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ABSTRACT. The relationships between temperature, precipitation and radiat-
ion on glacier equilibrium lines are investigated, using 70 glaciers for which the
mass balance and meteorological observations have been carried out for sufficiently
long periods. It is found that the characteristic climate at glacier equilibrium lines
can be described using the summer 3 months’ temperature in a free atmosphere,
annual total precipitation, and the sum of global and long-wave net radiation. All
of these are measured at or very near the equilibrium-line altitudes. Then, it is
shown how the shift of the equilibrium line will occur as a result of a climatic
change. Finally, the effect of the shift of the equilibrium line on the annual mean
specific mass balance is analytically derived and compared with observations. The
present results make it possible to identify the altitudes in climate models where
glacierization should begin, and to evaluate the mass-balance changes as a result
of possible future changes in the climate.

INTRODUCTION

Glacier equilibrium lines are very important because
they represent the lowest boundary of the climatic
glacierization. The climates which prevail at glacier
equilibrium lines are considered to be just sufficient to
maintain the existence of glaciers. A thorough knowledge
of the climates at equilibrium lines is, therefore, essen-
tial for understanding the relationship between climatic
changes and glacier variations. Investigations along these
lines of thought were previously pursued by Ahlmann
(1948) and Loewe (1971). In view of the recent improve-
ment in information on the equilibrium line, availabil-
ity of more climatic data and the new requirements for
climate modelling, the authors decided to formulate this
problem from a different viewpoint.

Glacier equilibrium lines also have other important
meanings.  First, the year-to-year variation of the
equilibrium-line altitude (ELA) is a good indicator of
the variation in the total annual mass balance of the
glacier. Secondly, but closely related to the first point,
the largest standard deviation of annual zonal mass bal-
ance (mass balance for a certain altitude zone) is usually
observed at around the ELA. Thirdly, a substantial part
of the glacier meltwater originates from near the ELA
(Ohmura and others, 1986).
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There are, at least, two approaches to understanding
the climate at the ELA. One is to pursue the processes
of accumulation and melt, where the latter can be vig-
orously investigated from the energy-balance principle.
The other approach can be made from the viewpoint
of scaling, whereby the relevant variables for the ELA
are selected and the relationships between them and the
annual accumulation or ablation are sought statistically.
The present work is aimed at finding the relationship bet-
ween the climate and the glacier equilibrium line, based
on the second approach. The ELA values used in this
work are all directly derived from the mass-balance meas-
urements. The glaciers considered in this work are those
in mid-latitudes and polar regions. The glaciers in the
tropics behave differently and will be treated separately
later.

PRESENT DISTRIBUTION OF THE ELA

Despite its importance, the ELA is often treated crudely,
confused with the snow line, with little reference to the
mass balance. In view of this problem, it is worthwhile
looking at the large-scale distribution of the ELA in rel-
ation to some climatological elements. Figure la, b, c,
d and e illustrate the distributions of the ELA for the
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west slope of Greenland, west Scandinavia, the Alps,
central Asia and the Andes, respectively. Other glacio-
climatologically important lines are also plotted to assist
interpretation.

The ELA on the west slope of the Greenland ice sheet
(Fig. 1a) falls from about 1500 ma.s.l. at the southern
end to 700ma.s.l. on the northern slope. Often, the
annual mean 0°C isotherm is used as the ELA (Kéllén
and others, 1979; Oerlemans and Van der Veen, 1984).
It should be noted that the 0°C annual mean surface
temperature barely touches the southern tip of Green-
land and does not even intercept the ice sheet. This fact
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demonstrates how unrealistic it is to approximate the
ELA with the 0°C annual mean surface temperature. If,
for some reason, the 0°C annual mean surface temper-
ature is preferred to be related to the ELA, the summer
3 months (JJA) surface temperature comes closest to the
ELA on the west slope of Greenland. A local depression
of the ELA at around 77°N is due to greater precipit-
ation from the North Water, one of the major recurring
polynyas in the Northern Hemisphere (Ohmura, 1976).
The ELAs are presently best known in Nor-
way. The ELAs in Figure 1b are all calculated by
the long-term mass-balance measurements with well-
chosen stake networks. All ELAs are distributed
within the annual mean and summer temperature zero
lines, descending on an average from 1400 to 1600 m
in Folgefonni/Hardangerjoklen to 1100-1350m in the
Storsteinfjellbreen/Blaisen area over 900km. A much
steeper descent in the ELA is seen, however, from the
interior of the Scandinavian peninsula to the Atlantic
coast. In the latitudinal cross-section along 61°40'N
from Memurubreene, through Jostendalsbreen to Alfot-
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Fig. 1. a. Distribution of equilibrium line (dots) for West Greenland. 0°C isothermal lines for
the free atmosphere during June, July and August (solid line), for the surface during the same
3 months (broken line), and for the annual mean surface temperature (broken line and dot) are
also plotted. Glaciological information is according to Schytt (1955), Braithwaite (1980), Olesen
(1986), Weidick and Thomsen (1986) and personal communications from R.J. Braithwaite and
H. H. Thomsen. Climatological data are according to Scherhag (1969) and Ohmura (1987). The
broken line and cross represent the dry snow line by Benson (1962). b. Distribution of equilibrium
line for Scandinavia. The ELAs of individual glaciers are expressed as dots. The meanings of
the other lines are the same as in Figure la, except for the open circles in the top right inset
which indicate annual precipitation with the scale on the righthand side. Glaciological data are
according to Kasser (1973), Miller (1977) and Haeberli (1985). Climatological data are according
to Scherhag (1969), NCAR World Weather Disc Records — Upper Air (TD-9648), WMO (1971),
British. Meteorological Office (1978) and Wernstedt (1985). c. Distribution of equilibrium line
in the Alps. The most likely altitudes of the equilibrium lines are found within the two dotted
lines. The 0°C isothermal lines are the same as for Figure la. Glaciological data are according
to Hoinkes (1970), Kasser (1973), Miller (1977), Kuhn (1981), Funk (1985), Haeberli (1985),
Moser and others (1986), Funk and Aellen (unpublished). Climatological data are according
to Scherhag (1969) and WMO (1971). d. Distribution of equilibrium line for Central Asia.
The mean altitude of the equilibrium line is shown as dots. The 0°C isothermal lines are the
same as for Figure la. Glaciological data are according to Fujii and others (1976), Ageta and
Satow (1978), Yasunari and Inoue (1978) and Shi (1988). Climatological data are according to
NCAR World Weather Disc Records — Upper Air (TD-9648), WMO (1982) and unpublished
meteorological data for Tibet, Tianshan and Altai Shan provided by the Lanzhou Institute of
Glaciology and Geocryology, Academia Sinica. e. The distribution of equilibrium lines for the
Andes. The ELAs of individual glaciers are erpressed as dots. The 0°C isothermal lines are the
same as for Figure la. The glaciological data are according to Nogami (1976), Jordan (1984)
and Ames (1985). Climatological data are according to Prohaska (1976), Miller (1976), Johnson
(1976), NCAR World Weather Disec Records — Upper Air (TD-9648) and U.S. Department of
Commerce (1982).

