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TERMINUS RESPONSE OF LEWIS GLACIER, MOUNT KENYA, KENYA, 
TO SINUSOIDAL NET-BALANCE FORCINGt 

By PHlLLIP KR USS * 

(Department of Meteorology, University of Wisconsin- Madison, 1225 West Day ton Street, Madison, Wisconsin 53706, U .S.A.) 

ABSTRACT. Climatic change occurs over a wide range of time scales. Each 
glacier responds in a unique fashion to this spectrum of climatic farcings. 
The response of the extent of th e Lewis Glacier terminus to sinusoidal 
fluctuation in the net balance is calcula ted. The nel balance versus elevation 
profi le is separately translated along the o rthogonal balance and elevation 
axes, Net balance amplitudes of 0.1 to 0.5 m a - I of ice and 10 to 50 m 
elevation , respec tively, and periods ra nging from 20 to 1000 years are 
covered . The time lag between forcing a nd terminus response is dependent 
on applied period , reaching a maximum of about 30 yea rs at 1000 years 
period, but is independen t of applied a mplitude. For the shorter a pplied 
periods the response amplitude increases ra pidly with period but asymp
totically approaches a maximum a t period s above approximately 200 years; 
it is linearl y dependent on applied a mplitud e. Considera tion of th e Lewis 
Glacier response taken in perspective with similar resul ts for other alpine 
glaciers identifies general characteristics of the terminus response. 

R ESU ME. La riponse de la langue terminale du Lewis Glacier, Mount Kenya, Kenya , 
n des oscillations sinusoidals du bilan de masse. Les Auctuations climatiques se 
produ isent suivant des echelles de temps tres differentes. On a calcule la 
reponse de la langue terminale du Lewis Glacier it une fluctuation 
sinusoidale du bilan de masse. Le profil des bil ans en fonction d e I' altitude 
es t transcrit separement suivant des axes orthogonaux bilan /a ltitude. On a 
couvert des amplitudes de bilans de 0, I a 0,5 m a -I de glace e t d 'altitudes 
de 10 a 50m respectivement su r des periodes allant de 20 a 1000 ans. Le 
temps de reponse entre I'incita tion du bilan et le mouvement d e la langue 
depend de la period e choisis, il alleint un maximum d 'environ 30 a ns pour 
des periodes de 1000 ans mais il est independan t de I'amplitude. Pour les 
periodes plus courtes I'amplitude de la reponse augmente rapidement avec 

1. INTRODUCTION 

Lewis Glacier on Mount Kenya (lat. 0°09'5 . , long. 
37°19'E . ) is the subject of a climate-monitoring 
program in which both recent climatic change in ' East 
Africa and the interaction between climate and glacier 
are being studied (Hastenrath, 1975; Caukwell and 
Hastenrath, 1977; Hastenrath and Caukwell, 1979; 
Hastenrath and Kruss, [1981J, 1982; Bhatt and others, 
[1982J; Kruss, in press) . For the most important 
earlier work on Lewis Glacier the reader should refer 
to Troll and Wien (1949) and Charnley (1959). Of con
siderable interest in the context of the present pro
ject is the response of Lewis Glacier to given cli
matic forcings, an effect which is dependent on the 
time scale and magnitude of the climatic event as well 
as on the physical characteristics of the glacier 
itself . In view of the link between climate, net 
balance, and the glacier, general characteristics 
can be investigated by examining net balance variation. 
A calculation is made of the response of the extent 
of the Lewis Glac i er ,te rminus to repeated sinusoidal 
netbalance oscillations of various periods and 
amplitudes . 

The technique used involves first the modeling 
of a steady-state glacier of a certain length . This 
is accomplished by translating the vertical net
balance profile by the amount necessary to produce 
the required length. Sinusoidal perturbations are 
then applied about the displaced net balance and the 
terminus response is monitored. 

