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ABSTRACT. Observations obtained in a long-term monitoring program on Lewis Glacier, Mount Kenya, 
include measurements of net balance and velocity at a stake network over the period 1978- 82, and airborne 
mapping of the glacier surface topography at the beginning and end of this interval. Horizontal and vertical flow 
components and mass continuity are evaluated along the longitudinal axis of the glacier. 

The largest horizontal velocity at the surface is about 5 m a - I, while the submergent vertical velocity at the 
surface in the upper, and the emergent component in the lower glacier are of the order of 1-2 m a - 1. Horizontal 
and vertical flow components in the interior of the glacier are calculated from the surface observation s under 
plausible assumptions. Isotachs and streamlines plotted in a longitudinal- vertical cross-section permit the 
estimation of representative residence times of ice within Lewis Glacier. The largest values for the longest 
trajectories with submergence at the surface in the uppermost area of the glacier and emergence near the snout are 
of the order of a few centuries. However, such estimates are compromised, in particular, by the continuing non­
equilibrium conditions of Lewis Glacier. 

Mass continuity is directly related to the vertical motion field. In the upper area of the glacier the submergence 
velocity exceeds the rise of glacier surface observed with respect to the stake network, while in the lower glacier 
the emergent flow component falls short of the local negative net balance. This differing behavior of altitudinal 
zones is consistent with the fact that actual lowering of the glacier surface topography documented by the 
repeated airborne mappings is larger than expected from the stake network in the upper but less in the lower 
glacier. This differing behavior of altitude zones appears mitigated by the tendency for confluence in the upper and 
diffluence in the lower glacier. 

R ESUME. Bilan de masse, aJJaissement et ecoulement dans la partie interne du Lewis Glacier, Mount Kenya, 
Kenya. Les observations recueillies au cours d'un programme it long terme sur le Lewis Glacier au Mount Kenya 
comportent des mesures de bilan de masse et de vitesse par un reseau de balises au cours de la periode 1978- 82 et 
une cartographie aerienne de la surface glaciaire au debut et it la fin de cette periode. On a evolue les composantes 
horizontales et verticales de I'ecoulement et la conservation de la masse le long de l'axe longitudinal du glacier. 

La plus forte vitesse horizontale en surface est d'environ 5 metres par an tandis que la vitesse verticale en 
surface plongeante it I'amont, emergeante it I'aval du glacier est de I'ordre de I it 2 m par an. Les composantes 
horizontales et verticales de I'ecoulement dans I'interieur du glacier sont calculees a partir d'observations de 
surface au prix d'hypotheses plausibles. Les lignes d'egale vitesse et les lignes de courant dessinees dans une 
section longitudinale verticale permettent une estimation de la duree de subsistance de la glace dans I'interieur du 
Lewis Glacier. Les plus fortes valeurs pour les trajectoires les plus longues avec enfouissement a la surface du haut 
de la zone d'accumulation et emergence pn!s de la langue terminale sont de I'ordre de quelques siecles. Cependant 
ces estimations sont faussees , en particulier par la persistance de conditions de non equilibre du Lewis Glacier. 

La conservation de la masse est en relation directe avec le champ des vitesses verticales. Dans la partie 
superieure du glacier, la vitesse verticale plongeante depasse I'elevation de la surface du glacier mise en evidence 
par le reseau de balises, tandis qu'a la langue terminale, la vitesse d'emergence compense en partie le bilan de 
masse local deficitaire. Ce comportement different des zones selon les altitudes est coherent avec le fait que la 
diminution reelle de I'altitude de la surface glaciaire, releve par les missions aeriennes est plus forte qu 'on ne 
l'attendait d'apres les reseaux de balises dans le haut mais moindre que prevue dans la partie basse. Ces 
comportements differents des zones d'altitude apparaissent temperees par la tendance a la confluence dans le haut 
et a la diffluence dans le bas du glacier. 

ZUSAMMENFASSUNG. Neltomassenbilanz , Absinken der Oberfliiche und Eisflussmuster im inneren des Lewis 
Glacier, MOllnt Kenya, Kenya. Das im Rahmen eines langfristigen Messprogramms auf dem Lewis Glacier am 
Mount Kenya gasemmelte Beobachtungsmaterial umfasst Messungen der Nettomassenbilanz und der 
Geschwindigkeit mittels eines Netzes von Pegeln iiber den Zeitraum 1978- 82 und luftphotogrammetrische 
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Kartierungen der Gletscherobefliiche zu Beginn und Ende dieser Periode. Horizontale und vertikale 
Fliesskomponenten und Massenkontinuitiit werden entiang der Gletscherliingsachse ausgewertet. 

