cert with adjustments i n  other roughness ele- 
ments. Future studies by the author will at- 
tempt to measure temperature differences in  
the water column or otherwise demonstrate 
differential melting and refreezing in supra- 
glacial streams. Findings from the present 
study should encourage further research in  
alluvial streams that pursues comprehensive 
surveys of roughness elements and their in- 
terdependent adjustments toward equilib- 
rium conditions. 
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Note 

1. Lemon Creek Glacier served as one of the gla- 
ciological stations in the North American net- 
work during the International Geophysical 
Year. 1957-1958. Important contributions to 
the Juneau lcefield Research Program have 
been made by physical geographers during the 
International Geophysical Year and in years 
since, the most notable being work by Melvin 
G. Marcus, now of Arizona State University 
(Huesser and Marcus 1960, 1964a. 1964b; 
Marcus 1960, 1964). Research was conducted 
by the American Geographical Society with 
support from the Office of Naval Research be- 
tween 1948 and 1958. Findings are summarized 
in a series of general reports (American Geo- 
graphical Society 1953-58). Subsequent 
funding has been obtained at various times 
from the National Geographic Society. Mich- 
igan State University, and agencies listed in the 
acknowledgments. 
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