For Lewis Glacier, two separate steady states of 
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la periode mais se rapproche asympto tiquement du maximum pour des 
periodes de I'ordre de 200 a ns; elle es t lineairemen t liee a I'amplitude de 
I' incita tion. La prise en compte de la reponse du Lewis Glacier en compara
ison avec des resulta ts a nalogues pour d 'autres g laciers alpins perme t de 
ca racteriser les traits generau x de la reponse d es la ngues. 

ZUSAMMENFASSUNG. Ansprechen des ,(ungenendes des Lewis Glacier, Mount Kenya, 
Kenya, au] sinusfl'rmige SchwankuTlgen der Massenbilanz. Klimaiinderungen ere
ignen si ch iiber einen weiten Bereich von Zeitskalen.Jeder Gletscher spricht 
a uf dieses Spektrum von Klim ageschehnissen in ihm eigener Weise a n . Es 
wird hier das Ansprech en des Zu ngenendes des Lewis Glacier au f 
sinusformige Schwankungen in der Massenbilanz berechnet. Das 
Vertikalprofil der M assenbil a nz wird getren nt la ngs der zueinander sen
krechten Bilanz- und H ohe nachsen verschoben . D abei werder Amplituden 
der Massenbilanz von 0 , 1 bis 0,5 m a - I und Amplituden der Hohe von 10 
bis 50 m behandelt, sowie Perioden von 20 bis 1000 J ahren. Der Phase
nunterschied zwischen d em Klimaereignis und dem Ansprechen des Zunge
nendes hiingt von der Periode des Klimageschehens ab, derart , dass ein 
M ax imu m von etwa 30 J a hren bei einer Peri ode von 1000 Jahren erreicht 
wird; dagegen ist der Phasenu ntersch ied unabhangig von der Amplitude 
des Klimageschehens. Fur di e klirzeren Perioden des Klimageschehens 
nimmt die Amplitude des Ansprcchens der Gletscherzunge rasch mit zuneh
mender Periode zu, aber sie erreicht ein Max imum bei Periodcn oberhalb 
etwa 200 J ahren ; das Ansprechen der Gletscherzungc hiingt linear von der 
Amplitude des Klimageschehens ab, In Zusammenhang mit a hnlichen 
Ergebnissen fUr andere Gletscher zeigen die Betrachtungen fUr den Lewis 
Glacier allgemeine Charaktcristiken des Ansprechens der Gletscherzunge 
a uf. 

the correct length are computed; one by translating 
the curve of net balance versus elevation with re
spect to the balance axis; the other by moving this 
curve along the orthogonal elevation axis. The former 
translation is essentially a precipitation effect 
with the glacier receiving a snow-fall increase over 
its enti re area . The 1 atter is most di rectly descri bed 
as a change in equilibrium-line al titude (Allison and 
Kruss, 1977). The repeated sinusoidal fluctuations 
are then applied along the same axis as the initial 
translation, and the pseudo-sinusoidal glacier re
action is quantitatively analyzed for terminus-
res pone amplitude and terminus time lag . Terminus
response amplitude is defined as half the difference 
between the maximum and minimum glacier lengths 
measured along a modeled central line. Time lag is the 
time elapsing between a net-balance event and the 
corresponding glacier reaction and is measured from 
applied net-balance extreme to terminus-response ex
treme . 

2. GLACIER DYNAMICS 

The numerical glacier model developed for this 
study is an extension of the deformational model of 
Budd and Jenssen ([1975J). It is essentially a two
dimensional, short-time-step model, but a three
dimensional parameterization of the continuity equa
tion is included. The basic glacier variables which 
must be computed are ice velocity and depth and 
91acier surface elevation and extent. Velocity, 
depth, and surface elevation are determined at grid 
points spaced evenly along a longitudinal modeled 
line, whilst terminus position is followed between 
grid points. All values are re-calculated over re
peated short time intervals (0.1 year for Lewis 
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Glacier). Earlier versions of this basic model have 
been employed for studies of various non-surging and 
surging glaciers (Budd, 1975; Allison and Kruss,1977; 
Budd and Mclnnes, LL1978]j. Close matching has been 
found between calculated and observed values of ice 
depth, surface velocity, and glacier extent. 