Die grosste Horizontalgeschwindigkeit an der Oberfiiche erreicht etwa 5 m pro Jahr, wiihrend die abwiirts 
gerichtete Fliesskomponente im oberen und die aufwiirts gerichtete Komponente im unteren Gletscher urn 1- 2 m 
pro J ahr betragen. Horizontale und vertikale Fliesskomponenten im Inneren des Gletschers werden aus 
Oberfliichenbeobachtungen unter plausiblen Annahmen berechnet. In einem longitudinalen Vertikalschnitt 
aufgetragene Isotachen und Stromlinien erlauben eine Abschiit,zung der repriisentativen Verweilzeiten des Eises im 
Lewis Glacier. Die grossten Werte fiir die liingsten Trajektorien, mit Subsidenz an der Oberfliiche in den 
hochsten Gletscherlagen und Emergenz nahe dem Gletscherende, belaufen sich auf einige J ahrhunderte. Indessen 
sind solche Abschiitzungen mit Unsicherheiten behaftet , die sich vor allem durch den andauernden Mangel von 
Gleichgewichtsverhiiltnissen am Lewis Glacier ergeben. 

Massenkontimuitiit steht in direkter Beziehung zum Feld der Vertikalbewegung. In den hochsten 
Gletscherlagen iibertrifft die Absinkbewegung die an den Pegeln beobachete Aufwiirtsverlagerung der 
Gletscheroberfliiche, wogegen in der unteren Gletscherregion die aufwiirtige Fliesskomponente hinter der ortlichen 
negativen Massenbilanz zuriickbleibt. Dieses nach Hohenzonen unterschiedliche Verhalten stimmt mit dem 
Unstand iiberein, dass die durch die wiederholte luftphotogrammetrische Vermessung belegte Verringerung der 
Eisdicke in den oberen Gletscherlagen grosser ist als nach den Pegelmessungen zu erwarten, wiihrend in den 
unteren Gletscherpartien das umgekehrte zutrifft. Dieses nach Hohenzonen unterschiedliche Verhalten erscheint 
gemildert durch die Tendenz zur Konfluenz im oberen und Diffluenz im unteren Gletscher. 

INTRODUCTION 

Results of a multi-annual field program of glacier and climate monitoring on Mount Kenya 
have been presented in a series of articles in this and other journals (Hastenrath, 1975; Caukwell 
and Hastenrath, 1977, 1982; Hastenrath and Caukwell, 1979; Hastenrath and Kruss, [1981], 
1982; Hastenrath and Patnaik, 1980; Bhatt and others [1982]; Thompson and Hastenrath, 
[1982] ; Kruss and Hastenrath, 1983). The monitoring program reached an important juncture 
in March 1982, when net balance and precipitation measurements made continuous over four 
mass-budget years were brought to a conclusion, an airborne mapping was carried out to match 
the chart obtained for the beginning of that four-year interval, and renewed electronic distance 
measurement (EDM) surveys of the stake network yielded further velocity determinations. 

This ensemble of observations together with our earlier determination of ice thickness and 
bedrock topography (Bhatt and others, [1982]), allows the consideration in context of the net 
balance derived from the stake network , the surface lowering documented by the airborne 
mappings at the beginning and end of the four-year period, and the ice flow pattern in the interior 
of the glacier as deduced from surface observations, as well as the issue of representative 
residence times of ice in Lewis Glacier. Results pertinent to this problem complex are discussed 
in the present paper. 

OBSERVATIONS 

Components of the field program have been described before in various sources (Hastenrath 
and Caukwell, 1979; Hastenrath and Kruss, [1981]; Bhatt and others, [1982]; Caukwell and 
Hastenrath, 1982), so that this summary is limited to the information relevant to the present 
study. 

Figure 1 shows the network of stakes installed in January 1978 for both net balance 
measurements and velocity determinations. Also included is the central line used as reference in 
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Fig. 1. Orientation map oJstake network installed in January 1978. Height contours in metres are shown as solid 
lines. Dotted line indicates cel1lralline used as longitudinal axis oJ the g lacier in Figs 5 and 6, with tick marks 
denoting 50 m intervals counted Jrom the highest point oJ the glacier below Point Lenana. Scale is as the maps 
in Figs 2 and 3, and the horizontal scale in Figs 3 and 4. 

various of our earlier studies. (This is adopted as the longitudinal axis in the longitudinal- vertical 
cross-sections of Figures 4 and 5.) Stakes in the vicinity of this central line are of primary interest 
in the present study. 

