
Annals o[ Glaciology 14 1990 
@ International Glaciological Society 

EFFECT OF AREA DISTRIBUTION WITH ALTITUDE ON GLACIER MASS 

BALANCE - A COMPARISON OF NORTH AND SOUTH 

GLACIERS. WASHINGTON STATE. U.S.A. 

KLAWATTI 

by 

Wendell v. Tangborn,* 

(U .S. Geological Survey, Tacoma, WA 98402, U.S.A.) 

Andrew G. Fountain 

(U.S. Geological Survey, Denver, CO 80225, U.S.A.) 

and 

William G. Sikonia 

(U.S. Geological Survey, Tacoma, WA 98402, U.S.A .) 

ABSTRACT 

The North and South Klawatti glaciers are adjacent 
glaciers in the North Cascade Mountains of Washington 
state. During 1947--61 North Klawatti Glacier lost volume, 
equivalent to a mean decrease in thickness of 8.3 m over 
the glacier area, whereas South Klawatti Glacier gained 
volume, equivalent to an increase in thickness of 5.8 m. 
Although the glaciers are in the same climate, they have 
different distributions of area .with altitude, resulting in 
different responses to climatic variations. 

A quadratic equation is assumed to approximate the 
relation of mass balance to altitude for both Klawatti 
glaciers. The coefficients of the equation are derived by 
comparing the calculated mass change to the mass change 
for each glacier estimated from topographic maps. The 
resultant relation of mass balance to altitude is the mean 
for the time period between maps (1947--61). 

Steady-state longitudinal profiles of both glaciers were 
obtained by shifting the eXlstmg mass-balance versus 
altitude curve by a magnitude equal to the measured mean 
annual mass balance. To produce steady-state conditions, the 
equilibrium-line altitudes of both glaciers would need to 
move less than 90 m (85 m higher for South Klawatti 
Glacier and 88 m lower for North Klawatti Glacier). 

INTRODUCTION 

The divergent behavior of the North and South 
Klawatti glaciers has significant implications for case studies 
of glacier response to climate change and to regional studies 
of glacier behavior. Once we understand the response of 
glaciers to influences other than climate change, perhaps we 
can determine how glaciers respond to changes in climate. 

The two glaciers are adjacent along the crest of the 
North Cascade Mountains in Washington state, U .S.A., about 
135 km north-east of Seattle (Fig. 1). Two topographic maps 
were made for the glaciers by precise mapping techniques 
applied to aerial photographs taken in September of 1947 
and 1961. Comparison indicated that North Klawatti Glacier 
had thinned by 8.3 m (averaged over the surface area) 
whereas South Klawatti Glacier thickened by an average of 
5.8 m (Meier, 1966). This contrary behavior is puzzling 
because the glaciers are similarly oriented, have similar 
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altitude ranges (l600-2400 m for North Klawatti Glacier and 
1700-2500 m for South Klawatti Glacier), and have similar 
areas (1.61 and 1.89 km 2 respectively). In addition, because 
of their small size, the glaciers are affected by the same 
mesoscale climate. The local climate seems to be similar for 
both because their equilibrium lines are at the same 
altitude. 

Examination of their topography revealed that their 
most distinguishing characteristic is the distribution of 
glacier area with altitude (Fig. 2). The mean altitude of 
North Klawatti Glacier is 2060 m, whereas that of South 
Klawatti Glacier is 2265 m. These differences in area 
distribution may account entirely for the large dissimilarities 
in mass change during the 1947--61 period. This paper 
explains the difference in mass accumulation between the 
Klawatti glaciers in terms of their different area distribution 
with altitude and presents a technique to estimate the 
balance41ltitude function from time-spaced topographic maps 
of adjacent glaciers. Before it can be determined whether 
the area41ltitude distributions are the cause of the different 
mass changes, the relation between balance and altitude 
must first be calculated. 

BALANCE-AL TITUDE APPROXIMATION 

The distribution of a glacier'S mass balance with 
altitude is a crucial link in the glacier-climate relation. The 
dependence of balance on altitude is established by 
meteorological processes that control the volume and 
distribution of snow accumulation, and by incoming solar 
energy that causes melting of ice and snow. The balance­
altitude relation and the area41ltitude distribution of a 
glacier determine the annual loss or gain in mass and thus 
define the extent and geometry of the glacier. 