For the Lewis Glacier calculations, a simplified 
flow scheme derived from the general model is used. 
Budd and Jenssen ([1975]) suggest that for ordinary 
glaciers the large-scale average-velocity distri
bution may be computed assuming deformation only with 
no basal slip. Reproduction of the velocity with this 
assumption is sufficient for this study. For non
surging, temperate glaciers in middle and high lati
tudes, Budd and Jenssen ([1975]) and Smith (unpub
lished) employed computation schemes which includes 
only a deformational ice-velocity formulation. Allison 
and Kruss (1977) modeled the retreat of the (tropical) 
Carstensz Glacier also with a deformational model. 
The matching between computed results and observed 
velocity values found for a range of valley glaciers 
using a non-sliding velocity scheme suggests the 
possibility of employing such an approach for this 
study of Lewis Glacier, which is a slow-moving tem
perate glacier (maximum velocity less than 5 m a-I 
in 1978). 

The present model, excluding the basal-sliding 
segment, is outlined in Table I: Table I defines one 
complete computation cycle in the sequence programmed, 
each pass through this sequence constituting one time 
step. The equation numbers in this table refer to 
equations in the text. The total surface velocity Us 
(see total velocity block of Table I) is the sum of 
the surface deformational velocity Vs (Equation (2) 
in Table I) and the sliding velocity Vb. The deform
ational-velocity scheme follows from Budd and 
Jenssen ([1975J). The change in ice depth 6Z over a 
time step, and hence the ice depth Z itself, is deter
mined from considerations of glacier net balance and 

K1' uss : 2'ermin us r es ponse of Lewis GLaoi er 

internal ice re-distribution, whilst ice-surface eleva
tion E is the bedrock elevation b plus the ice depth 
(see ice-depth block of Table I). The exact glacier 
length X is also determined from continuity (Equations 
(16) to (18)). Budd and Jenssen (1975) during their 
modeling found the second right-hand term of Equation 
(4) in Table I to be very small. This also proved to 
be true for Lewis Glacier during some initial compu
tations. Hence, this longitudinal stress "correction" 
term is not included in the computations reported 
here. The specific flow model employed in this study 
is described by the Table I equations with-';; 
and Vb both set to zero. 

The importance of~ in the calculation of 
velocity can also be estimated using an iterative 
approach to the solution of the set of equations 
(modified by a stress shape factor) involving longi
tudinal stress outlined in Paters on (1981, p. 89-91) 
(personal communication from I.M. Whillans). Solutions 
were obtained for the regions of mean positive and 
negative down-glacier velocity gradients. Setting-;;:; 
to zero was found to be quite an acceptable approxi
mation within the limits of ice modeling. 

Regarding the surface velocity, this model was 
employed by Hastenrath and Kruss ([1981J, 1982) in com
puting the velocity of Lewis Glacier since late in 
the nineteenth century; it was found that surface 
velocities could be well reproduced. Bhatt and others 
([1982J) also used this model in estimating the bedrock 
topography beneath Lewis Glacier in 1978 from known 
values of the surface velocity and details of the 
topography. The numerical calculations gave ice 
depths comfortably within the error ranges of results 
from seismic and gravimetric analyses. Bhatt and 
others ([1982J and Hastenrath and Kruss ([1981J, 1982) 
both discuss the particular suitability of this basic 
model to the specific situation of Lewis Glacier. 