Height changes of the glacier surface with respect to a fixed mark on the stakes are available 
for the complete four-year interval at some, but not all stations (this distribution being apparent 
from Figs 4 and 5). Height changes are commonly converted into liquid water equivalent net 
balance, but the unconverted quantities are of interest here. Figure 2 is a contour map of height 
changes observed at the stake network. 

The horizontal and absolute vertical coordinates of the footpoint of stakes were determined 
during the various surveys using EDM equipment. Displacement over the entire four-year period 
is available for some, but not all, stations as indentified in Figures 4 and 5. 

Airborne mappings of the ice surface topography at scale 1: 2 500 were produced for 
February 1978 and March 1982 (Hastenrath and Caukwell, 1979; Caukwell and Hastenrath, 
1982). A comparison of these maps yields the chart of observed change in ice thickness over the 
four-year interval (Fig. 3). 

Use is further made of the ice thickness and bedrock determinations reported in Bhatt and 
others, (1980). This forms the basis for the longitudinal bedrock profile sketched in Figures 4 
and 5. 

https://doi.org/10.3189/S0022143000030318 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000030318


BALANCE AND FLOW OF LEWIS GLACIER 

I 
46500 

• i 

lOO m 200 

395 

Fig. 2. Height change at stake network summed over the budget years 1978/ 79, 1979/80, 1980/81, 1981/82, ill 
metres. 

FLOW PATTERN 

Maps have been published of the horizontal flow component at the surface of Lewis Glacier 
for various temporal intervals since January 1978 (Hastenrath and Kruss [1981] , 1982; Kruss 
and Hastenrath, 1983). These maps indicate that the line chosen to be the longitudinal axis as 
shown in Figure 1 represents the central flow line reasonably well. In thi s present paper both the 
horizontal and vertical flow components are considered, but are limited to the central line (Fig. 1) 
so that conditions are presented in the longitudinal-vertical plane. 

Whereas the earlier papers (Hastenrath and Kruss, [1981]' 1982; Kruss and Hastenrath, 
1983) concentrated on the horizontal velocity pattern at the surface, the vertical component of 
surface velocity is of particular interest in relation to the vertical net balance profile. This can be 
determined through the procedure described by Paterson (1969, p. 65- 68) for the central 
flow line. The various EDM surveys (see previous section) provide the horizontal and vertical 
coordinates of the foot point of net balance stakes for the datum 25- 26 January 1982. 
Moreover, the distance from a reference mark on the stake to the glacier surface is available 
from the net balance measurements. Thus, the vertical and horizontal displacement rates of the 
reference mark in an absolute coordinate system can be calculated. Let !1z and !1s denote the 
displacement of the stake mark in the vertical and horizontal directions, respectively, along the 
central line (Figs 1, 4, and 5), during the time interval !1t, with tan a the surface slope. Then the 
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Fig. 3. Changes in ice thickness, March 1982 minus February 1978, in metres, as determined f rom the tlVO 
airborne mappings. Ice rim in 1982 is shown a3 solid, and in 1978 as broken line. 1978 height contours are 
entered as thin dotted lines. 

vertical component of surface flow counted positive downward is 

1 
V= - (I'lz - & tan a) 

I'll 

and the horizontal component of surface flow in the plane described by the central line is 

I'ls 
u--

- I'll' 

(I) 

(2) 

The vertical and horizontal surface flow components were calculated for the net balance 
stakes located near the central line. For stakes 3, 10, 11 , 31, and 43 evaluation was possible for 
the four-year period 25-29 January 1978 to 25-26 January 1982. For stakes 21, 32, 41 , and 42 
calculations were limited to the two-year interval 26-27 December 1979 to 29-30 December 
1981 , and for stake 1 to the one-year period 25-29 January 1978 to December 1978-5 January 
1979. 

The resultant surface flow velocity in the longitudinal-vertical plane is depicted in Figure 4A. 
The flow vector is directed downward in the upper glacier and upward in the lower glacier. This 
feature is enhanced in Figure 4B, which is further relevant to the relationship between net 
balance, surface lowering, and flow dynamics discussed later (p. 400). 