The annual mass balance at any point on a glacier is 
the yearly difference between accumulation and ablation. 
The shape of the balance41ltitude curve is dependent on 
how accumulation and ablation change as altitude changes. 
Most observed relations are quite erratic on a local scale, 
partly because of measurement errors, but primarily because 
of the spatially-variable accumulation or ablation patterns on 
small mountain glaciers (Kuhn, 1981). 

On the average, the balance41ltitude function has a 
distinct shape for each mountain glacier. Generally, below 
the equilibrium line the balance41ltitude function has a 
positive slope and often can be approximated by a straight 
line. This pattern results from the retreat of the snow line 
that exposes ice of lower albedo, which increases ablation 
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Fig. I . North (right) and South Klawatti glaciers, Washington State. The former terminus pos ltJOns are 
shown . The 1988 terminus position for North Klawatti Glacier is approximately the same as in this 
photograph and South Klawatti Glacier terminus position is as shown . The photograph was take n on 
14 August 1984. 

(Armstrong , this volume). The relative magnitude of ablation 
at each location then is a function of the length of time 
the ice surface was exposed to the sun. The rate of retreat 
is controlled primarily by the thickness of the accumulated 
snow and the solar energy input in the summer. Above the 
equilibrium line the balance-altitude function probably is 
related to the winter accumulation gradient because, for 
most glaciers, the accumulation variation with altitude is 
greater than the variation in heat sources and albedo. 

For glaciers such as South Cascade Glacier, Washington , 
and Gulkana Glacier, Alaska, the balance-altitude function 
reaches a maximum at an altitude lower than the head of 
the glacier, then decreases slightly at higher altitudes (Meier 
and others, 197 I), This decrease can be explained , at least 
partia ll y, by accumulation processes. The upper part of a 
glacie r often is more exposed, and the snow it receives may 
be partly removed by wind. Another possible cause for this 
increase in balance may be that greater amounts of solar 
radiation are received by the less shaded higher altitudes; 
thus ablation is slightly greater at higher altitudes on some 
glaciers. However, glaciers such as the Blue Glacier, 
Washington, and Saskatchewan Glacier, British Columbia, 

Canada , exhibit a fairly consis tent balance gradient over 
their entire length (Meier and others, 1971), For Blue 
Glacier, Armstrong (1990, this volume) asserts that the 
linear balance gradient in the accumulation zone is a result 
of a large winter precipitation gradient. 

The balance-altitude function may be approximated by 
simple mathematical curve. Finsterwalder (1954) suggested 
that a quadratic form well approximates the balance versus 
altitude function , and L1iboutry (1955) suggested a linear 
form. Based on measurements of the balance-altitude 
relation (Meier and others, 1971), the quadratic form is the 
best initial approximation: 

b(z) = pz2 + qz + r (I) 

where b(z) is the mass balance as a function of altitude z; 
and p, q, and r are constant coefficients. 

The climatic conditions seem similar for both glaciers 
on the basis of observations of their equilibrium-line 
altitudes (ELA). Therefore, we assume the same balance­
altitude relation for each glacier. The average annual mass 
change for each glacier then can be calculated: 

279 
https://doi.org/10.3189/S0260305500008752 Published online by Cambridge University Press

https://doi.org/10.3189/S0260305500008752


Tangborn and others: Effect of area distribution with altitude 

(fJ 
a: 
w 
I-
w 
~ 

~ 
uj 
0 
:J 
I-
f= 
-' 
<! 

AREA FRACTION 
NORTH KLAWAITI SOUTH KLAWAITI 

0.20 0.10 
2,700 ,------------r----.-----,-----r----.----, 

2,600 

2, 400 

2,300 

2,200 

2, 100 

2,000 

1,900 

1,800 

1,100 

1,600 

EQUILlBRIUM· LlNE ALTITUDE = 2040m 
ACTIVITY INDEX = 5mm/m 

1,500 L-_--'-__ --'-__ ...L... __ '-_----' __ .....l... __ ....L_---l 

·5 · 4 ·3 ·2 ·1 0 

MASS BALANCE, 
IN EQUIVALENT METERS OF WATER 

Fig. 2. The estimated mean balance-aItitude curve for 
1947-61. The area fractions for each 50-m altitude 
interval, used in the determination of the mean 
balance-altitude function, b(z), are shown for each 
glacier. 
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where l1M is the average annual mass change expressed as 
average surface altitude change in water equivalent, r is the 
time averaged area-altitude fraction and equal to: 