Calculation of the deformational ice velocity is 
of primary importance in this study. Many researchers 

TABLE I. THE CALCULATION ROUTINE OF 
THE LEWIS GLACIER FLOW MODEL 

deformational velocity 

oE 
(6) r:J. 

ox 

' c = spgZsinr:J. (5) 

' b 
2 oZ(J~ 

= ' c - ox 
oZ(J~ 

= 0 (4) Ox 

Vi = h:Z (1) 

V, = n + 2V 
n + I ' (2) 

total velocity 
0 

V, = V,+ .J!' b Vb = 0 

ice depth 

D.Z = {A - ~':x( C,U'm ': I W,Z )}M (14) 

Z = Z+M 

E = b + Z 

glacier length 

MQ( t ) = 

M,( I _ I ) + (AW,r + C'U' m': I W,Z) M (16) 

_ J + I M,~) (17) 
- J W,Z 

A net balance 
b bedrock elevation 
C, cross-section velocity ratio = V/ V , 
E ice-surface elevation 
9 gravitational acceleration 
J power of longitudinal snout shape 
k flow law constant 
m power of valley shape 
M,U) ice volume past last grid point 
n power of flow law 
Ng number of grid points in use 

(18) 

r distance from last grid point to terminus 
s stress shape factor 
M time step 
V, surface velocity 
17 cross-section mean velocity 
Vb basal-sliding velocity 
Vi averaged deformational velocity (vertical av-

erage) 
V, surface deformational velocity 
W, surface width 
X glacier length 
IiX grid point spacing 
x down-glacier axis or position 
Z ice depth on modeled line 
r:J. ice surface slope 
p ice density 
(J~ longitudinal stress deviator 
'b basal shear stress 
'c gravitational stress 

213 

https://doi.org/10.3189/S0022143000005943 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000005943


Journa~ of G~acio~ogy 

have utilized flow laws of ice to relate velocity and 
shear stress. Budd (1969) discusses several flow laws 
applicable to differing stress ranges which involve 
the deformational velocity Vi and the basal shear 
stress Tb ' In this model, a straightforward 
power flow law is used as only a comparatively small 
Tb range need be covered, i.e. 

(1 ) 

where Vi is the vertically-averaged mean deforma
tional velocity, Z is ice depth, and k and n are 
empirically-d etermined constants . Glen (1955) and 
Mellor (1959) found n to be between 3 and 4 for 
stresses greater than one bar. For lower stresses, up 
to approximately 0.5 bar, Mellor and Smith (1966) 
suggest that n is close to one . Present-day basal 
stresses of Lewis Glacier are of the order of one bar 
and less, and hence an intermediate value for n is 
used. This value is used by Budd (1975) and is near 
to that of Budd and Jenssen ([1975J) . However, the 
value of n is not strictly defined for a valley 
glacier; if anything, n may be larger than 2. The 
effect on the computed retreat of Lewis Glacier of 
changing n from 2 to 3 is explored by Kruss (in press) . 
The values of k input for Lewis Glacier are 0.16 and 
0.1 4 bar"'>? a-I for n equals 2 and 3, respect-
ively, from a formulation for temperate ice by Budd 
and Jenssen ([1975J). 

The surface deformational velocity Vs is ob
tained f rom Vi using 

v = n + 2 V. 
s n + 1 ' 

(2) 

which follows for a power law definition of the 
velocity V z at depth z from the surface (Budd, 1969) 
in the expression 

V; = HVsZ - f (Vs-v,) dZ} ' (3) 

Thus, the calculation of surface velocity is depend
ent on the derivation of a basal-stress solution (see 
Equations (1) and (2)) . 

The form of the Tb solution is determined by 
the wavelength of the surface features to be modeled. 
For wavelengths greater than of order ten times the 
ice depth, Budd (1971) has suggested that 

(4) 

where 0; is the vertical average of the longi-
tudinal stress deviator and TC is the centerline 
down-slope stress . However, this equation may rather 
be representational than quantitative (cf. Nye, 1979; 
Hutter and others, 1981). Nye (1965[aJ) found that the 
frictional effect of valley walls must be included 
when treating valley glaciers. This effect is em
bodied in the stress shape factor s of the centerline 
stress equation 

T, = spgZ sin a: (5) 

where p is ice density and 9 is gravitational acceler 
ation. The ice surface slope ex is defined by 

aE 
a: = - ax 

where E is the ice-surface elevation. 
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(6) 

The stress devi ator od: is found vi a a 
flow law applicable to a wider stress range than the 
power approximation (Butkovich and Landauer, 1960) 

, . h- ' (1 av) 
<Jx = T,SIn ",ax 

where Tl and £1 are constants of value 0.3 bar 
and 0.685 a-I , respecti vely, for temperate ice 

(7) 

(Budd and Jenssen, [1975J). V is the vertical average 
of the total velocity, i . e . 

