Annals of Glaciology 21 1995
¢ International Glaciological Society

Recent variations of calving glaciers in Patagonia, South
America, revealed by ground surveys, satellite-data
analyses and numerical experiments

RENJT NARUSE,
Institute of Low Temperature Science. Hokkaido University, Sapparo 060, Fapan

MASAMU ANIYA,
Institute of Geoscience, University of Tsukuba, tharaki 503, Japan

PEDRO SKVARCA,

Instituto Antdrtico Argentino, Cerrito 1248, 1010 Buenos Aives. Argentina

GINO CASASSA

Centro Austral Antdartico, Universidad de Magallanes. Casilla 113-D., Punta Arenas, Chile

ABSTRACT. Large retreats were revealed for most glaciers in Patagonia, South
America, by dlldl\/l]ln satellite images and air photographs. 'or example, Glaciar
O’Higgins retreated 13 km during 41 years from 1945 to 1986 and Glaciar Upsala
retreated about 3km between 1968 and 1990. During the 41 vears former period,
however, the southern tongue of Glaciar Pio X1 .ld\dllu([ by up to 8.5 km and Glaciar
Moreno remained almost in a steady state. Considerable ice-thinning rates, from 3.0 to
1lma ', were measured by surveying surface profiles in the ablation areas of T yndall
and Upsala glaciers, respectively, (lul]ll" the period from 1985 (or 1990) to 1993. The
ice thickness ol Glaciar Moreno, ]m\u\u. has changed very little.
Numerical experiments using a simple mass-balance model show that a 100 m rise

in the equilibrium-line altitude due to climatic change would result in about a 200
350 m rise in the frontal altitude at Glaciar Upsala corresponding to a retreat of

8 km, while it would cause only about a 70- 100 m rise at Glaciar Moreno. The large
difference between these two neighbouring glaciers results from the difference in
contributions of the calving amount to the total mass balance, as well as the difference
in the altitudinal distributions of drainage areas.

1987

are greatly needed.

INTRODUCTION

. studies of variations and dyvnamics of calving glaciers

Two vast ice-covered regions exist in Patagonia, the
southern part of South America. The larger one is Hielo
Patagonico Sur (HPS; southern Patagonia ice field) with an
area of 13000 km”?,
Norte (HPN; northern
1200 km”

radially from the ice fields. Most ol the outlet glaciers calve

and the smaller one Hielo Patagdnico
field )
A number of glaciers discharge

Patagonia ice covering

(Figs 1 and 2

into fjords on’ the western sides of the ice fields and into
Although no detailed quantita-
tive estimates have been given as to the entire mass balance

lakes on the eastern sides.

of the ice fields and glaciers, Patagonian glaciers are seen as

representing typical temperate characteristics, with large
amounts ol accumulation, melting and calving throughout
polar
the

Since the cyclic advances

the year. Not only in the temperate. but also

regions, numerous tide-water glaciers terminate in

ocean with calving of icebergs.
and retreats of grounded tide-water glaciers are not related

to chmatic fluctuations in a direct way (Meier and Post,
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1980.
consisted of preliminary studies or inventory work
1956; 1960), Glaciar Pio XI (or
Briiggen ) in HPS has been noted for frequent fluctuations
ol its frontal position and was studied recently by Rivera
1992). In the summers of 1983/84, 1985/86, 1990/91 and
199394, extensive glaciological and meteorological
studies were carried out on outlet glaciers of HPN and

Belore glaciological research in Patagonia

Lliboutry, Bertone,

HPS as joint projects of Japan with Chile and Argentina
(Nakajima, 1987; Naruse and Aniva, 1992).

This paper presents recent variations of outlet glaciers
obtained from these ground surveys and from analysis of
satellite images and air photographs taken during the last
30 years. When we discuss the role of glaciers in driving
and responding to global change based on frontal
variations and/or thickness changes in Patagonia, we
should evaluate the contribution of calving amount to the
mass balance of a glacier and estimate the change in
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Fig. 1. Hiclo Patagonico Norte ( HPN) and outlet glaciers.

calving rate as the glacier fluctuates. Therefore, in order
to make clear the characteristics of calving glaciers and
the sensitivity of their variations, numerical experiments
were conducted on frontal variations of Upsala and
Moreno glaciers with a simple mass-balance model, and

the results are gi\'(’[].