dA(z) 
------

Atot al dz 

where A is the time averaged area below altitude z, and 
Atotal is the total area of the glacier, b is the average 
annual balance for the time period between maps, h is the 
altitude of the glacier's head and t is the altitude of the 
terminus. The subscripts nand s indicate North Klawatti 
and South Klawatti glaciers , respectively. Use of the average 
area-altitude distribution for the time period between maps 
removes the time dependence from Equations (2) and (3) , 
The mass change and average area-altitude fractions are 
known from the two topographic maps; therefore, b(z) 
remains to be calculated. 

The coefficients of the balance function (Equation (I» 
p, q, and r are unknown. The solution requires a third 
equation to close the problem. Fortunately, the mass change 
at the equilibrium line is known and provides the third 
equation: 

b(zo) = pz~ + qzo + r = 0, (4) 

where Zo is the time average altitude of the equilibrium 
line. Equations (2), (3), and (4) were solved simultaneously 
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for the coefficients p, q, and r, using the average annual 
mass change of t:.Mn = -7.5 m/ 14 a = -0.53 m/ a-I , and 
t1Ms = 5.2 m/ 14 a = 0.37 m a-I water equivalent estimated 
from surface altitude change on topographic maps and 
multipl ying by the density ratio of ice and water of 0.9. 
The coefficient values are: 

p -S .533. W-6 

q 0.0400 

r = -46.10 

The resulting curve (Fig. 2) compares favorably to measured 
balance-altitude curves found in Meier and others (1971). 
The altitude of maximum balance, determined by 
db/ dz = 0, is equal to -q/ 2p (2350 m). 

The mean ELA was determined by an analysis of aerial 
photographs, taken just before the start of the accumulation 
season, for 8 of the 14 years between maps. A mean 
altitude of 2040 m is considered a reliable value for both 
glaciers during 1947-61. 

ACTIVITY INDEX 

The slope of b(z) at the equilibrium line, 

dbl 
dz z = Zo ' 

is the actIVIty index (AI) (Meier, 1961) or the energy of 
glacierization (Shumskiy, 1946). For the Klawatti glaciers the 
AI is 5 mm m-I. Blue Glacier, which is about 160 km 
south-west of the Klawatti glaciers, is in approximate 
equilibrium and has an activity index of 7 mm m-I 
(Armstrong, 1990, this volume). 

STEADY -ST A TE CONDITIONS 

Examination of the effect of shifting the b(z) function 
to achieve a steady-state condition for these glaciers (mean 
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Fig. 3. The 1947-61 average balance-altitude relation, b(z), 
and the steady-state b(z ) curves for North and South 
Klawatti glaciers. The steady-state profiles are the result 
of shifting the 1947-61 mean, b(z) , along the balance 
axis by the value of the mean annual balance for each 
glacier during this period. 
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TABLE I. VALUES OF THE EQUILIBRIUM-LINE 
ALTITUDE (ELA), MEAN ANNUAL MASS BALANCE 
(I1M), AND ACTIVITY INDEX (AI) FOR EACH GLACIER 

1946-6 I mean Steady-state 

ELA /1M AI ELA /1M AI 
m m a -I mm m-I m m a-I mm m-I 

North 
Klawatti 
Glacier 2040 -0.53 5 1952 0 7 

South 
Klawatti 
Glacier 2040 0.37 5 2125 0 4 

annual balance equal to zero) is instructive. The 
balance-altitude curve can be shifted in altitude, 
b(:::) = bo(z + zi)' and / or in balance, b(z) = bo(z ) + bi' 
Based on field data the balance shift seems to be a more 
physically real approximation (Meier and Tangborn , 1965; 
Armstrong, this volume). If the b(z) curve, determined for 
the Klawatti glaciers, is shifted by the mean (1947-61) 
annual balance for each glacier, the integral of the balance­
altitude and area-altitude distribution will equal zero, a 
steady-state condition (Fig. 3): 

h 

o = J I<z) (b(z) (5) 

where tJ.Mi is the mean (1947-61) annual balance, and 
equals 0.37 m for South Klawatti Glacier and -0.53 m for 
North Klawatti Glacier. The steady-state ELA is calculated 
from b(:::o) - I1Mi = O. 