Although velocity measurements are as a rule limited to the surface, it is desirable to obtain a 
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Fig. 4. Relation of vertical flow componenl, net balance, and surface lowering along the longillidinal axis of the 
glacier (dotted line in Fig. 1). Horizontal scale in metres is countedf ram the highest point of the glacier down the 
longitudinal axis and station numbers are as in Fig. 1. 
(A) SUI/ ace flow velocity in longitudinal-vertical plane. Surf ace and bedrock topography are witholll vertical 
exaggeration. Velocity vectors in m a - I are plotted at ten times the space scale in m (i. e. I m a - I would be 
represented as a 10 m arrow). A rro ws at stations 3, 10, 11 , 31 , 43, ref er to the f our-year interval 25- 29 January 
1978 to 25- 26 January 1982. Arrows at stations 21, 32, 41 , 42, belong to the two year period 26- 29 December 
1979 to 29- 30 December 1981, and the arrow at stat ion I is based on the one-year span 25-29 January 1978 to 
28 December 1978- 5 January 1979. 
(B) Variation of vertical flow component, height changes at stake network , and lowering of suiface topography 
along the longitudinal ax is, in cm a - I . The vertical flow componelll V is here plolled as positive upward from 
stations with information fo r the four-year and two (one) year periods described in (A) , respectively. Height 
changes at the stake network LlhsTAKEs (broken line) refer to the budget years I March 1978 to 1 March 1982, 
with dots denoting the stations fo r which complete observations are available; otherwise the curve is plotted jrom 
the map Figure 2. Observed time change of suiface topography Llh MAPs (dOlled line) is plotted fo r the interval 
February 1978 to March 1982, but dots denote stations for which values arefor the t\\lo-year interval described 
in (A) above. Crosses indicate the sUI/ace lowering (V + Llh sTAKEs) obtained jromthe vertical velocity (so lid line) 
and the height change at the stake network (broken line). 

notion of the ice flow pattern in the interior of the glacier. This is illustrated in Figure 5 which 
was constructed as follows from the information contained in Figure 4A. The surface velocity 
vectors are decomposed into components parallel and perpendicular to the surface. The velocity 
component perpendicular to the surface is assumed to decrease in a linear fashion 
perpendicularly away from the surface to zero at the bedrock. Concerning the velocity 
component V parallel to the surface, the decrease in the direction perpendicular to the surface is 
described by 

n + 2 
Vs - Vz = --1 k(spg sin af zn + 1 

n+ 
(3) 

where the subscripts sand z refer to the surface and a perpendicular distance z from the surface 
towards the bedrock (Budd, 1969, p. 193; Bhatt and others, [1982]). For k and n the values of 
0. 16 bar - 2 a - I and 2 respectively are used as in Bhatt and others ([ 1982]). For the stress shape 
factor s , values of 0.9 and 0.8 are adopted for the upper ( > 4750 m) and lower glacier, 
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Fig. 5. lce-j/ow pallern in longitudinal-vertical plane. H orizontal scale in metres is cOllntedlrom the highest point 01 
the glacier down the longitudinal axis and station numbers are as in Fig. I . Dolled lines denote sw/ace and 
bedrock topography, and solid and broken lines isotachs in m a - I . Velocity vectors are plotted at ten times the 
space scale in m (i.e. 10 m a - I lVould be represented as a 100 m arrow). Vertical exaggeration is double. Sw/ace 
velocity vectors are the same as in part A 01 Fig. 4, but note the difJerence in orientation and length 01 arroll's due 
to the vertical exaggeration (source: Fig. 4 and Equation (3)). 

respectively. The values for ice density p and gravitational acceleration g are 0.9 x 103 kg m- 3 

and 9.806 m S - 2. The surface slope tan a is read from the 1: 2500 map of surface topography 
(Hastenrath and Caukwell, 1979; see also Fig. 1). At each of the ten stations shown in Figures 4 
and 5 the velocity components perpendicular and parallel to the surface were thus calculated for 
points at 0.25, 0.50, and 0.75 of the distance measured perpendicularly from the surface to 
bedrock. The resultant vectors are plotted in Figure 5 by direction and amount, together with the 
isotach pattern in the longitudinal-vertical plane. 

