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ABSTRACT. A time-dependent model of glacier Oow was used to predict the response 
of Storglaciaren, a small vall ey glacier in northern Sweden, to different warming scenar
ios by imposing two possible climatic forcings: one in which temperature alone increases 
(T model), and one in which both temperature and precipitation increase (TP model ). A 
range of possible changes in temperature and/or precipitation was related to changes in 
glacier mass balance through a multiple lineal- correlation of mean specific net balance 
with mean summer temperature and mean specific winter balance. The T model was 
run with mass-balance perturbations in the form of linear increases from the recent 
(1980- 89) mean summer temperature of I, 2 and 4 QC over the next 100 years. Perturba
tions [or the TP model also used linear increases in precipitation of 10, 20 and 50% over 
current mean winter values in addition to increases in temperature. 

Results of the modeling suggest that initial changes in the glacier's profile due to in
creases in temperature, or in both temperature and precipitation, are of comparable mag
nitude to those that might be expected as the glacier completes its response under the 
existing climate. Changes in the g lacier's surface profile and terminus position that can, 
with some certainty, be attributed to climatic warming may only become apparent sev
eral decades after warming has begun. 

INTRODUCTION 

Storglaciaren is a small sub-polar glacier located in the 

Kebnekaise massif in northern Sweden (Fig. 1). Annual 
mass-balance measurements on the glacier began in 1945 
(Schytt, 1962) and have continued to the present time. 
Changes in the g lacier's profile, surface elevations and ter
minus position have also been measured regularly during 
this period. Analyses of such data led Holmlund (1987, 
1988) to conclude that Storglaciaren is essentially in equili
brium with the existing climate; that is, only relatively small 
changes in terminus position and even smaller changes in 
the ice-surface profile should occur in future in the absence 
of systematic changes in mass balance. Numerical modeling 
of Storglaciaren's response to the existing climate supports 
this conclusion (Brugger, 1992). Furthermore, modeling the 
glacier's response to step-type perturb-ations in mass 
balance suggests that the volume time-scale Tv (defined by 
J6hannesson and others (1989)) as the time required to pro
duce the change in glacier volume between initial a nd final 
steady states in response to a perturbation in mass balance) 
is about 200 years. Because adjustments in glacier geometry 
caused by perturbations in mass balance are nearly complete 
after a period of 0.4Tv U6hannesson and others, 1989), Stor
g laciaren might be expected to be sensitive to CO2-induced 
warming predicted in many global climate models (e.g. 
Houghton and others, 1996). Storglaciaren's sensitivity could 
therefore be used to assess in a general way the sensitivity of 
other similarly sized, valley glaciers. This knowledge of sen
sitivity is necessary if the behavior of vall ey g lac iers is to be 
used to detect climatic warming and as a measure of its 
severity (cf Oerlemans, 1994; Haeberli and Hoelzle, 1995). 

This paper presents results of numerical modeling 

experiments designed to predict the response of Stor
glaciaren to potential climatic warming. Two general warm
ing scenarios are examined: one in which temperature alone 
increases and one in which both temperature and precipita
tion increase. The effects of these increases on the behavior 
of the glacier are then compared to that predicted in the 
absence of climate change. 

THE MODEL 

The present study uses a time-dependent numerical model 
developed by Bindschadler (1978, 1982) and is only briefly 
described here. Essentially the model is a onc-dimensional, 
finite-difference approx imation to the continuity equation: 

85 8Q = bW 
8t + 8x 

(1) 

where S is the cross-sectional area of the glacier, t is time, Q 
is the volume nux, x is the center-line distance, b is the 
annual mass balance, and W is the glacier width. Glacier 
width and cross-section are parameterized along x as func
tions of ice thickness H by: 

W = DH1 + EH (2) 

S = 'lDH~ +lEH 2 + F 3 2 (3) 

where D, E and Fare constants. Values for H, W, S, D, E, F 
and the bedrock elevations were determined from detailed 
maps of the surface of Storglaciaren and of the subglacial 
bedrock topography revea led by radio-echo sound ing 
(Bjornsson, 1981). The volume nux is: 

(4) 

where 1* relates the velocity averaged over 5 to the center-
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Fig. 1. Map qf Storglaciiiren showing the generalized surface and bed topography. C. I ., contour interval. 

line surface velocity Us calculated by: 

U. - 2A (f . )nun+l s - - - pg sm a fl 

n+ l 
(5) 

where A and n are pa rameters in a flow law of the form 
E: = ATn

, f is a shape factor which acco unts for drag 
impa rted by the valley walls, p is the density of ice, 9 is the 
gravitational acceleration, and a is the slope of the ice sur
face. Equation (5) ignores any velocity component due to 
basal sliding, ma king the model suitable [or Storglacia ren 
where velocity data (H ooke and others, 1989; R . LeE. 
Hooke, unpublished data) indicate that the contributions 
of sliding to the mean annual velocities do not exceed 5-
10 % . 