breen, the ELA descends from 2050 to 1150m in just
over 150 km. In the east—west cross-section of southern
Scandinavia, annual precipitation decreases rapidly from
over 2000 mm within the first 50 km and reaches a mini-
mum of less than 500 mm at Jotenheimen. This is one of
the regions in the world where the precipitation gradient
from the coast to the interior shows its effect clearly on
the ELAs.

In the Alps, the ELAs (Fig. 1c) tend to appear at
about 700m above the zero annual mean temperature.
The ELAs climb slowly from the French Alps to the Swiss

This abrupt descent in the ELA is attributed to the pre-
vailing westerlies south of 35°S, which carries moisture
from the Pacific Ocean.

SUITABLE VARIABLES FOR DESCRIBING
THE ELA

In view of the facts presented above, it is appropriate to
use at least two variables, precipitation and temperature,
which represent the effects of accumulation and ablation,

Alps, reaching more than 3200 m on the north side of the
Pennine Alps, especially in the Mischabel Range. The
ELAs descend in the region of the Adula Group which
is open to the Mediterranean. In the Austrian Alps, the
highest ELAs are observed in the Otztal Alps.

The ELA decrease to the south on the southern slope
of the Himalaya (Fig. 1d) is due to the effect of the sum-
mer monsoon, greater precipitation and lower summer
temperature in comparison with the northern lee side.
On the Tibetan Plateau, the ELA falls only slightly with
increase in latitude. The meridional temperature grad-
ient in the middle troposphere is the smallest over the
Tibetan Plateau within the entire Northern Hemisphere.
The sudden drop in the ELA in the Tien Shan and the
Altay Mountains is mainly due to the increase in vapour
flux transported from the Atlantic (Xiao, 1981).

In the Andes (Fig. le), the ELA increases from the
Equator towards 25° S which is at the latitude equivalent
to the Atacama Desert on the Chilean coast. The ELA
descends sharply from 30° to 40° S by as much as 5000 m.
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respectively. As will be demonstrated later, radiation is
also an important factor to be considered.

ELAs are known accurately on about 100 glaciers at
present where the annual mass-balance measurements
have been carried out for a sufficiently long period. Af-
ter some trial and error, it was found that the mean
temperature of the summer months, June, July and Aug-
ust (December, January and February for the Southern
Hemisphere) in the free atmosphere at the equivalent
altitude as the ELA and the annual total precipitation
at the ELA are convenient variables to characterize the
ELA. Air temperature of the free atmosphere has an ad-
vantage over the screen-level air temperature, because
the former is more easily accessible both in Nature and in
models. The free-atmospheric temperature is calculated
on the basis of data from Scherhag (1969) and NCAR
World Weather Disc Records-Upper Air (TD-9648).

The annual total precipitation measured on the ELA
is extremely rare. The annual total precipitation on
the ELA is, therefore, approximated by the winter mass
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Table 1. Energy balance on the glacier equilibrium line during the melt period in Wm™, values in
brackets are in per cent of total source or sink (numbers in the first column correspond those in Table 3)

No.  Glacier Localion Allilude Surface Observation ~ Nel rad- Sensible Lalent Mell Conducl- Reference
Lal., Long period ialion heal  heal won
ma.s.l
1 Ward Hunt
Ice Shelf 83°12°N, 15 Snowfice 60hin Jun 60 0 0 -60 0 (1
74°00 W and Jul 1960 (100) (0) (0) (~100) (0)
7 Devon Island
ice cap 75°30'N, 1320 Snow 21 May-11 Aug 16 10 -4 -10 =12 (2)
83°18'W 1962, 1963 (62) (38) (-14) (—40) (—46)
11 Greenland
ice sheet 69°41' N, 1004 Snow/ice 26 May-7 Aug 113 35 =25 111 =13 (3)
49°38' W 1959 (76) (24) (-17) (-74) (-9)
55 Vernagt-
ferner 46°50' N, 2970 Ice 45d in 143 23 4 -170 0 (4
10°45 E Aug and Sep  (84) (14) (2) (-100) (0)
1950-53
56 Hintereis-
ferner 46°48'N, 2960 Snowfice 15 Jul-18 Aug 66 32 -3 -95 0 K5
10°45'E 1971 (67) (33) (~4) (-96) (0)
57 Rhone-
gletscher  46°37 N, 2820 Snowfice 1 Aug-9 Sep 90 81 -2 -167 0 (6)
08°24'E 1982 (53) (47) (-1) (-99) (0)
63 No. 1 Glacier
Urumgi 43°06 N, 3910 Snowfice 30 Aug-3 Sep 64 17 =15 -68 0 (7),(8)
87°15 E 1985 (79) 21y (-19) (81) (0)
1 Jun-31 Aug
1986, 1987
References

(1) Lister (1962); (2) Holmgren (1971); (3) Ambach (1963); (4) Hoinkes (1955); (5) Tanzer (1986);
(7