As a complement to Figure 4, the longitudinal-vertical cross-section in Figure 5 shows the 
submergent flow in the upper and the emergent flow in the interior of the lower glacier, as well as 
the onion-skin arrangement of isotach sheets, with lowest values near bedrock and in the upper 
glacier, and a maximum near the surface in a portion of the lower glacier well above the 
terminus. This conceptually plausible flow pattern in the glacier interior (Paterson, 1965, p. 65) 
has seldom been quantitatively substantiated from observation, and never before for a glacier in 
the high mountains of the tropics. 

Figure 5 is also pertinent to the age of ice within Lewis Glacier. Estimates of representative 
residence times are desired in relation to the secular glacier recession (Hastenrath, 1975) and in 
support of climatic ice-core studies (Thompson and Hastenrath, [1982]). With this motivation, a 
"bulk residence time" of ice in the upper glacier was first calculated by dividing the ice volume 
upward of the line L2-L3 near 4750 m (Fig. 1) by the estimated mass flux across a vertical 
plane at that line, which yielded a value of about 150 years (Hastenrath, 1975). The 
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co mprehensive field program carried out on Lewis Glacier since the beginning of 1978 permits 
an update of this exercise. For the datum February 1978, the ice volume upward of the 4 750 m 
contour is estimated at about 3 x 106 m3 (Bhatt and others, [1982]). The maximum mass flux of 
3 x 104 m3 a - I is found at about this elevation (Hastenrath and Kruss, [1981]' 1982; Kruss and 
Hastenrath , 1983). The ratio yields a "bulk residence time" in the upper glacier ( > 4 750 m) of 
a bout 100 years. 

As a complement to these bulk considerations, Figure 5 offers a better appreciation of 
trajectories and age of ice in the interior of Lewis Glacier. For the following evaluation assume 
near steady-state conditions, so that trajectories coincide approximately with streamlines. As a 
fir st example, consider an ice element at an initial surface location near 300 m on the longitudinal 
axi s, or somewhat above station 4 . The trajectory for this ice element is characterized by 
submergence, a closest proximity to the bedrock between 400 and 500 m (around station 10), 
then emergence and a surfacing near 600 m or somewhat above station 31. Integration by finite 
steps between isotachs yields a total travel time from the initial location to the final surfacing 
location which is of the order of a century. As a second example, consider an ice element in an 
initia l surface location at 125 m on the longitudinal axis, or somewhat above station 3. Over its 
traj ectory in the upper glacier the element submerges, coming closest to the bedrock around 
400 m on the longitudinal axis. The longitudinal coordinate of 500 m, which corresponds 
approximately to the 4750 m surface contour, is reached after nearly four centuries. The 
tr aj ectory surfaces below the longitudinal coordinate of 700 m or near station 33, with a total 
travel time of four to five centuries. 

The travel time from a surface location in the uppermost extremity of the glacier to the 
4 750 m surface contour of nearly four centuries should be compared with the "bulk residence 
time" for ice in the upper glacier which is of the order of one century as estimated above. Note 
that for the ice elements located at the surface along the longitudinal axis, the travel time would 
average around two centuries (being four centuries for the upper extremity of the glacier and 
zero at the 4 750 m surface contour). Moreover, the ice flows faster along the centerline than to 
either side of it. With these qualifications, the travel time derived from Figure 5 and the estimate 
of " bulk residence time" do not seem inconsistent. 

The above considerations also point to the inevitable shortcomings of residence time 
calculations. Lewis Glacier is not in steady state, so that flow lines differ from trajectories 
Furthermore, at earlier epochs in this century, the glacier was longer and thicker, so that the 
travel di stance from the upper extremity of the glacier to the snout region was longer, but the 
faster flow had the reverse effect on the travel time. Finally, the time scale of climate and glacier 
variations is comparable with or smaller than the range of typical residence times. All these 
factors hamper the estimation of residence time from flow considerations. 