Equations (1)-(5) a re a set o[ non-linear simulta neous 

equations which, when boundary conditions a re specified, 
a re so lved numerically [or the time-dependent behavior o[ 
H . Deta ils of the computationa l scheme and its stability 
can be found in Bindschadler (1978: 84-102). Boundary con
di tions a re specified at the head a nd terminus of the g lacier 
model. Only the lower part of Storglaciaren was modeled, 

to avoid the complexities of fl ow dynamics that res ult from 
the confluence of the two tributa ry cirques (Fig. 1). Thus the 
volume nux into the head of the model must be specified, 
the details of which a re discussed below. The terminus 
boundary is a wedge in which the geometry vari es wi th time 
to conserve the volume flux into it, the terminus position 

being determined where the ice thickness, and hence 
volume flu x, vanish . With all va riables, para meteri zations 
and boundary conditions specified, the model was "tuned" 
by adjusting the f values in Equation (5) so that the calcu
lated surface velociti es matched those measured by H ooke 
and others (1989). The resulting tuned model is the 1985 
datum state which is subj ected to mass-ba lance per turba
tions in the subsequent modeling experiments. 

MASS-BALANCE PERTURBATIONS AND 
CLIMATIC WARMING 

The fundamental influence of climatic warmll1g on the 
future behavior of Storglaciaren is assumed to be that of 
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changes in mass ba lance brought about by changes in temp
erature a nd precipitation. Thus the effect (s) of climatic 
warming is simulated in the model by imposing various per
turbations on the existing mass-balance distribution, de[
i ned here as the average during the interval 1981- 89. The 
form and magnitude of the perturbations used a re depen
dent on the presumed increases in temperature and precipi
tation, and on the relationship between these va riables and 
the mass balance of Storglacia ren. The latter rela tionship 
[or the 43 year period 1946- 89 is described by a highly 
significant correlation (multiple correlation coeffi cient, 
R = 0.96) of the variables given by: 

bn = - 0.394Ts + 0.862bw + 0.756 (6) 

where bn is the mean specific net balance (m w. e.), Ts is the 
local mean summer temperature (O C), a nd bw is the mean 
specific winter balance (m w. e) that is used here as a surro
gate measure o[ winter precipitation. The magnitude of the 
mass-balance perturbation 6.bn [or a given change in mean 

summer temperature 6.T and/or winter precipita tion 6.P 
(m w.e) is then: 

~bn = - 0.394(Ts(o) + ~T) + 0.862 (bw (o) + ~P) 

+ 0.756 - bn(D) (7) 

where subscript "0" signifi es va lues averaged over the datum 
interval 1981- 89. 

The first series of modeling experiments examines the 
response of Storglaciaren to increases in temperature only. 
These experiments a re collectively referred to as the T 
model. TheT-model experiments used mass-ba lance pertur
bations (Table I) corresponding to increases of I, 2 and 4°C 
in the present mean summer temperature presumed to 
increase g radua lly and linearly over the next 100 years. 
These increases fall well within the range of those predicted 

for pola r latitudes by recent simulations of greenhouse 
warming (H oughton and others, \996). The exact form o[ 
the perturbations was that of linear ramp function with a 
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Table 1. Mass -balance perturbations 

Model 

Ex isting climate, 1981 89 

Tmodel 

T P model 

• Increase over 1981- 89 va lues. 

6.T' 

°C 

0 

I 
2 
4 

I 
2 
2 
2 
4 
4 
4 

6. P' 6.b;; 

% mw.e. 