(6) Funk (1985);

balance and the summer precipitation measured on the
ELA, both of which are more often observed than the
annual total precipitation. The difference between the
accumulation on a glacier and the meteorologically ob-
served precipitation will be discussed later in detail.
The radiation data, which are best suited for char-
acterizing the glacier ELA, must be net radiation. As
shown in Table 1, this is the prime energy source for
the melt. It is, however, preferable to use global rad-
iation plus long-wave net radiation to parameterize the
ELA instead of net radiation, because the observation
of net radiation on an ELA for the entire melt period
is extremely rare and is liable to be influenced by local
conditions, such as the albedo below the net radiometer.
In addition, there is another advantage in avoiding the
involvement of the albedo, because the parameterization
of the ELA can be more conveniently formulated by us-
ing the glacier’s external factors as independent variables
and the albedo should be considered as the glacier’s inter-
nal characteristics, which should be found as a solution.
The radiative fluxes, as well as other climatological el-

ements which are used in this work, are summarized in
Table 2.
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) Ohmura and Funk (1986); (8) Calanca and Heuberger (1990).

CLIMATIC CHARACTERISTICS OF THE
EQUILIBRIUM LINE

The information on the mean equilibrium-line altit-
ude, winter mass balance, summer precipitation, the
free-atmospheric summer temperature, global radiation,
global radiation plus long-wave net radiation is given in
Table 3. The ELAs in this table are evaluated by mass-
balance measurements with stakes. The distribution
of the ELAs of these 70 glaciers in the precipitation-
temperature (P-T) diagram is presented in Figure 2. In
general, it can be interpreted that, if the P-T condition
of a site falls in the sector within the zone of the points,
such a location has a good chance of being on the ELA.,
If the site is not presently glacierized, it is very close
to being glacierized with a slight increase in precipit-
ation or decrease in summer temperature. If the P-T
condition falls above the zone of the points, the site is
likely to be found in the accumulation area. Likewise,
if the P-T value falls below the zone of the dots, the
site is either in the ablation area or unglacierized. It is
assumed that there exists a function of P and T at the
ELA, f(P,T) = 0, which satisfies the condition for creat-
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Table 2. Radiative components on or near the glacier equilibrium line

Glacier Global radiation Long-wave Sum of global and Sources
net radiation long-wave net radiation
W m? (kly/3 mon.) W m™ (kly/3 mon.) Wm™ (kly/3 mon.)

Ward Hunt

Ice Shelf 207 (39) =15 (-3) 192 (36) (L7 (2
White Glacier 239 (45) =27 (=) 212 (40) (3), (4), (5)
Laika Glacier 227 (43) -17 (-3) 210 (39) (6)
Devon Ice Cap 270  (51) —69  {-13] 201 (38) (7)
EGIG IV,

Greenland 212 (40) —42 (-8) 170 (32) (8), (9), (10)
Ram River

Glacier 260  (49) 43 (-8) 217 (40) (1), (11)
Peyto Glacier 244  (46) =37 =7 207 (39) (12)
Place Glacier 242 (46) —32  (-6) 210 (40) (1), el 3
Sentinel Glacier 233 (44) 2] (—4) 212 (40) (1), (14)
Nisqually

Glacier 260 (49) -37 (=7) 223 (42) (1), (12)
Vernagtferner 245 (46) 19 (=) 226 (43) (15), (16), (17)
Hintereisferner 281 (33) —40 (-8) 241 (45) (18), (19)
Rhonegletscher 292 (55) =58 (-10) 239 (45) (20)
No. 1 Glacier

Urumgi 250 (46) —42.  {—8) 208 (38) {(21); (22), (23)
Law Dome 203 (42) =5  (-1) 218 (41) (24), (25)

Source references

(1) Canada. Department of Transport. Meteorological Branch (1970); (2) Sagar (1962); (3)
Andrews (1964); (4) Havens (1964); (5) Ohmura (1981); (6) Ohmura (1977); (7) Holmgren (1971);
(8) Ambach (1963); (9) Ambach (1977); (10) Marshunova and Chernigovskiy (1971); (11) Young
and Stanley (1976a); (12) Young and Stanley (1976b); (13) Mokievsky-Zubok and Stanley (1976b);
(14) Mokievsky-Zubok and Stanley (1976a); (15) Ambach (1955); (16) Moser and others (1986);
(17) Escher-Vetter (1985); (18) Palz and others (1979); (19) Wagner (1979); (20) Funk (1985); (21)
Bai and Xie (1965); (22) Bai and others (1985); (23) Ohmura (1990); (24) Schwerdtfeger (1984);

(25) Japanese Antarctic Research Expedition (1985).

ing the glacier equilibrium line. The best-fit polynomial
regression curve for the 70 glaciers under consideration
is P = a+ bT + ¢T?, whereby a = 645, b = 296 and
¢=29, and P and T are in mm w.e. and °C, respectively.
The standard error of estimate is 200 mm w.e. Although
the scatter of the points around the regression line is rel-
atively narrow, it can be explained as being largely due to
the different radiation condition. Global radiation alone
does not explain the discrepancy amongst the dots, how-
ever, because of the often-observed negative correlation
between global and net radiation for the ELA region
(Ambach, 1974). The inclusion of long-wave radiation
data makes it possible to understand the scatter. This
result offers a possibility for parameterizing the ELA for
climate models.

It is currently possible to estimate global radiation
and long-wave net radiation on equilibrium lines for only
15 glaciers. The reason for the difficulty in calculating
this component for other glaciers is the lack of obser-
vations on long-wave radiation. The general trend of

https://doi.org/10.3189/50022143000002276 Published online by Cambridge University Press

each glacier around the regression line in Figure 2 is that
for a given annual precipitation the glacier equilibrium
lines under the lower summer temperature are found
for glaciers with greater amounts of radiation, and vice
versa. It appears that a temperature difference of 1°C is
roughly equivalent to a 7Wm™2 (1.3kly/3 months) rad-
iation difference and 350 mm w.e. annual precipitation.