DATA SOURCE AND SURVEY METHOD
Remote-sensing data

For HPS the most complete set of satellite data for the
purposes of the present study are Landsat T'M images
taken on 14 January 1986; these clearly show all the
outlet glaciers around HPS with few clouds. For the
northern hall of HPS, Landsat MSS data taken on 25
February 1976 are available without clouds. These data
are supplemented by the Salyut-6 (1978), Landsat RBV
(1979), SPOT HRV (1987) and SPOT P (1991) images.

For other periods and areas than those listed above,
data utilised included U.S. trimetrogon air photographs
taken in 194445, and vertical air photographs taken
between the late 1960s and early 1980s by Argentine and
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Chilean organizations. Oblique air photographs were also
taken around the periphery of HPN in 1985/86 and 1991/
92 by Aniva (1988, 1992a). Using these data, limits of
outlet glaciers of HPN and HPS were digitized. By
superimposing one image ol a glacier on another from a
different year, variations of the [ront position and surface
area were measured (Aniva and others, 1992).

Glacier surface elevations

Surface elevations of bare ice in ablation areas were
measured on four glaciers in Patagonia using conven-
tional survey methods with an electronic distance meter
during the period 1983-93. Surface profiles were
determined along a 1.5 km long medial moraine in the
lower part of Glaciar Soler; a 5 km long transverse line at
15km from the front of Glaciar Tyndall; a 1.5 km long
transverse line near the front of Glaciar Upsala; and a
3km long cross about 5km from the front of Glaciar
Moreno (Naruse and Aniya, 1992). From a pair of
elevation data measured in different years relative to the
same control station on the bare rock, changes in ice
thickness were obtained (Aniya and Naruse, 1987;
Kadota and others, 1992,
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tig. 2. Hielo Pataginico Sur (HPS) and outlet glaciers.

RECENT GLACIER VARIATIONS
Frontal variations

From the analyses of remote-sensing data, hall of the 28
outlet glaciers in HPN (Fig. 1) were found to have been
calving into fjords or lakes in the early 1940s, and these
arc regarded as calving glaciers in this paper, though
some ol them have since retreated, and their present
fronts are far from water,

Variations in the frontal positions of the 14 calving
glaciers between 1945 and 1990 are shown in Figure 3
(Aniya, 1992b). Except for Reicher, San Ralael and
Cachet glaciers, the tendencies ol the variations are very
similar, with gradual retreats of 0.5-2 km during the last
half century. Glaciar San Rafael, the only glacier in HPN
that is at present calving into a fjord, has retreated 3.4 km
during the last 16 years. No advancing glaciers exist in
HPN.

Among 19 major outlet glaciers of HPS (Fig. 2), nine
at present calve into fjords and ten into lakes. Analyses
were made of nine larger glaciers. and variations in their
front positions between 1945 and 1990 are shown in
Figure 4. A considerable retreat is observed for Glaciar
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Fig. 3. Variations in frontal positions of calving glaciers in
Hielo Patagonico Norte. Positive gradient of each line
shows an advance. and negative a retreat. Glaciar San
Rafael calves into a fjord (i.e. is a tide-water glacier) and
the other 13 glaciers ( fresh-waler) calve into lakes.

O’Higgins, a northeastern outlet glacier which showed a
13 km retreat during the last 41 years, the mean retreat
rate being 330 ma '. This is about one order larger than
the mean retreat rate in HPN (about 30 ma '). The other
three glaciers in the north of HPS, Jorge Montt,
Occidental and Viedma, have been retreating gradually
at the same rate as in HPN. Upsala and T'vndall glaciers
in the south of HPS have retreated at higher rates.
Noteworthy is the peculiar behavior of the advancing
Glaciar Pio X1 which calves into a fjord. The southern
tongue of the glacier had advanced 9 km during 31 years
since 1945 and the northern tongue is still advancing,
Glaciar Moreno has been almost in a steady state and
reaches the opposite bank with a drainage tunnel ai

present.
Thickness changes

Thickness changes averaged over the survey line on each
glacier are shown in Figure 5. It is found that Glaciar
Moreno is in a steady state, while Glaciar Upsala has
thinned considerably at a rate of 11ma '. Compared
with the thickness-change data on 28 glaciers compiled by
Hacberli and Hoelzle (1993, the thickness-change rate of
Glaciar Upsala is among the largest, and one order of
magnitude larger than the mean rate of receding glaciers
worldwide.