0 0 

0 0.40 
0 - 0.80 
0 - 1.59 

10 - 0.26 
20 0.12 
50 +0.31 
10 0.65 
20 - 0.51 
50 - 0.08 
10 - 1.44 
20 - 1.30 
50 -0.87 

limiting value equa l in m agnitude to t:.bn at 100 years. The 

net mass balance bn(x, t ) at any x and time t is thus: 

- t 
bn(x, t ) = bn(x)o + t:.bn 100 0 :":: t :":: 100 

t > 100 . (8) 

Since the perturbation is applied uniformly over the glacier, 

this is equivalent to a g radual but continuous translation of 
the specific net balance curve to a maximum of t:.bn, mean
ing that the mass-ba lance perturbation is independent of 
a ltitude. T his seems reasonable since an ana lysis, following 
Kuhn (1984), of available specific net ba lance curves for 
Storglacia ren suggests that thi s is so, even during years of 

large positive or la rge negative m ass balance (K. A. Brug
ger, unpublished data ). H owever, O erlemans and H oogen
doo rn (1989) a rgue that with cl imate change the mass
balance perturbation might be strongly dependent on alti
tude; such perturbations are the subj ect of work in progress. 

In the series of experiments examining the effects of in

creasing both mean summer temperature and winter precipi
tation (the TP model), a scenario that is predicted by some 
global climate models, mass-balance perturbati ons were again 
appli ed as a ramp function (Equati on (8)). Here, 6.bn values 
(Table 1) were calculated (Equation (7)) using precipitation 
increases of 10, 20 and 50% over the current winter mean 

(bw(o) ), together with temperature increases of I, 2 and 4°C. 
The boundary condition at the head of the model must 

be made to conform to cha nges in glacier geometry result
ing from the mass-balance perturbations. This is somewhat 
problematic because these changes are unknown in the 
unmodeled section up-glacier from this boundary. The flu x 

at the head bounda ry Q head (t) was allowed to va ry accord
ing to cha nges in ice thickness in the following way: 

. [ (H1(t) ) 5.5 1 
Q head(t) = mm Q head(O) H 1(o) , Qhead(O) (9) 

where HI (t) is the ice thickness at the head, and subscript 
"0" again denotes values averaged over the time interval 
1981- 89. (The dependence of Q on H 5.5 arises from Equa
tions (3)- (5) with n = 3 and the fact that the second term 
in Equation (3) is small.) The appearance of the minimum 
function in Equation (9) insures that any initial thickening 

Brugger: Predicted response if Storglaciiiren to warming 

at HI does not get amplifi ed with time by corresponding in
creases in Q head. This would be inconsistent with negative 
mass-ba lance per turba tions. This restriction was removed 
for the one experiment in the TP model where t:.bn was 

positive (Table I). Qhead(O) is given by: 

(10) 

where bnu(o) is the mean specific net balance over the un
modeled a rea Au up-glacier from the head. 

Obviously, a more realistic formulation of Q bead would 
include a dependence on the surface slope as well, but thi s 
requires some knowledge of thickness changes up-glacier 
from H l . Lacking thi s, Equation (7) ass umes that the slope 
in this region of the glacier remains fa irly consta nt, and the 
modeling experiments support this assumption. Moreover, 
Q is less sensitive to changes in slope (see Equa tion (5)) so 
that any changes in volume flux brought about by changes 
in thickness a re much greater than those caused by the sm all 
changes which occur in the slope. 

Because of the uncer tainties in this formulation OfQ head, 
a sensitivity a nalysis of the model was performed using two 
alternative formulations. The first required that Qhead 
decrease in proportion to the imposed mass-balance pertur
bation such that: 

0 :,,:: t :":: 100 

t> 100 . (11) 

In effect th is formulation of Q head implies that the un
modeled region of Storglacia ren adjusts insta ntaneously to 
the mass-balance perturbations so as to provide a steady
state flu x equa l to the integral of the net mass ba lance over 
the surface Au. This boundary condition insures a mono
tonic decrease in the volume flux entering the head of the 

glacier model [or the fi rst 100 model years. In the other 
alternative formulation, Q hcad remains constant and equal 
to Qhead(O) . Implicit in this formulation is that the un
modeled section of the glacier remains in steady state and 
is unaffected by mass-balance perturbations. 

RESULTS AND DISCUSSION 

Predicted behavior in the absence of climate change 

Figure 2a shows the predicted evolution of the longitudina l 
profile ofStorglaciaren assuming no future changes in mass 
balance. This model will be referred to as the EC model. The 
EC model thus gives a "baseline" prediction against which 
res ults from the T and TP models can be compared. 