RELATIONSHIP BETWEEN PRECIPIT-
ATION AND ACCUMULATION

Although accumulation originates primarily from precip-
itation, it is quantitatively different. It is, however, nec-
essary to clarify the differences between these quantities.
Of the 70 glaciers listed in Table 3, 12 glaciers are ident-
ified as suitable for a comparison of the annual precip-
itation and the combined amount of the winter balance
and summer precipitation (Table 4). For some glaciers,
the annual precipitation was measured at the mean ELA,
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Canadian Arctic
1 Ward Hunt Ice DPB -1.0 207, 39 192, 36 1), @
Shelf 83°07 N, 74°10W 0 180 240 1959-69 (1), (2) Geogr. Branch =11 240, 45 1
2 Gilman Glacier ~ 82°I0'N, 71°I5W 1250 110 170 51-61  (3), () GG, ETH -1.5 242, 45 (3)
3 Per Ardua 81°27'N, 76°35W 1350 150 190  67-68  (5) McGill Univ,; GG, ETH  -1.6 239, 45 212, 40 (4), (5), (6)
4 White Glacier 79°30'N, 90°38'W 855 180 310  66-76 (6) McGill Univ.; GG, ETH  -1.7 233, 42 (n
5 Baby Glacier 79°26'N, 90°38W 933 200 330  68-76 (7) GG, ETH 0.5 297, 43 210, 39 (8)
6 Laika Glacier 75°53'N, 79°10W 355 410 590 72-79  (8) PCSP -0.3 270, 51 201, 38 (9)
7 Devon Island ice
cap, northwest
slope 75°15N, B2°00W 1030 180 240  62-66  (9), (10)
8 BarnesIce Cap  70°10'N, 73°30W 810 440 390 7076 (1) Glaciol. Div. 1.9 202, 38 )y
9 Decade Glacier 69°39'N, 69°55 W 1175 240 310 65-70  (5) Glaciol. Div. -0.3 198, 37 (18]
Greenland
10 Greesland ice sheet 76°30°N, 68°00 W 650 410 700  Seratigr.  (12), (13) CRREL 0.6 238, 45 (3)
Il Greenland ice sheer 69°30'N, 48°20W 1200 420 510  82-89  (14) GGU L1 212, 40 170, 32 {10}, (113, (3)
12 Qapiarfiup sermia  63°36' N, 52°08W 790 1120 1330  80-85  (13), (18) GGU 2.9 200, 38 (12), (3)
13 Greenland ice sheer 64°30'N, 49°32 W 1310 590 990 81-84 (17) GGU 2.0 208, 39 (3)
14 Greenland ice sheet 61°30'N, 45°23'W 1500 590 870  79-83 (17) GGU 2.3 228, 43 (13)
Tceland
15 Vatnajskull, south- Univ, Ieeland 4.0 175, 33 (12), (3
east slope 64°20'N, 16%00'W 1100 2000 2600 Stratgr.  (18)
Svalbard
16 Austfonna 79°30°N, 25°15°E 335 830 940 Scratigr.  (19) SPRI 0.5 170, 32 (12), (3
Alaska and Cordillera
17 Gulkana Glacier  63°18'N, 145°25°W 1785 1100 2450  65-67  (20), (21) USGS 3.3 174, 33 (12)
I8 Wolverine Glacier 60°24'N, 148°5¢ W 1260 1300 3600  65-67  (20), (21) UsSGS 5.6 174, 33 (12)
19 Lemon Creek
Glacier 58°23' N, 134°14W 1090 1730 2850  56-58  (22) Michigan State Univ. 7.0 195, 37 m
20 Alexander Glacier 57°06'N, 130°49'W 1730 1800 2050 73-84  (11) Glaciol. Div. 39 193, 37 (1)
21 Yuri Glacier 56°58 N, 13042 W 1829 1600 1830 77-84  (11) Glaciol. Div. 3.3 195, 37 (1)
22 Andrei Glacier 56°57 N, 130°39 W 1510 1900 2150 7-84  (11) Glaciol. Div. 5.1 195, 37 (1)
23 Ram River Glacier 51°51'N, 116°11'W 2860 1000 1180  63-7¢ (5), (10) Glaciol. Div. 4.7 260, 49 217, 40 (1), (14)
24 Peyto Glacier 51°40'N, 116°33W 2670 1400 1600  65-80  (5), (10}, (23) Glaciol. Div. 6.1 244, 46 207, 39 (15)
25 Bench Glacier 51°27'N, 124356 W 1860 2000 2300  80-84 (24) Glaciol. Div. 6.4 223, 42 )
26 Tiedemann Glacier 51°20'N, 125°00'W 1890 2300 2350  80-84  (24) Glaciol. Div. 6.2 223, 42 (1)
27 Woolsey Glacier  31°0U'N, 118212°W 2270 2700 3100 6574  (3), (10) Glacicl. Div. 8.9 260, 49 )
28 Sykora Glacier 30°53'N, 123°3¢'W 2200 1900 2030 76-84 (1) Glaciol. Div. 4.5 240, 45 (1
29 Bridge Glacier 50°49'N, 123°33'W 2200 1950 2100 76-8¢  (11) Glaciol. Div. 45 240, 45 (1
30 Zabisha Glacier  50°48'N, 123°25'W 2280 1750 1900 76-84  (11) Glaciol. Div. 4.1 240, 45 ()
31 Place Glacier 50°26'N, 122°36' W 2155 2100 2240  6+74  (5), (10) Glaciol. Div. 6.8 242, 46 210, 40 (1), (16)