For North Klawatti Glacier, the steady-state ELA 
would be lower than its existing altitude (1952 m) by only 
88 m and the ELA (2125 m) for South Klawatti Glacier 
would need to be raised only 85 m to maintain a 
steady-state profile. In addition, the AI for each glacier 
would have a new value corresponding to the change in 
slope of b(z) at the steady-state ELA. The steady-state AI 
for South Klawatti would be 4 mm m-\ an approximate 20% 
decrease in activIty from the 1947-61 average . The 
steady-state AI for North Klawatti would be 7 mm m-I, 
corresponding to an approximate 40% increase (Table I). 

GLACIER CHANGES AFTER 1961 

No topographic map of the Klawatti glaciers has been 
made since 1961 so no quantitative comparison with the 
maps made during 1947-61 can be made. However , 
intermittent aerial photographs of the glaciers show terminus 
positions and equilibrium lines. In the late 1950s the termini 
of the two glaciers were joined. By 1965, the active termini 
were connected only by a thin, dead ice mass. From their 
maximum extent in 1961 to their 1988 positions, North 
Klawatti retreated about 450 m, and South Klawatti about 
300 m. 

The ELAs were estimated from approximately ten 
photographs taken in late September or October, near the 
end of the ablation season, in years since 1961. Although 
the estimates were approximate, the ELA seemed unchanged 
since that time. The ELA for both glaciers was located at 
about 2050 m, which is very similar to the estimate of 
2040 m for 1947-61. 

The retreat of South Klawatti Glacier after 1961 may 
seem to contradict what one would expect from its average 
positive mass balance during the 1947-61 period. Tangborn 
(I980) reconstructed the mass balance for the glacierized 
part of the Thunder Creek Basin, which includes the 
Klawatti glaciers. His estimates show that the basin glaciers, 
as a whole, generally gained mass from 1947 to 1955, and 
in 1957 started to lose mass. The recession of South 
Klawatti Glacier is the expression of this mass loss. 

Tangborn and others: Effect of area distribution with altitude 

Given the new altitude of the termini, the estimated 
balance-altitude curve, and the same ELA, are the glaciers 
near equilibrium? Examination of the aerial photographs 
since 1961 did not show appreciable change in the position 
of the margins of the accumulation zone and upper ablation 
zone, which indicates that the same altitude-area 
distribution, after correcting for termini recession, could be 
used as a first estimate. Because the ELA has not 
significantly changed, the same mean ba1ance-altitude 
function , b, also was used. Using Equations (2) and (3) to 
solve for the mass loss, /1M, results in 0.08 m year- l water 
equivalent for North Klawatti and 0.47 m year- l water 
equivalent for South Klawatti Glacier. Given the large, but 
uncertain, error in these estimates, North Klawatti can be 
considered in equilibrium. The larger, positive mass balance 
for South Klawatti is, at first, puzzling. 

The mass balance-altitude curve was calculated for a 
period when both glaciers were in extended positions. Since 
that time North Klawatti Glacier retreated up valley, 
whereas South Klawatti Glacier has retreated up the valley 
wall and now terminates in an ice fall. South Klawatti also 
undergoes additional mass loss due to ice calving, a process 
not active during the period for which the mass 
balance-altitude curve was developed; therefore, the mass 
balance is overestimated. Unfortunately, the calving rate 
cannot be estimated using available information and the 
status of the glacier relative to equilibrium cannot be 
ascertained. 

CONCLUSIONS 

A quadratic representation of the balance-altitude 
relation of a glacier seems to be a reasonable approximation. 
A single b(z) function can account for the very divergent 
behavior of the adjacent Klawatti glaciers of the North 
Cascades. The resulting activity index of 5 mm m-l compares 
well to that of Blue Glacier with an index of 7 mm m-l . A 
shift of the balance-altitude curve along the balance axis to 
produce the balance-altitude curve of a steady-state glacier 
indicates that a change in the equilibrium-line altitude of 
about 90 m would be sufficient to produce equilibrium 
conditions for both glaciers. On the basis of the 
balance-altitude curve and a correction to the area-altitude 
distribution of ice that were based on photographic 
estimates of terminus position , North Klawatti Glacier 
appears to be near equilibrium as of 1988. Because South 
Klawatti Glacier terminates in an icefall its mass-balance 
status is uncertain . 
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