Detailed results of thickness changes with flow speeds
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Fig. 4. Variations in frontal positions of major calving
alaciers in Hielo Patagdnico Sur. Positive gradient of each
line shows an advance, and negative a relreal. Jorge
Montt, Occidental and Pio X1 (southern tongue) glaciers
calve into fjords (i.e. are tide-waler glaciers) and the other
six glacters ( fresh-water) calve into lakes.

measured in 1993 at Upsala, Moreno and Tyndall
glaciers are to be published separately (papers in
preparation by R. Naruse and others; K. Nishida and
others; P. Skvarca and others).
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Fig. 5. Annual rates of ice-thickness change in the ablation
areas of Upsala, Moreno and Tyndall glaciers in HPS.
Glaciar Soler in HPN, nol a calving glacier, is also shown

Jor comparison.
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MASS-BALANCE MODEL OF CALVING GLACIER

To examine the characteristics and sensitivity of frontal
variations of calving glaciers, numerical experiments are
carried out for Upsala and Maoreno glaciers using a mass-
balance model, Upsala and Moreno glaciers discharge
eastwards from HPS and calve into the western ends of
channels of Lago Argentino at an elevation of about
200 ma.s.). The height of the calving front of Glaciar
Upsala is several tens of metres above the lake level
(Aniya and Skvarca, 1992), and that of Glaciar Moreno
ranges from 53 to 75 m (Naruse and Aniya, 1992). Figure
6 illustrates altitudinal distributions of the surface areas of
the two glaciers. Equilibrium-line altitude (ELA) was
estimated at 1150 ma.s.l. at both neighbouring glaciers,
hased on surface features recognisable on air photographs
and topographic maps (Aniya and Skvarca, 1992). The
remarkable difference in distribution of glacier areas
between the two may affect the different manner of
[rontal retreat due to a rise in ELA,
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Fig. 6. Altitudinal distributions of glacter areas at an
elevation interval of 30 m, of Upsala and Moreno glaciers.
The present ELA is shown by a thin broken line al
115 kma.s.d.

A mass-balance equation of a calving glacier is

("N]‘)l'(‘h‘ﬁ(‘d as
A-B-C=) a-AS - > b-AS -C=0 (1)

where A (and B) is the total annual net accumulation
(ablation) in the accumulation (ablation) arca, C is the
annual calving amount, a (and b) is the annual net
accumulation water
equivalent in the accumulation (ablation] area, and
AS is the glacier area at an interval of a unit elevation
(Fig. 6).

Here, we introduce two assumptions. First, the rate a

(ablation) rate measured in
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(and b) increases (decreases) linearly with the elevation h

(sl e

a=alh—-E)
b=3(FE—-h)

h>FE (2)
< B (3)

where av and 3 are positive constants, and E is the ELA
which varies according to climatic changes.

Secondly, because the calving rate is considered to
depend linearly on the water depth at the front (Meier
and Post, 1987; Pelto and Warren, 1991), the calving
amount €' decreases linearly with the elevation of the
glacier [ront H. Hence,

C = Cy(500 — H)/300, 200 < H <500m  (4)

where Cy is the present rate ol calving. This equation is
mtroduced because the surface elevations about 8km
from the present fronts of Upsala and Moreno glaciers are
about 300m higher than the lake level, and ice
thicknesses are assumed to be 300 m with the downhill
bedrock slopes.

Next, to determine the parameters § and o, we
estimate the annual amounts of ablation and accumula-
tion at the two glaciers. In the summer of 1993/94,
ablation during 110d was measured at Glaciar Moreno
(350 mas.l) as 7.0m ice thickness. Using a degree-day
method with this value and air-temperature data at
Calafate (Station Lago Argentino), the annual ablation
rate at 330 m elevation is estimated to be 11.2 mw.e.a '
(paper in preparation by R, Naruse and others). Based on
these numbers, /7 is found to be 0.015a . This value is
used in all calculations for both glaciers.

Information on the annual precipitation and net
accumulation on glaciers is much more scarce. Although,
from an analysis of a surface firn core, 1.2ma ' was
reported as the net accumulation rate at 2680 m a.s.l. near
the top of the Glaciar Moreno drainage (Aristarain and
Delmas, 1993). we do not consider this rate to be
representative for the HPS plateau since it is too small
to maintain the mass balance of a glacier in Patagonia,
On the other hand. precipitation maps in Chile have been
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published by the Direccion General de Aguas (1987), in
which an isoline of 8ma ' was drawn over the high HPS
plateau. Based on this, we first adopt @ =8ma ' at an
clevation of 2kma.s.l. in the higher parts of the
accumulation areas of the two glaciers, while a is taken
to be 0.01 a ', From calculations of water balance with
the discharge data at rivers in Patagonia. a mean
precipitation over the eastern ice-covered arcas of HPS
was estimated as 6.4 ma ' (unpublished information from
F. Escobar, 1992). Taking this value as the mean net
accumulation rate in the accumulation areas of both
glaciers, o is found to be 0.015a '. We use these two
values ol @ as constant parameters in the calculations lor
hoth glaciers, Estimated present amounts of mass-balance
terms, B, A.C(= a — B) and C'/A are shown in Table 1,
The values of €' given in the table are used for Y in
Equation (4).