32 Helm Glacier 49°58 N, 123°00 W 2090 2100 2330 76-84 (11) Glaciol. Div. 5.0 240, 45 (1)
33 Sentinel Glacier ~ 49°34'N, 122°59'W 1805 3300 3750 65-75  (3), (10) Glaciol. Div. 8.7 233, 44 212, 40 (1), (17)
34 South Cascade
Glacier 48°45'N, 121°03W 1965 2630 2900  64-80 (), (23) UsGS 6.9 260, 49 (2. (n
35 Nisqually Glacier  46°08'N, 121%4'W 2080 4800 5130 67-68  (3) USGS 9.5 260, 49 213, 42 (0, (17
Scandinavia
36 Blaisen 68°20'N, I7°5'E 1100 1700 1900  64-68 (3) NWREB 4.6 180, 34 (12)
37 Storsteinfiellbreen  68°13'N, 17°55E 1375 1330 1600 6468 (3) NWREB 3.1 180, 34 (12)
38 Cainhavarre 68°06'N, 1B°00'E 1405 1400 1600 6468 (3) NWREB 2.9 180, 34 (12)
39 Storglacidren 67°54'N, 18°34E 1486 1520 1720  59-86 (3) Univ. Stockholm 3.8 180, 34 (12)
40 Trollbergdalsbreen 66°43'N, 14°27E 1065 2950 3200 70-75  (10) NWREB 5.6 180, 33 (12)
41 Engabreen 66°39'N, 13°51'E 1085 2700 3050  69-80  (5), (10), (23) NWREB 6.3 180, 33 (12)
42 Hogtuvbreen 66°27'N, 13°39'E 845 3430 3850 70-77  (10), (23) NWREB 73 180, 33 (12)
43 Alfotbreen 61°45'N, $°39°E 1175 3450 3770 6480  (5), (10), (23) NWREB 6.8 180, 34 (12)
44 Nigardsbreen 61°43'N, 7°08'E 1545 2000 2300 64-80  (3), (10}, (23) NWREB 4.9 180, 34 (12)
45 Grasubreen 61°39'N, 836E 2145 750 1000  64-80  (5), (10), (23) NWREB 1.9 180, 34 (12)
46 Hellstungubreen  61°34'N, 8°26E 1925 1200 1430 64-80  (5), (10}, (23) NWREB 2.9 180, 34 (12)
47 Tunsbergdalsbreen 61°36'N, 7°03'E 1465 2150 2400 6570 (5) NWREB 5.2 180, 34 (12)
48 Austre Memurubre 61°33'N, 8°30E 2045 1250 1500 67-70  (5) NWREB 21 180, 34 (12)
49 Vesrre Memurubre 61°32'N, 8°27E 2010 1350 1600  67-70 (3) NWREB 2.3 180, 34 (12)
50 Vesledalsbreen 61°05'N, 7°I6E 1390 2300 2330  66-72  (5), (10) NWREB 5.9 180, 34 (12)
51 Hardangerjokulen 60°3%FN, 7°22E 1665 1850 2200 6+75  (5), (10) NWREB 35 182, 34 (12), (18)
52 Folgefonni-East  60°09 N, 6°20E 1435 2700 3150 6468 (5) NWREB 5.3 186, 35 (18)
53 Folgefonni-West  60°09'N, 6%29°E 1475 2600 3050 6468  (5) NWREB 5.4 186, 35 (18)
54 Bondhusbreen 60°02'N, 6°20E 1525 2400 2850  76-80  (23) NWREB 5.1 186, 36 (18)
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Alps
55 Vernagtferner 46°57°N, 1049E 3085 1000 1550 6483  (25) KGBAW 2.0 245, 46 276, 43 (19< (20), (21
56 Hintereisferner 46°48'N, 106 E 2960 1500 2100 66-78  (26), (27) DMG, Ul 2.0 281, 53 241, 45 (22), (23), (18)
57 Rhonegletscher 46°37 N, 8°24E 2050 1950 2230 79-82 (28) GG, ETH 2.2 292, 55 239, 45 (24)
58 Careser 46°27°N, 10%1E 3105 1150 1450  €6-79  (5), (10), (23) IGUP 1.6 255, 48 (12)
59 Griesgletscher 46°26 N, 8°20E 2870 1050 1800 6485  (29) VAW, ETH 2.7 250, 47 (18)
60 Marmolada 44°07'N, 7°23E 2740 1030 1250 6466 (5) IGUP 4.3 275, 52 (12), (18)
Caucasus
61 Dzankuat 43°12°N, 42°%44E 3210 2250 2800 67-80  (23) GFMSU 4.1 265, 50 (12)
Tianshan
62 Tsentrainyy . .
Tuyuksu 43°10 N, 77700 E 3835 1000 1400 64-80  (5), (10), (23) GS, ANKSSR 3.6 280, 53 (12)
63 No. ! Glacier
Urumgi 43°07'N, B6°49'E 4050 330 400 59-74  (10) LIGG, AS -0.2 250, 45 208, 38 (25, (26)
Himalaya
6+ Rikha Samba
Glacier 29"00: N, 83"30:2 5650 20 270 74 (30) WRI, UN -1.3 223, 42 (27)
65 Gyajo Glacier 27°54 N, 86°41'E 5370 50 900 76 (31) WRI, UN 03 207, 39 (28)
66 EB030 (E09) 27°58'N, 86°46 E 5270 30 1300 76 (31), (32) WRI, UN 0.9 212, 40 (28)
Southern Hemisphere
67 Tasman Glacier ~ 43°30'S,170°20E 1900 2500 3250 66-71  (3) GS, MW 7.7 203, 39 (12)
68 Hodges Glacier 34°17°S, 36730 W 435 1480 1850 31-60  (33) ua 1.9 215, 40 (29)
69 Glacier, Deception
Island sa‘m:s. 60°40°W 325 600 780 68-71  (5) IPS, OSU 0.0 185, 35 (12)
70 Law Dome 66°00 S, 112°00 E 150 330 360 Stratigr.  (34) ANARE =26 223, 42 218, 41 (30), (31)