(8) 

where Vb is the basal sliding velocity . The surface 
deformational velocity may be determined from Equa
tions (1), (2), and (4) to (8) . The computation 
sequence programmed is included in Table I. 

The estimation of both ice depth and glacier 
length is dependent on mass continuity and must in
clude mass addition at the ice surface and internal 
mass re-distribution due to glacier flow. If we take 
a volume element from bedrock to surface across the 
glacier' 

!::J.z = AM +~1 
Wsox 

(9) 

where ~z is the change in ice depth of the element 
over the time interval ~t , A is the net balance, 
and Ws and &x are mean width and length of the 
volume element, respectively. The net ice inflow 
AI is a function of the change, over ex, in cross
section mass flux, i.e. 

DJ = - o(Vn) 'M (10) 

where V is cross-section mean velocity and u is cross
sectional area. In a similar way to Nye (1965[aJ), if 
is taken proportional to the centerline velocity, i.e. 

v = C,Us (11) 

where U s is the total surface velocity and Cv' the 
cross-sectional velocity ratio, is dependent on valley 
shape. If the shape of the valley cross-section is 
parameterized by a simple power fit of order rn , i.e. 

Z a: w:" 

where m is the va 11 ey power, then 

m 
n = m+fWsZ, 

(12) 

(13) 

Combining Equations (9) through (11) and (13) for ex 
sma 11 1 eads to 

This equation is employed in the glacier-flow model 
for the computation of ice depth change over a time 
step. Thus, the ice depth Z and the surfa ce elevation 
E are defined at any time (see ice depth block of 
Table I). 

The parameters Cv and rn are constant for each 
grid point. However, the surface width is re
calculated after each time step from input values of 
reference ice depth and width, Zref and wref, 
respectively. From Equation (12) 
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( 
Z )l /m 

W, = W" r Z 
"r 

(15) 

The glacier extent is det ermined more accura t el y 
than the grid spacing by calculating the volume of 
ice past the last grid point in use, and the n com
puting the length necessary to contain this volume 
within a specified longitudinal snout shape (Equa
tions (16) to (18) of Table I) . The volume of ice at 
the current time t (Ma (t )) in this terminus regi on 
i s the volume at the preceding t ime step (Ma (t _1) 
plus the chan ge over a time step resulting from net 
balance and ice inflow past the final grid point, i.e . 
in a similar way to Equation (14), 

m 
M aU) = M al l - I) + (AW" + C.U, m +1 W,Z) M (16) 

where r i s t he di stance from t he last grid point in 
use to the glacier terminus . The net balance is a 
mean over r whil st the remaining values are at the 
final grid point. A simple power fit of order J to 
this s nout vol ume and the i ce depth at the la st grid 
point gives a sno ut length 

_ J + 1 M aU) 
, - J W,Z · (17) 

Finally, the total glacier length X is the di stance 
along the modeled line to the la st grid point plus r , 
i.e . 

x = (N. - 1) DX + , (18) 

where Ng is the number of grid points in use and 6X 
is the grid spacing. 

Much of the data input to this model must be de
fined at grid points spaced 50 m apart for Lewis 
Glacier alon g a central, longitudinal modeled line . 
An important parameter is the bedrock elevation 
along th i s line . The bed rock topography i s known be
low the 1978 terminus (4600 m) and at the head of the 
glacier (4980 m) as the Lewi s Glacier commences on a 
rock slope . For grid points covering the present ice, 
the bedrock elevation has been determined using 
three distinct techniques (Bhatt and others, [1982J), 
a maximum ice depth in 1978 of less than 50 m being 
found . 