Calculations were done by the following procedure.
When E rises a little due to some climatic changes, the
distribution of' a decreases according 1o Equation (2), and
the total S in the accumulation area also decreases, so
that A decreases. Then, B is calculated using Equation
(3) starting from the equilibrium line to the downstream
areas until Equation (1) is satisfied. H is obtained as a
result, and €' decreases according to Equation (4) in the
next step.

CALCULATED FRONTAL VARIATIONS

Figure 7 shows the variations in frontal elevations of
Upsala and Moreno glaciers, caused by rises in the ELA
calculated using different values of a. A smaller value of a
vields a smaller amount of calvings (', so that the retreat
rates (Ul and M) are more sensitive to, and more
enhanced by, changes in the ELA. In both cases, Glaciar
Upsala retreats three or four times more than Glaciar
Moreno. At Glaciar Upsala, an upward shift of the ELA
by 100m would cause about a 200 350m rise in the
frontal elevation, which corresponds to a frontal retreat of
5 8km. while at Glaciar Moreno it causes only about a
70 100m rise in the front. During the last 45 years,
Glaciar Upsala has reweated 4 km (Fig. 4). A retreat of
about 5-8 km within several decades is possible for a small
climatic change, i.e. an increase in air temperature by 1
a2 @

Table 1. Admounts of the present mass-balance terms calewlated with parameters o and 3. parameters of allitudinal
distribution of annual net ablation and accumulation rates (C = A — B)

Parameter Total Parameter Total Total Calving
ablation accumulation calving ratio
B B a A C C/A
art km'a ’ a ! kma ! km”a !

Glaciar 0.010 1.99 0.47 0.24
Upsala 0.015 152 0.015 2.99 1.47 0.49
Glaciar 0.010 1516 0.54 0.48
Moreno 0.015 0.59 0.015 1.70 1.11 0.65
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Fig. 7. Resulls of numerical experiments on varialions in
the frontal elevation caused by upward shifts of the
elevation of the equilibrium line (ELA). Lines with
numbers 1 and 2 attached to letters U ( Upsala) and M
( Morena) indicale results of calculation with parameters
aat 0.01 and 0.015 (a'), respeciively. The present fronls
and ELAs of the two glaciers are located at about 0.2 km
and 1.15 km a.s.l., respectively. Approximate distance from
the present glacier fronts is shown wn the right ordinate,
being dertved from the present mean surface slopes in the
lower parts of the two glaciers.

DISCUSSION

Features of glacier variations

In HPS. some outlet glaciers have behaved in different
manners and with different magnitudes of variations (Fig.
4), However, no clear difference was observed in
tendencies of variations hetween the windward (wes-
tern) and leeward (eastern) sides of HPS. In fact, two
neighbouring glaciers calving into fjords, Occidental and
Pio XI, show considerably different behaviours, as do a
series of four eastward outlet glaciers, O'Higgins,
Viedma, Upsala and Moreno. Therefore, we cannot
attribute the retreating phenomena of most glaciers in
Patagonia simply to the recent “global warming.
There are no meteorological stations in these glacier
areas. Long-term meteorological data are available from
Punta Arenas, about 250 km south of the southern end of
HPS, and from Calafate about 60km east of Glaciar
Moreno. Although the latter station is located not too far
from glaciers, the mean annual precipitation during
1981-90 was a mere 123 mma '
tion from Servicio Meteoroldgico Nacional, 1993),

(personal communica-

indicating a very arid climate quite different from that
in glacier regions. Therelore it is not easy to discuss causes
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or mechanisms of recent glacier variations solely on the
basis of these meteorological data.