Responsible organization for mass balance

ANARE Australian National Antarctic Research Expeditions

CRREL U.S. Army Cold Regions Research and Engineering Laboratory
DMG, UL Department of Meteorology and Geophysics, University of Innsbruck
DRB Defense Research Board, Canada

Geogr. Branch Geographical Branch, Department of Transport, Canada

GFMSU Geographical Faculty, Moscow State University

GG, ETH Department of Geography, Eidgendssische Technische Hochschule, Ziirich

GGU Geologieal Survey of Greenland, Denmark

Glaciol. Div.  Glaciological Division, Inland Waters Branch, Department of Energy, Mines and
Resources, Canada

GS, ANKSSR Geographical Section, Academy of Sciences, Kazakhstan Soviet Socialist Republic

IGUP Institute of Geography, University of Padua

KGBAW Commission of Glaciology, Bavarian Academy of Sci

1PS, OSU Institute of Polar Studies, Ohio State University

GS, MW Glaciology Section, Ministry of Works, New Zealand

LIGG, AS Lanzhou Institute of Glaciology and Geoeryology, Academia Sinica, China

NWREB Norwegian Water Resources and Electricity Board

rcsp Polar Continental Shelf Project, Department of Energy, Mines and Resources,
Canada

SPRI Scout Polar Rescarch Institute, Cambridge, England

UA University of East Anglia, England

USGS U.S. Geological Survey

VAW, ETH  Versuchsanstalt fiir Wasserbau, Hydrologic und Glazialogie, Eidgentssische
Technische Hochschule, Zurich

WRI, UN Water Resources Institute, University of Nacova

such as Rhonegletscher and Griesgletscher. For other
glaciers, such as Laika Glacier and Law Dome, meteor-
ological stations were located very near (within 300m
altitude) the ELA. For glaciers of the other group, such
as White Glacier and No. 1 Urumgi glacier, the meteor-
ological stations were closely located but with a much
larger altitude difference. In these regions, however,
the altitudinal dependency of precipitation is well estab-
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Sources of mass-balance data

(1) Hartersley-Smith and Serson (1970); (2) Koerner (1979); (3) Sagar (1964); (4) Arnold (1968);
Kasser (1973); (6) Weiss (1984); Alean (1977); (8) Kraus (1983); (9} Koerner (1966); (10) Muller
(1977); (11) Mokievsky-Zubok and others (1983); (12) Schytt (1953); (13) Benson (1962); (14)
Thomsen (personal communication); (15) Olesen (1986); (16) Weidick and Thomsen (1986); (17)
Braithwaite (personal communication); (18) Bjdrnsson (personal communication); (19) Dowdeswell
(personal comunication); (20) Meier and othess (1971); (21) Tangbern and others (1977); (22
Marcus (1964); (23) Haeberli (1985); (24) Mokievsky-Zubok (1985); (23) Moser and others (1986);
(26) Hoinkes (1970); (27) Kuhn (1981); (28) Funk (1983}; (29) Funk and Aellen (unpublished); (30)
Fujii and others (1976); (31) Ageta and Satow (1978); (32) Yasunari and Inoue (1978); (33) Timmis
(1986); (34) Xie (1984).

Sources of radiation data

(1) Canada. Department of Transport. Metcorological Branch (1970); (2) Sagar (1962); (3)
Marshunova and Chernigovskiy (1971); (4) Andrews (1964); (3) Havens (1964); (6) Ohmura
(1982); (7) Ohmura (1981); (8) Ohmura (1977); {9) Holmgren (1971); (10) Ambach (1963); (11)
Ambach (1977); (12) Budyko (1963); (13) Braithwaite and Olesen (1984); (11) Young and Stanley
(1976a); (13) Young and Stanley (1976b); (16) Mokievsky-Zubok and Stwanley (1976b); (17)
Mokicvsky-Zubok and Stanley (1976a); (18) Palz and others (1979); (19) Ambach (1935); (20)
Moser and others (1986); (21) Escher-Vetter (1985); (22) Kuhn (1981); (23) Wagner (1979); (24)
Funk (1983); (25) Wang and Zhang (1983); (26) Bai and others (1983); (27) Higuchi (1977); (28)
Mani (1980); (29) Shanklin (1981); (30) Japanese Antarctic Research Expedition (1985);
Schwerdtfeger (1984).

lished, so that it was possible to correct the annual total
meteorological precipitation to the ELA. On all these
glaciers, the summer precipitation and the winter glacier
mass balance were measured at altitudes very close to
the ELA or right on the long-term ELA (White Glacier,
Rhonegletscher and No. 1 Urumgqi glacier).

The comparison between the annual precipitation and
the combined winter balance and summer precipitation
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Fig. 2. Annual total precipitation (or win-
ter mass balance plus summer precipitation)
and the mean free-atmospheric temperature
observed at the ELAs for 70 glaciers. The
numbers indicate the glaciers listed in Table
3. The solid line and the broken lines indic-
ate the square regression line and the stan-
dard deviation, respectively. The numbers in
brackets are global plus long-wave net radiat-
ion for the summer 3 months, June, July and
August (December, January and February for
the Southern Hemisphere), expressed in kly/3
months and Wm™2, respectively. The dotted
and dashed lines indicate the best-fit curves for
the glaciers with summer radiation 240 and
210 W m~2

shows that they are very close to ecach other. This is
especially true for White Glacier, Rhonegletscher and
Griesgletscher, for which meteorological and glaciolog-
ical observations are considered to be of a very high
quality. On average, the metorologically measured an-
nual precipitation is slightly smaller than the winter
balance plus summer precipitation. This is partly due
to the known underestimation of precipitation gauges,
particularly of solid precipitation (Sevruk, 1983). For
some glaciers, however, the winter mass balance is clearly
larger than the meteorologically measured precipitation,
and the accumulation through snow drift may be an im-
portant accumulation mechanism for such glaciers (Laika
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Glacier, Woolsey Glacier, Hintereisferner and Tsentral-
nyy Tuyuksu). The most important conclusion of this
comparison is that the winter mass balance (accumul-
ation) comes very close to the meteorological precipit-
ation on a number of glaciers. This point justifies the
approximation of the annual precipitation using the win-
ter balance and the summer precipitation.

CLIMATIC CHANGE AND THE ELA SHIFT

The sensitivity of the ELA with respect to the change in
climatic elements is examined. The shift of the ELA was
investigated by Kuhn (1981) from the energy-balance
viewpoint. In the present work, the statistical trend in
the relationship developed in the previous section is used.