M ASS CONTINUITY 

The maps of 1978-82 height change measured with respect to the stake network (Fig. 2) and 
of topography change documented from the repeated airborne mappings (Fig. 3) show 
differentials of similar magnitude and largest negative values in the lower glacier, but the patterns 
differ in detail. This is in part due to the spatial resolution of the stake network, but in part to the 
redi stribution of mass related to the flow dynamics. The latter factor is also indicated in Table I , 
in that for most of the upper glacier the height decrease Hm derived from the 1978 and 1982 
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TABLE l. NET BALANCE AND HEIGHT CHANGES FROM 

MARCH 1978 TO MARCH 1982, BY 50 m ELEVATION 

BANDS (OF 1978 MAPPING) 

Elevation Hm Hs. ~s. 
m cm cm cm 
5000 __ 

- 150 - 292 - 176 

4 950 ======= 
- 180 - 80 - 48 

4 900 ======= 
- 263 - 35 - 21 

4 850 ======= 
- 154 - 173 - 118 

4 800 ======= 
- 259 - 325 - 264 

4 750 ======= 
- 455 - 650 - 584 

4 700 ======= 
- 719 - 925 - 833 

4 650 ======= 
- 946 - 1170 - 1052 

4 600 ======= 
- 900 - 1290 - 1160 

4550--
glacier - 362 - 396 - 340 
average 

x 10lml x 10l ml x 10l ml 

volume - 1067 - I 169 - 1007 
equivalent 

mappings is larger than that obtained from the stake network, H s. , whilst the reverse is true for the 
lower glacier. For the glacier as a whole the two independent techniques yield thickness or 
volume decreases which agree closely within plausible error tolerances. The close agreement 
between the two independent methods indicates that melting at depth greater than the lowest 
surface elevation respective to the stake, in the course of the year, is of subordinate importance. 

The relationship between surface lowering, net balance, and flow dynamics suggested from 
the comparison of maps (Figs 2 and 3) and Table I, is in terms of the pertinent processes 
substantiated in Figure 4, especially part B. The vertical component of ice flow at the surface is 
downward in the upper (upward in the lower) glacier. This corresponds to surface velocity 
vectors plotted in the longitudinal-vertical cross section in part A of Figure 4. Returning to part 
B of Figure 4, net balance over the four-year interval 1978-82 is negative at all elevations along 
the longitudinal axis, with losses increasing towards the lower glacier. The sum of these two 
quantities, but expressed as geometric distance rather than in liquid-water-equivalent units, is 
expected to represent the change in surface topography over the four -year interval 1978- 82. The 
available data allowed this evaluation for five of the stations. These calculations should be 
compared with the observed surface lowering, as documented by the 1978 and 1982 mappings of 
the glacier topography. The two independent approaches agree in major respects: (a) negative 
values are obtained at all stations, with surface lowering increasing from the upper towards the 
lower glacier; (b) the surface lowering exceeds the negative net balance in the upper, but is less 
than the net balance effect in the lower glacier, thus demonstrating the role of vertical velocity, 
and mass redistribution through flow dynamics. The values of surface lowering obtained by the 
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two independent methods differ, which may in part be due to the error tolerances in field 
measurements and evaluation procedures. However, it is apparent from part 8 of Figure 4 that in 
the upper glacier the surface lowering calculated from vertical flow velocity and net balance 
slightly exceeds the value documented by the 1978 and 1982 mappings, whereas the reverse is 
the case in the lower glacier. These systematic departures may be due to the fact that the flow is 
confluent in the upper glacier where its bed narrows down-stream, whilst in the lower glacier 
diffluence is favored both by the widening of the valley and the upward-convex bedrock 
topography apparent in the central portion of the snout region. Part 8 of Figure 5 thus 
underlines the important role of flow dynamics and mass redistribution in modulating the effect 
of net balance on surface topography. 

CONCLUSIONS 

The observation program provides a quantitative picture of submergent ice flow in the upper 
and emergent ice in the lower glacier of the order of 1-2 m a - I, and allows an estimate of a few 
centuries for the representative residence time of ice in Lewis Glacier. The "glaciological" (stake) 
and "geodetic" methods (Hoinkes, 1970) yield within error tolerance the same magnitude of 
about 106 m3 for the ice loss of the glacier as a whole over the interval 1974-78. However, the 
reported mappings of surface topography document for the upper (lower) glacier a larger 
(smaller) surface lowering than expected from the stake network. This contrast between the 
upper and lower glacier is consistent with the quantitative assessment of the vertical motion field. 

Consistency between internal flow conditions and the " glaciological" (stake) and "geodetic" 
methods of glacier mass-budget determination (Hoinkes, 1970) is expected from theory , but the 
concurrent application of these independent techniques has rarely been accomplished, even for 
the logistically comfortable mountain regions of the mid-latitudes. It is intended to continue the 
long-term observation program on this mountain glacier under the Equator as a contribution to 
international efforts at global environment monitoring. 
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