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ABSTRACT. A parameterization scheme using simple algorithms for unmeasured
glaciers is being applied to glacier inventory data to estimate the basic glaciological
characteristics of the inventoried ice bodies and simulate potential climate-change
effects on mountain glaciers. For past and potential climate scenarios, glacier changes
for assumed mass-balance changes are calculated as step functions between steady-
state conditions for time intervals that approximately correspond to the characteristic
dynamic response time (a few decades) of the glaciers, In order to test the procedure, a
pilot study was carried out in the European Alps where detailed glacier inventories
had been compiled around the mid-1970s. Total glacier volume in the Alps is
estimated at about 130km” for the mid-1970s; strongly negative mass balances are
likely to have caused a loss of about 10-20% of this total volume during the decade
1980 90. Backward calculation of glacier-length changes using a mean annual mass
balance of 0.25 mw.c.a ' since the end of the “Litte Ice Age” around 1850 AD gives
considerable scatter but satisfactory overall results as compared with long-term
observations. The total loss of Alpine surface ice mass since 1850 can be estimated at
about half the original value. An acceleration of this development, with annual mass
losses of around 1 ma ' or more as anticipated from IPCC scenario A for the coming
century, could eliminate major parts of the presently existing Alpine ice volume within

decades.

INTRODUCTION

An extensive data base on topographic glacier para-
meters has been built up in regional glacier inventories
(Haeberli and others, 1989). Repetition of such glacier
inventory work is planned at time intervals comparable
to the characteristic dynamic response times of mountain
glaciers (a few decades). This should help with analyzing
changes at a regional scale and with assessing the
representativeness of continuous measurements which
can only be carried out on a few selected glaciers. In
addition, glacier inventory data serve as a statistical
basis for extrapolating the results of observations or
model calculations concerning individual glaciers
(Oerlemans, 1993,
aspects of past and potential climate-change cflects.

1994) and to simulate regional

This latter application requires the introduction of a
parameterization scheme using simple algorithms for
unmeasured glaciers. A corresponding scheme is ex-
plained and illustrated with the example of the
European Alps. The procedure described also enables
plausibility checks to be carried out on the large sample
of inventory data and is presently being systematically
applied while loading available detailed inventories into
the new data bank of the World Glacier Monitoring
Service (WGMS) (paper in preparation by M. Hoelzle
and M. Trindler).
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PARAMETERIZATION SCHEME

The basis for the parameterization scheme (cf. Hoelzle
(1994) for more detailed discussion) consists of measured
inventory data on the total length (Lg), maximum/
minimum altitude (Hyax, Hpin) and total surface area
(F) of the investigated glaciers. From these basic
parameters, mean altitude (Hy = [Hyax — Hua]/2)
vertical extent (AH = Hyax — Huin) and average sur-
face slope (ev = arctan[AH/Lg]) are derived as a first
step. The length of the central flowline in the ablation
area (L,) is empirically set as 0.5Ly (Miiller, 1988) for
glaciers <2 km, and as 0.75L for glaciers >2km. The
mean slope of the ablation area (ay) is then computed
from arctan(Hy, — Hyin)/ La. Average ice depth along the
central [lowline (hf) is estimated from e and a mean basal
shear stress along the central flowline (77 = fpghgsina,
where p is density and g is acceleration due to gravity)
which depends in a non-linear way on AH as a function
of mass turnover (Fig. 1; c[. Haeberli, 1985; Driedger and
Kennard, 1986). The shape factor f is chosen as 0.8 for all
glaciers. Ice thickness in the ablation area (hy, ) is derived
from 7r and @, and maximum thickness (hyayx) is very
roughly determined at 2.5h¢,, as estimated from known
ice thickness measurements on various Alpine glaciers
(Miller and others, 1976; unpublished radio-echo
soundings/hot-water drillings by VAW/ETH Zirich)
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Fig. 1. Average basal shear stress along the central
Slowline vs altiludinal extent of (reconstrucled late-
Pleistocene Alpine) glaciers (modified from Haeberli
(1985) ). The palynomial [il gives the function used in the
present study. A maximum value of 1.5 bar (150 kPa ) was
assumed for the largest glaciers.

and in order to account for some longitudinal variations
in . Average thickness of the entire (three-dimensional )
glacier is assumed to be hp = (7/4)h¢ in accordance with
a semi-elliptic cross-sectional geometry, Total glacier
volume then becomes V = Fhy.