(a)

<

altitude

AZDI

Zo

a
free atmosphere temperature and precipitation p

(b)

o

‘g
oT opP
(HAT + aZAZO.P+AP+§—ZAZO>

annual precipitation at ELA

AP+ES
S oo SR ——
oT
i I"": AT+aZAZO
|
E T
B I
A -
L e T
(ﬁ) Ty free atmosphere temperature at ELA
Fig. 3.a. Vertical distributions of annual

precipitation and summer free atmospheric
temperature, before (solid line) and after
(broken line) the climatic change which res-
ulted in the shift of the equilibrium line by Azp.
b. Dislocation of the equilibrium-line precipit-
ation and temperature on the P-T diagram as
presented in Figure 2.
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Table 4. Comparison of precipitation and accumulation on glaciers (mmw.e.) on ELA

Glaciers Annual total Years

Source of meteor-

Glaciological winter ~ Years of  Source of

meteorological  of observation  ological data balance plus meteor- observations glaciological
precipitation ological summer data
precipitation

White Glacier 300 1969-72 (1) 310 1969-72  (17)
Laika Glacier 340 1972-74 (2) 590 1972-74 (18)
Qamanarssup

sermia 720 1980-84 (3),(4),(5) 990 1980-84 (3),(4),(5)
Woolsey Glacier 2500 1951-80 (6) 3100 1965-74  (11),(19)
Hintereisferner 1500 1957-59, (7),(8),(9) 2100 1957-59, (7)

1974-78 1974-78  (8)

Rhonegletscher 2400 1918-22 (10) 2250 1979-82  (20)
Tsentralnyy

Tuyuksu 960 1959-70 (11) 1390 1964-70 (11)
No. 1 Glacier

Urumgi 650 1958-78 (12) 570 1959-66  (21)
Hodges Glacier 1450 1951-60 (13) 1850 1957-58, (22)

1972-77

Glacier, Decep-

tion Island 560 1944-67 (14) 780 1968-71 —
Law Dome 280 1958-60 (15) 320 Not spec- (23)

ified

Griesgletscher 1710 1964-85 (16) 1800 1964-85 (16)

Source references

(1) Ohmura (1980); (2) Ohmura (1976); (3) Braithwaite (1987); (4) Braithwaite (1989); (5)
Braithwaite (personal communication); (6) Atmospheric Environment Service (1982); (7) Hoinkes
and Lang (1962); (8) Kuhn (1981); (9) Kuhn and others (1982); (10) Schweiz Bundesamt fiir
Hydrologie (unpublished); (11) Kasser (1973); (12) Yang and others (1988); (13) WMO (1971);
(14) British Meteorological Office (1978); (15) Schwerdtfeger (1984); (16) Funk and Aellen
(unpublished); (17) Weiss (1984); (18) Blatter and Kappenberger (1988); (19) Miiller (1977); (20)

Funk (1985); (21) Zhang (1981); (22) Timmis (1986); (23) Xie (1984).

For the sake of simplicity, only the variation of temper-
ature and precipitation is considered.

In Figure 3a, annual precipitation P and summer
temperature in a free atmosphere T at the original ELA
denoted by zp are indicated as solid lines which repres-
ent the present climate. The change in the climate for
the altitude z, is represented by AP and AT. As the
result of the climatic change, the position of the ELA
is shifted to zp + Az where the new precipitation and
temperature are approximated by P+ AP+ 8P/8zAz
and T+ AT + 0T /8z Az, respectively. The new precip-
itation and temperature should be on the solid line of
the ELA in Figure 3b. The linear approximation of the
new location of the ELA in the P-T diagram is presented
in Figure 3b. The relationship between the new temper-
ature and precipitation should be

apP oP or
AP+ EAZO— (B—T):D{AT-F aAZU} (1)

where (OP/0T),,

is the gradient of the function
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f(P,T) = 0 in Figure 2, and (8P/0T)., = b+ 2¢T. Re-
arranging Equation (1) for Az

-1
AT - AP (a_”)

Az = LS (2)
T op (P T_ar
0z \9T /, a5

Equation (2) represents several important features of
the climate/glacier relationship. The vertical shift of the
ELA is linear with the change in temperature. The
ELA shift is also linear with the decrease in precip-
itation, although the effectiveness of the precipitation
change is not so large because (9P/OT);' = —2.5
to —3.3x10* Kmm™'. This statement is justified, as
OP/OT, OP/8z and 8T /Oz are almost constant and
therefore independent of changes in temperature and
precipitation. This means that a change in precipitation
of 300-400mm w.e. corresponds to only 1°C temper-
ature change.
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For the same change of temperature and precipitation,
the glaciers in a region of large lapse rate I' = —8T/0z
react less sensitively in comparison to those of small lapse
rate. Since the regions of larger lapse rate are assoc-
iated with a continental climate, the glaciers in arid en-
vironments must behave insensitively towards climatic
changes, and vice versa.

ELA AND MASS-BALANCE SENSITIVITY

Each glacier possesses a different mass-balance sensitiv-
ity with respect to the shift of the ELA. The relationship
between the annual mass balance and the ELA makes
it possible to translate the shift of the ELA into the
change in mass balance and holds important information
concerning the effect of climatic changes on the glacieriz-
ation. The ELA sensitivity of the mass balance is defined
as the partial differential of mean annual specific balance
by the ELA, 8b/0 ELA and calculated as the gradient of
the b-ELA diagram. The mass-balance sensitivity of the
ELA shift is calculated for 36 glaciers, for which long-
term records of the mass balance and good topographic
maps are available. Considering that the sensitivity can
be parameterized by the annual specific turnover of the
mass (7) and the surface gradient (a) of the glacier, Fig-
ure 4 is made by taking 7/« as an independent variable,
whereby T = (2+ |a|)/2, € and @ being the mean specific
accumulation and ablation, respectively.