The EC model suggests that Storglacia ren is quite close 
to being in steady state with the existing climate. While the 
terminus continues to adjust over time, most of the glacier 
experi ences only minor changes in geometry (Fig. 2a). 
Furthermore, Figure 2a suggests that significant changes in 
terminus geometry will essenti a lly be completed in the next 
lOO years. 

The predicted behavior at the glacier terminus is cla ri
fied in Figure 3 where the terminus position is plotted as a 
function of time. The initia l retreat of the terminus from its 
1985 position might be unexpected at first, given the 
glacier 's slightly positive specific net balance between 1981 
and 1989 (Table 1). However, this behavior continues the 
trend established around 1910 when the glacier began to re-
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Fig. 2. Evolution qf the profile qf Storglaciiiren in response to 
(a) existing climate (EC model) and (b- d) mass-balance 
perturbations used in the T model. Profiles are drawn in 20 
year intervals except where otherwise labeled. 

treat from its Little Ice Age maximum in response to a 
climatic warming of about 1°C (H olmlund, 1987). Thus, the 
retreat from 1985 to approximately 2070 indicated in Figure 
3 reflects the continued adjustment to that warming. Viewed 
another way, this retreat is a measure of the imbalance 
between the 1981- 89 mass-balance distribution and that 
required to maintain the existing profile of the glacier. 
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Fig. 3. Predicted behavior of the terminus of Storglaciiiren in 
the T model compared with that of the EC model. The squares 
represent observed terminus positionsfrom 1897 to 1985. The 
rather rapid retreat from 1550 to 1200 m Jor b.T = 2° and 
4° C is an artifact qf retreat over a bedrock riegel. 

If the results of the EC model are to be used as the basis 
for comparison, severa l points addressing their validity 
must be emphasized. First, as noted previously, the volume 
response time Tv of Storglaciaren has been independently 
determined to be about 200 years. Adjustments of the termi
nus in response to the climatic warming in 1910 would there
fore be expected to be complete about the year 2110. In the 
model, stabilization of the terminus occurs about 2070. 
These two estimates are in qualitative agreement, consider
ing the uncertainties associated with Tv and those inherent 
in the model. Major changes elsewhere on the glacier 
should, however, be completed in the much shorter time in
terval of 0.4Tv U6hannesson and others, 1989). This means 
that an equilibrium profile over most of Storglaciaren 
should have been established by 1990. This is precisely what 
is seen in the EC model (Fig. 2a) and documented by recent 
studies of the glacier's mass balance and volume change 
(Holmlund, 1987, 1988). Thus, the present and future 
behaviors of the datum glacier according to the EC model 
are consistent with both observation and theory. 

TheT model 

The evolution of glacier profiles resulting from the mass
balance perturbations introduced in the T model and the 
corresponding terminus behaviors are shown in Figures 
2b- d and 3, respectively. The objective of each experiment 
was to simulate the future behavior of Storglaciaren for up 
to 200 model years. For the larger perturbations (2° and 

4°C ), however, retreat over a pronounced riegel at 
x = 1200 m presented some difficulty in the numerical 
model as surface slopes became negative immediately up
glacier of this point. (See, for example, the 160 year profile 
for b.T = 2°C as a precursor of this condition.) These runs 
were thus terminated early. Also, Figure 2c and d do not 

show thin residual ice present in the overdeepening imme
diately down-glacier of the riegel; this ice would presumably 
stagnate as the active ice front retreats over the riegel. 

The most obvious feature or the glacier's response is the 
reduction in ice thickness, the magnitude of which increases 
with increasing distance down-glacier. As expected, the 
reduction in ice thickness scales with the size of the pertur
bation, and therefore the causal temperature increases. The 
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Fig. 4. Mean deviation from the 1985 datum profile for the T
model experiments. The upper and lower dashed lines repre
sent results for the constant Qhead boundary condition with 
!IT = r and 4°C, respectively. The upper and lower dotted 
lines are for a linearry decreasing Qhead with DoT = rand 
4Q C, respectivery. 