Mean altitude (H,,) is taken as an approximation for
equilibrium-line altitude (ELA; c¢f. Braithwaite and
Miiller, 1980), and the mass balance (annual ablation)
at the glacier tongue is computed as b = db/dH
(Hy — Hyin) where the mass-balance gradient db/dH
receives a value of 0.75 m w.e. per 100m and year for the
ablation area, as appears quite characteristic for the Alps
‘Oerlemans and Hoogendorn, 1989; Oerlemans and
Fortuin, 1992). Depth-averaged mean flow velocity
along the central flowline in the ablation area is
calculated as balance velocity for the lower half of the
ablation area as uyq = [(3b;/4)(L,/2)]/hta. For simpli-
city, the corresponding surface [low veloeity wug, is
differ significantly from gy, ,; its
component ol ice deformation is [rom
uga = 2A7"he/(n + 1) where A is uniformly chosen as

assumed not Lo
calculated

0.16a "bar” and n=3 to give realistic values (cf.
Paterson, 1981). The combined consideration of mass
conservation and the ice-flow law would. in principle,
allow the sliding velocity in the ablation area to be
estimated as Uy, = Usy — Uqa. The velocity ratio in the
ablation area would then be defined as w,, /1 ,. In view
of the limited data base and the uncertainties involved
with the flow-law parameters, however, firm conclusions
cannot be expected [rom such dynamic considerations.
Glacier-length changes (8L = Lgéb/b; ef. Paterson,
1981; Haeberli, 1994) for given disturbances in mass
balance (D) are calculated with respect to the character-
istic dynamic response tme tyep = hyay/br (cf. Johannes-
son and others, 1989) in the sense of step functions
between steady-state conditions. The reaction time
between the onset of b and the first reaction at the
glacier terminus is estimated as e = La/c. where ¢ is
the kinematic wave velocity (Nye, 1963). The application
of kinematic wave theory is especially delicate (Lliboutry
and Reynaud, 1981), but the reaction times calculated
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with ¢ = du,, seem (o compare quite well with observed
advance (Miiller, 1988). The time
between the first reaction at the glacier terminus and

patterns interval
full response 1o &b is called relaxation time (paper in
preparation by T.J. H. Chinn): ¢y = bresp — treace:

Near-surface thermal regime (10m temperature) is
defined from empirical relations between mean annual air,
firn and ice temperatures (Haeberli and Alean, 1983) in
the following way: cold firn is believed to exist everywhere
above the ~12°C mean annual air-temperature isotherm,
and ablation areas are expected to be partially cold where
mean annual air temperature at the ELA (H,,) is below —
b C. This first-order approach could be improved by using
between 10m ice and mean summer air
Hooke and others, 1983).

a relation
lemperatures

PRESENT-DAY GLACIERIZATION

The data for the European Alps as used in the present
study and containing a total of 5050 perennial surface ice
bodies were compiled for the mid-1970s (Austria 1969,
France 1967 71, Germany 1979, ltaly 197584, Switzer-
land 1973). Only 1763 of these ice hodies (35%) are
glaciers larger than 0.2 km? with complete information
available about surface area, total length and maximum
and minimum altitude. The above-explained parameter-
ization scheme is applied to this part of the sample. The
remaining 3287 ice bodies (65%) are perennial ice
patches and glacierets smaller than 0.2km” and are
treated separately.

The total surface area of all 5050 inventoried surface
ice bodies is 2909 km” (Haeberli and others, 1989). The
surface area of the 1763 glaciers > 0.2 km? is 2533 km~. or
88% of the total surface area. The total volume of these
glaciers >0.2km? is calculated as 126 km®. that of the
3287 glacierets <0.2km? as 2.6 km”®. The latter value is
globally estimated by taking half (7.5 m) the mean value
of hg (15+4m) for glaciers with 0.2<F<0.4km® The
overall volume of perennial surface ice in the Alps around
1970 is thus about 130 km®. Complete melting of this ice
volume would cause a sea-level rise of about 0.35 mm.
Such a small value is not of great importance for sea-level
rise but suggests the vulnerability to climate effects of
glaciers in comparable high mountain areas with
predominantly small glaciers. The decade 1980 90 with
a mean annual mass balance of —0.65 m w.e. as measured
on eight regularly observed glaciers in the Alps (Caréser,
Gries, Hintereis, Kesselwand, Saint Sorlin, Sarennes,
Silvretta, Sonnblick; Haeberli and Miiller, 1988: Hacherli
and Hoelzle, 1993: of. Haeberli, 1994) may have brought
about a loss in surface ice volume of nearly 20km” or
about 10-20% of the total velume existing around 1970.
[ 1§ that the
perennial Alpine surface ice is now (1994) not much