The explanation as to how the parameter 7 /a is suited
for expressing the mass-balance sensitivity 8b/8 ELA is
given below. We consider a simplified two-dimensional
glacier of a unit length (projected on the horizontal sur-
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annual turnover / surface gradient

Fig. 4. The mass-balance sensitivity of the
ELA shift expressed as a function of the an-
nual mass turnover and the surface gradient
of glaciers. The solid and broken lines indic-
ate the linear regression line and the theoret-
ical prediction, respectively. Numbers corres-
pond to those in Table 3, except for 71 (Blue
Glacier), 72 (Sonnblick Kees), 73 (Silvretta
Gletscher), 74 (Kesselwandferner), 75 (Lim-
merngletscher) and 76 (Langtalerferner).
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Fig. 5. Linear expressions of the glacier sur-
face and the change of the surface due only
to annual mass balance. The solid and broken
lines indicate the glacier surface with gradient
o and the surface as a result of the mass bal-
ance b, but before the surface has been adjusted
by dynamics. X and Z indicate the horizon-
tal distance and vertical height, where the hor-
izontally projected glacier length is defined as
unity.

face), with a constant surface gradient o and density,
extending from the origin of the coordinate system as
illustrated in Figure 5. The surface change which is ex-
pected due to the mass balance of one budget year is also
expressed by a linear equation z = Sz —~. If more com-
plicated expressions for the surface altitude and the mass
balance are desired, non-linear curves can be used. The
x and z coordinates of the equilibrium line are found to
be (v/(8 - «), ay/(8—a)). The z-coordinate difference
between the two lines is what we define as the annual
mass balance in ice equivalent, therefore

b= (8- a)e - 1. (3)
Then, the mass-balance gradient of this glacier is
ob ooz PB-o
e e ‘ 4
0z Oz 0z o (4)

The total mass balance can be expressed as

B=.leda:=(ﬂ—a)/olmd:r—'yfnldx. (5)

Consequently,

—
2

p_P

—~y=b (6)

Equation (6) is justified, because the glacier has a unit
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length. The glacier in steady state has B = 0, therefore

72;3;@' (7)

Then, the mass-balance sensitivity is

ob _aBiaﬁay_a—ﬁ 3
OELA 9z 079z  «a ®
where 2, is the altitude of the equilibrium-line ELA.
Therefore, ~

. (9)
JELA 0z
Insofar as the linear approximation of the glacier surface
and the mass balance are concerned, the mass-balance
sensitivity becomes the same quantity as the negative of
the mass-balance gradient.

However, since the mass-balance gradient is in reality
variable depending on the altitude, it is desirable to re-
place it with a more stable quantity which characterizes
the entire glacier. We use the concept of the annual spec-
ific mass turn-over of a glacier 7, defined earlier, which
is the mean rate of mass inflow or outflow with respect
to the unit surface area of the glacier.

For the glacier under consideration:

v/ (B-a)
~r=§{f0 by~ (8- a)a] da

! [,:w—a) (6~ eda =1 dw}

:%(ﬁfa+6;a—v)- (10)

For glaciers with near steady state, that is Equation (7)
holds, and

Ohmura and others: Climate at the equilibrium line of glaciers

Equation (12) is applicable whether b and 7 are water or
ice equivalent, so long as the same unit is used for both.
The straight solid line in Figure 4 expresses this theor-
etically expected relationship, while the broken line is
the statistically calculated regression line for the points.
The gradient of the regression line is ~7.85 and very close
to the theoretical prediction of 8. The figure demon-
strates that the wide range in the variety of the ELA
effect on the mean annual specific mass balance can be
expressed as a function of the annual mean turnover
and surface gradient, both of which are relatively easy
to obtain or estimate. One of the main advantages for
using the turnover instead of mass balance as a vari-
able is that the turnover is much less variable than mass
balance, owing to the complementary relationship bet-
ween the absolute values of ablation and accumulation.
To demonstrate this point, standard deviations of an-
nual specific turnover and annual mean specific mass
balance are compared for White Glacier, Ram River
Glacier and Kesselwandferner, which represent glaciers
of very small, medium and very large mass-balance sen-
sitivity of the ELA, respectively (Table 5). These glaciers
also fit very well the theoretical expectation of the rel-
ationship of the ELA mass-balance sensitivity with 7/a.
This relationship makes it possible to estimate the mass-
balance change of a glacier as a result of climatic changes,
given the ELA shift, mean turnover and geometry of the
glacier.

CONCLUSIONS

The climate prevailing at the equilibrium lines is ident-
ified as a function of annual total precipitation and
summer temperature in the free atmosphere. Refine-
ment of the relationship is possible by introducing global
and long-wave net radiation. The equivalent values for
temperature, precipitation and radiation at the glacier
equilibrium lines are approximately 1°C, 350 mm w.e.

B-a and 7Wm™2, respectively. Assuming this relationship
L ) or f—am8r. (11) holds, the effect of a climatic change on the shift of the
equilibrium line, and further, the effect of the shift of
Therefore, - the equilibrium line on the change in the mean spec-
ob g™ (12) ific mass balance, are evaluated. The sensitivity of the
OELA o mean specific mass balance is found to be proportional to
Table 5. Comparison of the standard deviations of the annual specific turn-over and annual mean specific
mass balance for selected glaciers (in mm w.e.)
Glaciers Standard deviations Period of observation Source
Turn-over ~ Mass balance
White Glacier 58 266 1959/60-1978/79 )
Ram River Glacier 155 540 1965/66 —-1974/75 (25 (3)
Kesselwandferner 106 295 1965/66 —1980/81 (2), (3), (4)

Source references

(1) Weiss (1984); (2) Kasser (1973); (3) Miller (1977); (4) Haeberli (1985).

https://doi.org/10.3189/50022143000002276 Published online by Cambridge University Press

407


https://doi.org/10.3189/S0022143000002276

Journal of Glaciology

the annual mass turnover and reciprocally proportional
to the surface gradient. The proportionality constant
is —8 when the longitudinal length of a glacier is taken
as a unit for lengths such as altitude and mass balance.
The present work offers a possibility of predicting the
mass-balance change of a glacier resulting from a clim-
atic change.
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