The flow cross- sectional area and the gla cier sur
face width at each grid point are approximated by a 
mathemati cal power-law representation of the cros s
section shape, i.e . the valley power m and reference 
width W ref and depth Z ref values . As cross-section 
profiles at grid points within the present ice were 
not well defined, a valley power m of 2, which was 
con stant for the entire glacier, was used; this value 
was based on the value appropriate to the exposed 
va 11 ey wa 11 s . Defi nit i on of m at a va 1 ue other than 
unity allows for a mode l ing of cross - sectional area 
and surface-width variation with time . The reference 
wi dth W ref and depth Z ref values used correspond 
approximate ly to the surface widths and ice depths 
at the late nineteenth-century ma ximum glacier. 

Neither the cross - section velocity ratio Cv nor 
the stress shape factor s are well known a 1 though they 
are discussed by Nye (1965[aJ). Hence, a model tun i ng 
process was fo l lowed for the final definition of 
these variables . Emp l oying the Nye (1965[aJ) inform
ation as a guide, C v and s values we re in i tially de 
fined for each grid point . Model calcu l ations were 
then carried out for a ran ge of Cv and s values un
til the best fit to 1978 ice depths and surfa ce 
velocities wa s found. For Lewi s Glacier, Cv values 
were about 0. 7 and s values were derived in the range 
0. 8-0 . 9. 

Net balance is defined by altitude bands for 
Lewis Glacier rather than at ea ch grid point, thus 

Kr uss : Termin us res {XJnse of Lewis GLacier 

allowing a feedback response between net balance and 
chan ges in surface elevation . The net balance emp l oyed 
i s that constructed for the 1978/79 balance year 
(March to March); it exhibits ma ximum ablation of 
about 4 m a- 1 water equival ent near the glaci er 
terminus and increases to a ma ximum accumulation rate 
of about 1 m a- 1 for the 4850- 4950 m band before 
decreasing slowly once more at higher elevations. 

3. RESU LT S 

The respon se of Lewis Gla cier is modeled about a 
steady state of length 1. 32 km which is the mean of 
the late-nineteenth century maximum of 1.60 km and 
the 1978 minimum of 1. 04 km (Kruss, in press) . Net
balance sinusoidal oscil l ation periods from 20 to 
1000 years are covered, as are appl ied ampl itudes of 
0.1 to 0.5 m a- 1 of ice (with respect to the 
ba lance axis) and 10 to 50 m (with respect to the 
elevation axis) . Figures 1 and 2 summarize the time 
la g and amp l itude of the te rmi nus response for these 
sinu soidal fluctuations . The plotted t i me lags are 
mean s over the applied net - balance amplitude range 
and also between the lags at the computed ma ximum 
and minimum extents, the lag behavior of the glacier 
at these two extremes being somewhat different . 
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Fig. 1. Time Lag between net - baLance variation and 
Lewis GLacier terminus response . The mean t ime Lag 
(ordinate) is pLotted against the period of the 
appLied sinusoidaL baLance osciLLation (abscissa) 
and is expressed in years (sqUlres , Left scaLe) and 
as a percentage of the appLied period (dots , right 
scaLe) . Dashed and soLid Lines denote transLation 
with re~pect to the baLance and eLevation axes , 
respect1-veLy . 