For possible mechanisms, we suggest two hypotheses
here. One is related to local meteorological conditions,
namely recent changes in snow accumulation and/or
incident solar radiation due to changes in the predomi-
nant wind direction and/or in cloud-covered areas. A
slight change in the wind regime may cause large
differences in accumulation between adjacent drainages.
Although we have no quantitative data, our own
experience and that of local inhabitants suggest that
ablation areas of eastern outlet glaciers are located
around a boundary between the very humid, stormy
conditions on the ice field and the dry, warm climate to
the cast. A slight shift of the normal position of the front of
thick clouds could result in considerable change in the
melting rate of ice.

Another possible mechanism is related to glacier
dynamics. At Glaciar Soler in HPN, the largest flow
speed was measured as about four times the smallest in
summer (Naruse and others, 1992b). From this, the
contribution of basal sliding to the total flow was
estimated at about 75%. If such a contribution varies
due to a change in hydraulic conditions at the bed, the
glacier may start to advance or retreat even under a
steady-state surface mass balance. If the rate of calving
varies as the result of changes in the level, temperature or
current of water, and changes in [racturing in the ice, the
glacier behaviour could also change. A large thinning rate
of 11ma ' at Glaciar Upsala may be due to such a
change in the glacier dynamics,

Effect of calving

We now examine whether the present model can properly
simulate the current conditions ol the glaciers, by
estimating approximate calving amounts at Upsala and
Moreno glaciers independently of the mass-balance
calculation. No measurements of ice thickness have been
made at these glaciers. However, in the ablation area of
Glaciar Tyndall (8 km wide), a thickness of 620 m was
measured at a point 3km from the margin (Casassa,
1992). Considering the dimensions and topographies of
the glaciers, it may be appropriate to suppose that the ice
thicknesses near the fronts range from 300 to 500 m at the
4 km wide Glaciar Upsala and from 200 to 400 m at the
3 km wide Glaciar Moreno.

At Glaciar Upsala, an annual mean flow velocity of
about 700ma ' (1.9md ') was measured on the median
line about 4-5km from the front (Aniya and Skvarca,
1992). The product of thickness, width and annual speed
gives an annual calving amount ' of 0.8-1.4 km*a~'. At
the calving front of Glaciar Moreno, a flow speed of
44md " was measured in November 1990 (Naruse and
others, 1992a). The annual mean speed is estimated as
about 800 ma ', being half the summer speed (as in the
case of Glaciar Upsala on which a speed of 3.6 md ' was
measured in November 1990). Then ' is found to be 0.5~
1.0km*a '
glaciers are within the range of €' in Table 1.

The great contrast in retreat rates between Upsala

These estimated calving amounts at both

and Moreno glaciers seen in Figure 7 results primarily
[rom the difference in drainage areas. In addition to this,
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due to a larger calving ratio C/(B+ C) at Glaciar
Moreno (Table 1), a rise in the ELA
decrease in A causes less of a decrease in the ablation
amount” B. Consequently, the tendency of the frontal
retreat is more moderate until the calving amount
becomes zero at 500 m a.s.l. We can further suppose that
the calving amount would increase, either linearly or non-
linearly, with the extension of the glacier tongue into
deeper water, and would decrease with the recession of

that causes a

the tongue. Therefore. in an advancing stage, calving has
the effect of moderating the variation of a glacier front.
On the other hand, in a retreating stage, the effect is
progressively weakened, so that the f[rontal variation

becomes more sensitive to a climatic change.

CONCLUSIONS

(1) Among 22 calving glaciers of HPN and HPS
studied, 20 were found to have been in retreating
stages during the last half century. The retreating rate
is more moderate in HPN than in HPS, with the
at Glaciar O’Higgins
(HPS). However, an exceptional glacier, Glaciar Pio
XI (HPS). has been advancing considerably.

; . |
maximum rate ol 330ma

(2) Retreating Glaciar Upsala (HPS) has thinned
recently at a large rate of 11ma ', while the ice
thickness of nearly stable Glaciar Moreno (HPS) has
remained unchanged.

(3) These glacier variations are not considered to be
due to recent global climatic change alone; they may
also have resulted from some changes in local
meteorological conditions and/or in glacier dynamics.

(4] Due primarily to the difference in drainage areas,
Glaciar Upsala retreats three or four times [aster than
Glaciar Moreno. For example, a rise of 100m in the
LELA at Glaciar Upsala may result in a rise of 200
350m in the frontal elevation, corresponding to a
frontal retreat of 5-8 km.

(5) Calving phenomena affect significantly the
behaviour of a glacier, especially by moderating the
variation ol the [ront in an advancing stage.
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