reasonable to assume total volume of
higher than 100 km®. Comparably low total glacier
have existed around 1950 AD. around
4000 BP and around 5000 BP:; even smaller ice volumes
can possibly be attributed to the early Holocene, i.e. the
time period around 7000-6000 BP (Haeberli, 1994 ).

A number of interesting glaciological characteristics

volumes may

can also be derived with respect to the investigated
sample of Alpine glaciers (Fig. 2). Only 34 (3%) of the
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1763 glaciers >0.2 km” begin above 4000ma.s.l. and,
hence, definitely have parts of cold firn in their

0/

accumulation areas. On the other hand, 1323 (75% ) of

all glaciers >0.2 km? have ELAs (mean altitudes) above
2800 ma.s.l, where mean annual air temperature is
around ~4°C. This means that for the most part the
Alpine glaciers are not strictly temperate but rather
polythermal with more or less extended cold parts
(surface layers) in their ablation arecas. Most glaciers
(88%) have at the
equilibrium line hetween -2° 6°C (2500< Hy,
< 3200), indicating transitional climatic conditions as

mean annual air temperatures

and

opposed to maritime (>-2°C, 2% and continental
Haeberli, 1983).
More than four out ol five glaciers (83%) end above

(<-6°C, 10%) types of glaciers (cf.

2400 m a.s.l., i.e. in the alttudinal belt where discontin-
uous permalrost regularly occurs. More than 90% of the
glaciers >0.2km” have total surface areas smaller than
10km?, lengths shorter than 3km and overall slopes
steeper than 107, This means that the sample of presently
existing Alpine glaciers is dominated by small and steep

mountain glaciers with average thicknesses ol a few tens of

metres. About 70% of these small mountain glaciers have
average basal shear stresses along the central flowline
which remain below 1 bar (100kPa). Such rather static
ice bodies, called “glaciers réservoirs™ by Lliboutry (un-
through altitude

changes rather than pronounced (horizontal) advance/

published), react (vertical) surface
retreat as can be typically observed [or the more dynamic,
rapidly flowing “glaciers vacuateurs” with higher basal
shear stresses ( > 1 bar, or > 100 kPa). Calculated surface
velocities in the ablation areas ol the small mountain
glaciers are typically a few tens of metres. Response times
centre around a few decades and are a strongly non-linear
function of surface slope (Fig. 3). This result is mainly
related to the parameterization applied in the present
study but could also be physically reasonable: with slope
decreasing towards the horizontal, the difference between
equilibrium-line and terminus altitudes (here:
Hm et

to become zero and the response time tends to become

H,iw) and, hence, ablation at the terminus tends

45 -

indefinitely long because a non-flow condition is being
approached. On the other hand, slopes increasing
towards the vertical reduce maximum thickness o zero
and asymptotically shorten response times towards zero.
In such cases, mass transfer on steep to vertical walls is by
instabilities and falling of snow and ice rather than by
steady ice flow. Reaction time varies [rom a few years o a
few decades and tends to be one-third to two-thirds of the
response time, the higher fraction being more character-
istic for the smaller glaciers. Derived relaxation time has a
peak frequency around 10years with decreasing prob-
abilities for longer time mtervals.

SIMULATION OF CLIMATE-CHANGE EFFECTS

A lirst experiment was run to simulate maximum glacier
extent around 1850 AD, the end of the “Little Ice Age™ in
central Europe, in order to check how realistic the
proposed scheme is as compared to observed long-term
changes and that
happened since. The considered time interval is 120-
130 years. In view of the fact that Alpine glaciers
remained quite unchanged between 1890 and 1925
(Patzelt and Aellen, 1990), the time interval since the
middle of the the
characteristic mean response time of the investigated

then to simulate changes have

past century spans about twice
sample of Alpine glaciers. Instead of calculating two
subsequent steps with inereasing uncertainties ahout the
parameters involved (for instance, ablation at the glacier
tongue in times lacking measurements), one single step
with a positive mass-balance (step) change of 1 ma ' was
assumed for the entire time interval. This procedure
corresponds to a calculation with two sleps assuming two
full dynamic responses (for instance, 1850 1900 and
1930-80) to a step change in mass balance of 0.5ma