mean deviation from the datum profile 

1 n 

Hd(t) = - L [H(i, t) - H(i, 1985)] , (12) 
n i=l 

where n is the number of grid points in the model, is a useful 
measure when comparing profile changes. Hd (t) for the var
ious modeling experiments are plotted as a function of time 
in Figure 4. The Hd(t) values of the various !IT perturba
tions are generally not too different from one another nor 
from those of the EC model in the first 20- 30 years of warm
ing (Fig. 4). Even more noteworthy is the fact that Hd(t) for 
DoT = I QC and the EC model are virtually identical for 
about the first 50 years. These similarities are also evident 
in the behavior of the terminus (Fig. 3) and in the change 
in the glacier's volume (Fig. 5). Only after 70 years do 
volume changes associated with a warming of I QC begin to 
deviate significantly from those predicted for the EC model. 

Several decades into the warming, however, the mass
balance perturbations manifest themselves as relatively 
large changes in the glacier's terminus position, profile and 
volume (Figs 3,4 and 5, respectively). The Hd(t) values vary 
roughly in proportion to DoT so that the effect of the magni
tude of DoT is now clearly evident. By the end of the warm
ing (2085), the modeled section ofStorglaciaren has thinned 
an average of some 16, 41 or 75 m as a result of temperature 
increases of I, 2 or 4

Q
C, respectively. This thinning corres

ponds to a reduction in the glacier's datum-state volume 
(1.65 x 108 m3

) of between 8% WC) and 60% WC). Changes 
in the glacier's geometry will undoubtedly continue well after 
2085 as it continues to adjust to the warmer climate. 

Thus, any consequences of climatic warming may not be 
clearly evident in the short-term behavior of Storglaciaren. 
Rather, such consequences only become observable in the 
glacier's profile and terminus position 30 or 40 years or 
more after the onset of warming. 

Another characteristic illustrated in Figure 2b- d is that 
for a given increase in !It, the rate of change in ice thickness 
increases with time. Since the change in ice thickness in 
these experiments is negative, the rate of change in ice thick
ness can be thought of as a thinning rate. This behavior 
appears to be analogous with the initial instability that Nye 
(1960) showed to be characteristic of the response of the ab
lation area (or more generally, a zone of compressive flow ) 
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Fig. 5. Volume changes with respect to the 1985 datum profile 
for the T-model experiments. 

to step-type perturbations in mass balance. However, the 
modeled response of Storglaciaren to step-type perturba
tions is such that any initial instabilities, such as at the ter
minus, are transient and stability is quickly restored 
(Brugger, 1992). Thus, the increases in thinning rates 
observed in the T model are due to the type of perturbation 
used in the experiments. 

Sensitivity analysis of the head boundary condition 

Figure 4 also shows the effects of imposing different head
boundary conditions in the T model using DoT's of I ° and 
4

Q
C. For an initial period of time, about 110 and 60 years, 

respectively, a condition of constant Qhead (dashed lines in 
Fig. 4) yields similar profile changes (quantified in terms of 
Hd(t) ) to those when Qhead is calculated from Equation (9). 
After this time, the Hd(t) values begin to diverge, those 
associated with the constant flux boundary condition being 
somewhat smaller in magnitude. The reason for this diver
gence is the decrease in Qbead, insured by Equation (9) by 
virtue of reductions in H l . Eventually the decrease in ice flux 
becomes large enough that when propagated through the 
glacier, and when combined with the increasingly negative 
mass-balance distribution, an increased thinning results. 
The larger reductions in Hl when DoT = 4

Q
C mean that this 

occurs sooner than when DoT = 1°C. The condition of con
stant Qbead, although not realistic, places an upper limit on 
Hd (t) late in the glacier's response, because the ice flux over 
the upper, unmodeled reaches ofStorglaciaren will most cer
tainly decrease due to more negative mass balances. 