The time la g between s inusoidal net balance event 
and glacie r response (Fi g. 1) exhibits a very similar 
pattern for translation along the balance and eleva
tion axes, with the latter on average about 20% lower 
in magnitude . The time lag expressed in years increas 
es from a minimum of about 10 years for an applied 
period of 20 years to a ma ximum at a 1000 year period 
of about 30 years . The time lag at 1000 years for 
elevation- axi s translation is not given in Figure 1 
becau se there are instability problems associated with 
the very small glacier minimum lengths obtained at 
this l ong per i od . Al so i ncluded in Figure 1 is t he 
time lag as a percentage of app l ied period . These 
curves show a rapid decrea se from a ma ximum of more 
than 50% for a 20 year period to a minimum at 1000 
years of only a few per cent . In contrast to this 
hi gh dependence on applied period, time lag is vir
tually independent of net balance amp l itude . At a 
given period, the ave rage va r iation about the mean 
values given in Figure 1 (see above) is ± 5%. 
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Fi g . 2. Am pL i t ude of the Lewis GLacier t ermin us r e 
s ponse . The t ermin us response am pL itude (ordinat e ) 
i s pLotted agai nst t he period of t he appLied sinus
oidaL baLance osciLLati on (absc i ssa) . A dashed Li ne 
indicates a r es ponse to vari ation in the baLance 
axis of am pLit u:ie 0 . 3 m a- I of ice . A soLid 
Li ne indi cat es a t r ansLation wi t h r espect to the 
eLevation axis oj" ampLitude 30 m, which i s most dir 
ectLy described as a 30 m change in eq ui Libr i um- Li ne 
aLtit ude . 

The terminus-response amplitude (Fig . 2) in 
creases rapidly with period for the higher frequen
cies but approaches a maximum value at periods longer 
than about 200 years. For the results inc l uded in 
Figure 2, which correspond to translations along the 
balance and elevation axes of 0.3 m a-I of ice 
and 30 m respectively, the terminus-response ampli~ 
tude varies from about 10 m at a 20 year period to a 
maximum of more than 150 m. Further, in contrast to 
time lag, the response amplitude was found to be 
l inearly dependent on applied amplitude (coefficient 
of determination [{2 equals 1.0) . However, a 
doubling of the applied net balance amplitude does 
not result in a two-fold increase in terminus ampli 
tude, rather the change is by a mean factor of about 
1.9 for Lewis Glacier . 

It is relevant here to compare the characteris 
tic results obtained for the present balance-axis 
study with similar results for other alpine glaciers . 
The terminus reaction of Hintereisferner, Austria, 
to sinusoidal net-balance oscillations in the balance 
axis has been computed for mean lengths of 9. 7 and 
7. 7 km (Kruss, unpublished). Nye (1965[b]) estimated 
the frequency response of Storglaciaren, Sweden, 
and South Cascade Glacier, U.S. A. ; both glaciers 
have simi la r l engths (about 3.5 km) but Storglaciaren 
moves at only half the speed. The frequency response 
calculated at 8 . 0 km for Berendon Glacier, Canada, is 
included by Unterste i ner and Nye (1968) . In the 
Hintereisferner study, changes in the terminus extent 
wer~ modeled in the same way as in the present work . 
For the remain i ng glaciers, however, the glacier 
length was held constant and the change in the ice 
depth near the glacier terminus in response to har
monic net balance fluctuations was calculated . Hence, 
whilst it is appropriate to compare many of the 
results of these studies, the Hintereisferner and 
Lewis Glacier response amplitudes are not compatible 
in terms of abso l ute magnitude with the amplitude 
resu l ts for Berendon Gl acier, Sto rglaciaren, and 
South Cascade Glacie r. 

The five glacie r s all exhibit time lags of order 
10 years at a 20 year period, while at the longer 
periods the time lags approach a maximum. At a 1000 
year period, the lags for Hintereisferner, Berendon 
Glacier, Storglaciaren, South Cascade Glacier, and 
Lewis Glacier are about 110, 55, 55, 40, and 30 years, 
respecti v,ely . 
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The curve of ti me lag expressed as a percent age 
of applied period versus this time period exhibits a 
peak for each glacier except Lewis Glacier . Th is ma xi
mum is at about 55% and 90 years for Hinterei sferner, 
and about 45%, 50 years; 45%, 55 years; and 45%, 25 
years for Berendon Glacier, Storglaciaren, and South 
Cascade Glacier, respectively . The Lewis Glacier maxi
mum is evidently at a period less than or equal to 
20 years (see Fig. 1) and i s at least 5%. At periods 
below this pea k, the time lag asymptotically approaches 
a value apparentl y about 25% of applied period (equiva
lent to 90° phase la g), whilst the curve tends towards 
zero at longer periods . 