and an average balance of 0.25ma ° for hoth partial
intervals. The comparison between calculated and
measured length changes for selected glaciers (Table 1)
shows that the dilferent sensitivities ol long-term glacier
length as a response (o uniform mass-balance forcing can
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Table 1. Measured and caleulated cumulative length changes and average mass balances of selected
Alpine glaciers since 1850 AD. 8Ly, measwred cumulative length change, 1850-1970 AD; L.,
calculated total length change, 1850-90 and 192570 with a mean mass balance of —0.25mw.e. a :
Jor both partial time intervals: b, average mass balance, 1850-90 and 1925-70 as correcled by

8L, /0L, for the measured length change

Glacier 8Ly 6L, BL,[8L, b Source for 6Ly,
km km mw.e.a |
Aletsch 25 2.5 1.00 0.25 Aellen (1981)
Argenticre 0.8 0.9 0.89 —0.22 Bless (1984)
Gepatsch | 1.6 1.06 0.27 Haeberli and Miiller (1988)
Gurgler 23 1.8 121 0.30  Haeberli and Miiller (1988)
Hinterels 2.2 1.6 1.38 -0.35 Haeberli (1985)
Hiifi 2.6 1.3 2.00 0.50  Aellen (1981)
Langtaler [P 1.4 0.86 0.22  Haeberli and Muiller (1988)
Morteratsch 1.9 1.0 2,00 0.50 Maisch (1992)
Oedenwinkel 1.4 0.9 1.56 0.39  Haeberli and Hoelzle (1993)
Rhone 22 1.8 I.22 -0.31  Aellen (1981)
Tour 1.1 L] 1.00 0.25 Bless (1984)
Trient Il 0.8 1.50 -0.38  Bless (1984)
Upper Grindelwald 0.8 0.6 I.33 0.33 Aecllen (1981)
Mean 1,31 —0.33
S.d. 0.38 0.09
be quite well reproduced (cf., for instance, Upper (Ll.q_r,(;)2 —0.004 (me)a‘ where Ligsp is the inferred

Grindelwald and Aletsch) and that the chosen mass-
balance forcing appears to underestimate slightly the real
evolution, Differences between measured and caleulated
overall length change [or individual glaciers, on the other
hand, can be considerable and are explained by
uncertainties in the simple parameterization scheme
applied, by the limited data base available for cach
glacier in inventories, and by variable climate/mass-
balance conditions at each glacier. Correcting the mass-
halance forcing for each glacier to fit the measured length
change gives an average mass balance of 0.33 +£0.09 m a :
average (secular) mass loss for the sample of glaciers
considered in Table 1. If the time period 1850 1970 is
treated as one single retreat period without consideration
of the 35 years of stationary glaciers, the above calculated
value reduces to an average mass loss of 0.2-0.3 mw.e.
a '. The energy required for melting this amount of ice
during the time interval 18501970 AD is 2-3 Wm % Such
values roughly correspond to the observed long-term
trend of atmospheric warming and could be quite
representative of (non-polar?) mountain glaciers all over
the world (Oerlemans, 1994).

The calculated length change divided by two
relaxation times for the two periods considered gives
characteristic average rates of length change during
marked advance/retreat periods of a few tens of meters
per vear with steep/high-stress glaciers such as Bionnas-
sey, Taconnaz, Bosson, Brenva, Miage, Lower Grindel-
wald and Belvédeére being among the most active ones
and relatively flat, plateau-like glaciers such as Caréser
and Sarsura belonging to the most inert onces. The total
glacier area for 1850 AD was calculated for the glaciers

>0.2km? from Fiesy= 0.002+ 0.285Lg50 + 0.219

https://doi.orgﬁ b(3189/50260305500015834 Published online by Cambridge University Press

length at the end of the “Little Ice Age”. The third-
degree polynomial fit to the data was chosen in order to
avoid negative area values for the smallest glaciers and to
optimally reproduce the length/area relation for Aletsch,
by far the largest Alpine glacier. The so-calculated Figs is
at least 1.5 times the area calculated for the mid-1970s
but neglects not only the arca changes for ice bodies
<0.2km? in the presently existing inventories but also all
ice bodies that completely vanished before the mid-1970s.
It is therefore reasonable to assume that at least 35% of
the glacierized surface area existing around 1850 has
disappeared. The corresponding volume change as
estimated by muldplying the mass-balance forcing
(0.25ma ' over the entire time interval of 125 years, as
explained above) with the average area (F'+ Figs)/2
yields a volume change of at least 45-50%. After the mass
losses of the decade 1980 90, somewhat more than hall
the volume of ice originally existing around 1850 has
probably disappeared by now (1994).