The linearly decreasing Qhead prescribed by Equation 
(11) (dotted lines in Fig. 4) may place a lower limit on 
Hd (t). With this boundary condition, Hd (t) shows an initial 
rate of decrease greater than that either when Qbead is calcu
lated from Equation (9) or when Qhead is held constant. This 
is because Equation (11) forces a relatively large and rather 
immediate decrease in Qbead, which is not the case for the 
other two boundary conditions. For the case of !IT = 1°C, 
the initial rapid decrease in the thickness of the glacier is fol
lowed by a period of more gradual decrease, which at 2150 
becomes quite small. This transition from an increasing to a 
decreasing rate of thinning corresponds to the end of the 
perturbation (100 years), after which Qbead remains con
stant. (Presumably this would also be seen [or !IT = 4°C if 
the modeling run could have been continued for the full 200 
years.) In view of this, it is not surprising that the rates of 
thinning for the boundary conditions of constant flux and 
linearly decreasing flux are similar over the latter halves of 
the two modeling runs. 
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Fig. 6. Mean deviationfrom the 1985 datumprifilefor theTP 
model experiments. The curve for 6.T = 2Q C and 6.P = 

50% is not shown, because if its similarity to that for 
t::.T = re and t::.P = 20 % (see Table1). 

The foregoing analysis suggests tha t the behavior of 
Storglaciaren predicted with the boundary condition given 
by Equation (9) is at least qualitatively correct. Given the 

uncertainti es inherent in the numerical model and in the 

simulation of the effects of climatic warming on the glacier's 
mass balance, those introduced by the formulation of the 
boundary condition are likely to be oflesser significance. 

The TP model 

Results of the TP model are shown in Figure 6 as profil e 
changes expressed as variations Hd(t) through time. As in 
the T model, several of the experiments in the TP model 
could not be run the full 200 years because of numerical dif

ficulties when the terminus retreats over the riegel. Two of the 
experiments were terminated early for other reasons. For the 
case of 6.T = 1 QC and 6.P = 20%, a new steady-state profile 
was achieved after 134 years. (The term "steady-state" is used 
here in the context of the numerical model to indicate a con
dition when profile changes at each grid point fall below a 
small, predetermined limit.) When t::.T = 1°C and 
6.P = 50%, a rapid advance of the terminus led to numeri
cal diflicul ties, due in part to the inability to accurately define 
cross-sectional parameterizations (specifically 1* in Equa
tion (4)) down-valley from the present extent of the glacier. 

Figure 6 shows that the various Hd(t) curves are indis
tinguishable from one another and from that for the EC 
model for the first two decades, again suggesting that the 
eITects of climatic warming may not be evident in the beha
vi or of Storglaciaren in the immediate future. For less 
extreme increases in temperature and/or precipitation these 
similarities continue for an additional 20- 40 years or more. 

Because changes in mass balance due to increases in pre
cipitation at least partially offset those due to increases in 
temperature, thinning of the glacier's profi le in each of the 
TP experiments is less than when only temperature 
increases a re considered. Not surprisingly, this difference 
becomes more pronounced with increasing values of 6.P. 
Equation (7) implies that increases in mean summer temp
erature are wholly offset by increases in winter accumula
tion when 6.P = 0.27bw (o) QC- I. Thus the combination of 
6.T = I QC and 6.P = 50% yields a positive mass-bala nce 
perturbation (Table 1) which results in a thickening (Fig. 6) 
and advance of the glacier. Equation (7) and Figure 6 also 
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suggest that small increases in mean summer temperature 
(1°C ) and moderate increases in winter accumulation (20-
30% ) could mainta in the present, near steady-state geo
metry of Storglaciaren. 

CONCLUSIONS 

The foregoing analysis suggests that short-term monitoring 
of Storglacia ren may be insufficient to detect the onset and 
severity of climatic warming. Initial changes in the glacier'S 
profile and volume predicted in response to increases in 

temperature or both temperature and precipitation are 
comparable in magnitude to those that might be expected 
as the g lacier completes its adjustment to the existing 
climate. Conversely, the lack of rapid, observable changes 
in the glacier's profile cannot be taken as an indication that 
climatic warming is not occurring. This ambiguity in the 

significance of the short-term behavior of Storglacia ren is 
exacerbated with due consideration of: (i) the natural year
to-year variability in mass balance; (ii ) past, small-magni
tude, high-frequency climatic signals to which the glacier 
may continue to respond; and (iii ) an increase in temper

ature that may be exponential rather than linear as as

sumed in this study. Changes in the glacier's surface and 
terminus position that can, with some certainty, be at tribu
ted to climatic warming may only become apparent some 
40 years or more after its beginning, depending on the exact 
nature of the warming. If Storglaciaren's sensitivity is typi

cal of small valley glaciers, the above conclusions imply that 
long-term observations of their behaviors might be requi red 
for the detection of climatic warming. 
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