The time lag was found to be largely independent 
of applied net-balance amplitude over the range 0.1 
to 0.5 m a -I of ice for both Lewis Glaci er and 
Hintereisferner . This is an inherent feature of Nye's 
analysis (Nye, 1965[b]). 

The response amplitude approaches a maximum 
asymptotically at the longer periods. For a period of 
1000 years, the terminus ampl i tudes for Hintereis
ferner and Lewis Glacier are about 1700 and 160 m, 
respectively, for an applied amplitude of 0. 3 m a-I 
of ice . At the shorter periods the terminus response 
is very small, being about one metre for 0.3 m a-I of 
i ce applied amplitude and 20 year period. A basic 
feature of Nye's approach is a linear dependence be
tween the amplitude of the response near the termin
us and the applied net-balance amplitude . Such a 
dependence was also found for the Hintereisferner 
and Lewis Glacier terminus responses. 

It is relevant to discuss the importance in 
these . Lewis Glacier calculations of the parameters 
Cv' s , and J (the cross-section velocity factor, 
stress shape factor, and the power of the longitudinal 
snout shape) whi ch are dependent on the glacier dimen
sions . The terminus response of the Lewis is quite 
stable to changes in Cv and s ; there exists a 
stabilizing feedback between the effect on the inte
grated mass flu x caused by varying these parameters 
and the opposing influences of re-adjustment in the 
glacier dimensions and velocity . Consider, for example, 
the extreme case of a steady-state glacier with net 
balance and surface width fixed in time. Changing Cv 
or s wi 11 not bri ng about any change in termi nus 
position in thi s ca se; rather, re-adjustment is in 
the velocity and depth at each point within the glac
ier such that the integrated net balance remains 
balanced by cross-section flux . A similar though less 
extreme argument may be applied to this response en
vironment, where only the integrated response of the 
whole glacier at the terminus i s being studied. 

Numerical experiments support this assertion . 
Varying s by 0. 2 (25%) results in les s than 10% 
changes in both computed time lag and amplitude re
sponses . Similarly, changing Cv by 0. 2 (25%) prc
duces variations in lag and length response of at 
most 5%. 

The termi nus power J is somewhat di fferent as it 
must, in part, be set to ensure smooth growth and re
treat of the ice past grid points . The parameteriza 
tion of the near-terminus region embodied by 
Equations (16) and (17) compensates for the neces
sarily finite and limited number of grid points. 
Si gnifi ca nt changes of J from its best va 1 ue wi 11 not 
affect the major features of the response but will 
result in computationally unacceptable discontinui
ties in terminus movement through grid points. 

4. CONCLU SIONS 

A number of characteristic features concerning the 
reaction at the glacier terminus to sinusoidal net
balance fluctuations of various frequencies and ampli
tudes are apparent. Time lag is dependent on applied 
net - balance period but essentially independent of 
applied amplitude. At periods below about 10 years 
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this lag approaches a mihimum of 25% of the applied 
period, whilst at the longer applied periods an 
approach to a maximum in absolute terms is found . For 
Lewis Glacier this maximum is about 30 years for var i
ation in the balance axis and about 5 years less for 
change in equilibrium line altitude . This difference 
is representative of variations in time lag to be ex 
pected depending on the particular climatic forcing 
involved. It occurs here because the Lewis Glac ier 
net-balance elevation profile is very steep in the 
ablation zone and relatively quite flat in the accumu
lation zone; for such curves translation parallel to 
the elevation axis produces net-balance change concen
trated in the lower glacier. 

The response amplitude is dependent on both 
applied period and amplitude, the dependence in the 
latter case being linear. For a given applied ampli 
tude, the response amplitude is comparatively very 
sma 11 at the shorter peri ods, i. e. peri ods on the 
order of decades and less for Lewis Glacier, and 
approaches a maximum asymptotical l y for the longer 
periods , greater than about 200 years for Lewis 
Glacier . 
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