In a second step, calculations were made with a mass-
balance lorcing of -0.9ma ' during a time interval of
50 years and starting from the conditions of the mid-
1970s. This could more or less correspond to the
consequences of IPCC scenario A (business as usual) till
2025 AD with an acceleration by a factor of 3-4 with
respect to the evolution since about 1920 (Kuhn, 1989,
1990). In such a scenario, 441 small glaciers representing
25% of the glaciers >0.2km” existing in the detailed
Alpine inventories from the mid-1970s would disappear
because their length would be reduced to zero, the
equilibrium line would rise above their highest point and/
be exceeded by

maximum thickness would

cumulative mass losses. In comparison with conditions

or their
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in the mid-1970s, about one-third of the surface area and
more than half the ice volume would be lost. This means
that less than half the surface area and about one-quarter
of the ice volume could be left in the year 2025 from the
Alpine ice cover existing at the end of the “Little Ice
Age”. Because surface area in the initial decades of the
considered time interval is still relatively extended,
roughly one-third of the simulated volume loss between
the mid-1970s and the year 2025 may already have
occurred since about 1980.

Due to increasing uncertainties and pronounced non-
linearities such as changing response times with changing
glacier size, ete., calculations for scenarios ol continued
acceleration tendencies of the climate and mass-balance
forcing heyond the early decades of the 21st century can
be order-of-magnitude estimates only, Annual mass losses
of 1-2ma’
would reduce the surface area and volume of Alpine

as must be expected from IPCC scenario A

glaciers to a few per cent of the values estimated for the
“Little Ice Age™ maximum by the second hall of the 21st
century. With such a development, only the largest and
highest-reaching Alpine glaciers could persist into the
22nd century, and these glaciers would be affected by
drastic changes in geometry. Down-wasting rather than
active retreat would thereby probably be the predomi-
nant process involved.

DISCUSSIONS AND CONCLUSIONS

The calculations and estimations presented in this study
build on four simple geometric parameters contained in
detailed inventories. This justifies the simplicity of the
applied algorithms but also means that uncertainties
involved with the proposed procedure are considerable.
In fact, the large scatter in derived parameters such as
Now velocities, response times, cte., points to the fact that
the applied parameterization scheme is more useful for
relatively large glaciers than for small ice bodies. The large
glaciers, on the other hand, have a predominant influence
on overall mass changes and. hence, make the estimates of
corresponding changes probably quite realistic. 1PCC
scenario A may give upper-bound values concerning
potential future evolutions, and less dramatic scenarios
are possible as well. In any case, however, the suiking
sensitivity of glacierization in cold mountain areas with
respect to atmospheric warming trends clearly appears.
The proposed scheme needs further investigation and
application. As a next step, detailed discussion and
sensitivity analysis will be carried out with respect to
the various assumptions and simplilications introduced,
especially concerning ice depth and volume caleulations
of flow velocities

as well as estimates and

characteristics. In addition, adaptation possibilities of

response

cmpirical/regional approaches involved (e.g. character-
istic balance gradients, ablation area length) must be
checked to see whether they can be applied to other
mountain ranges. It is planned to make similar analyses
for all available detailed glacier inventories while loading
them into the new data bank and to check the data base
in cooperation with the responsible national correspon-
dents of WGMS. The possibilities are also presently heing
investigated of retrieving additional information on
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glacier dynamics (down-wasting/retreat. rock/sediment
beds, ete.) or hydrology (seasonal run-ofl variations, ete.).
Perhaps the most important possibility is of quantitatively
inferring average decadal mass balances for unmeasured
glaciers by analvzing cumulative length change from field
evidence (moraine mapping, satellite imagery, acrial
photography, long-term observations). The repetition of
detailed regional glacier inventories would thereby not
only furnish important information on local to regional
environmental changes but also provide the basis for
evaluating scenarios of global warming.
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