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1.INTRODUCTION

1.1. Objective

Present globa climatic changes seem to be more discernible in the Nor thern Hemisphere's high
latitudes than in any other area (Folland et al., 1990; Wigley and Barnet, 1990). Reasons for the
causes and scale of dimatic warming are the subjects of congderable debate at present. Owing to the
quick response of the land ice messes, the status of the Arctic glaciers can be used as a reliable
indicator of the dimatic changes. Regardless of the Greenland ice mass, these glaciers include a great
variety of smdl ice caps and domes as well as mountain glaciers.  About twothirds o the Earth's
smal glaciers are located in the Arctic. If completdly mdted, these would raise sealeve by about 50
cm (Meer, 1984). Ther current rapid mdting in some areas supplies the ocean with fresh water,
which results in both local (desdination of the coastdl seaweter) and globa (sealevel) changes.

The uncertainty in identifying the causes of the observed sea leve rise over the past century, and in
forecasting future changes, is partly due to an incomplete knowledge of the mass baance of the
Eath's ice bodies. A better knowledge of the mass baance components is criticad for
the determination of the overal baance of the ice masses and, thus, anunderdanding of the
contribution to sea leve rise. A dearth of continuous mass baance obsarvations is the main cause of
uncertainty in these calculations.

Mog of the Arctic glaciers are warmer than those of Antarctica. further, as many of the Arctic
ice masses are temperate, they might be expected to show a more rapid response to climatic warming
thanthose of Antarctica. Circumpolar studies of Arctic glaciers are thus quite likely to give a measure
of present-day climatic change and, by extrapolaion, awarning of future changes.

The Working Group on Arctic Glaciology (WGAG), Internationd Arctic Science Committee
(IASC), istrying to co-ordinate research into the modern state and evolution of the Arctic glaciers and
those of adjoining areas. The First Annua Meeting of the Working Group, which was combined with
the Workshop on Mass Baance & Arctic Gladiers, took place in Wida, Poland in 1994. At that
mesting, it was decided that it would be useful to compile areport on the date of existing knowledge



of glacier mass baance, this isto be regarded as the firs sep in understanding glacier resction
to dlimatic change.

The mass baance of some glaciers of high latitudes is listed in the publications of the World Glacier
Monitoring Service (M Uler, 1977; Haeberli and Miller, 1988; Haeberli et al., 1993, 1994) ad
some glaciers are reviewed in separate papers. No review concerning the massbaance of dl the
Arctic glaciers is yet avallable. The am of thisreport is to fill this ggp between the published and
origind data from members of the Working Group and to synthesise, as completely as possible, our
knowledge of the mass baance of the Arctic ice masses. The sole object of thisreport isto present dl
the available data and to give a generd interpretation of its Sgnificance. Deegper andyses are beyond
the scope of the present work. Thiskind of study has been supported by the IASC-WGAG since the
Wida meseting. The first such interpretation of the data collected has recently been prepared by
Dowdeswell et al. (in press). The Editors and Authors hope that the report will be useful to
all specidists who currently study problems of the recent and current global climatic changes.

1.2. General description of theland ice massesin the Arctic

The report concerns the glaciers of the Arctic, defined as glaciersdeveloped within the northern
Polar Circle; however, owing to the direct interaction with the adjacent aress, glaciers Stuated beyond
theArctic Cirdearedsoincluded. The areaof interest isshown in Fig. 1.1,

A complete inventory of Arctic glaciers has yet to be made; therefare, data on the number of
glaciers, their area, the methods of data acquisition, their distribution, accuracy and times of collection
are extremely patchy. Only for Svalbard (Hagen et al., 1993), northern Scandinavia (@strem et al.,
1973), some aess of Russa (cf Govorukha, 1989; Dolgushin and Osipova, 1989) and parts of
Greenland (Weidick et al., 1992) is there a comprehensive ligt of glaciers. By contragt, the data sets
for the Canadian Arctic, the Russian Arctic, lceland, Alaska and the greater part of Greenland are
somewhat limited. The completion of the lig of glaciers is not the principa objective of this report;
neverthdess, it remains a proper objective for a complete picture of mass baance for the glaciers of
thisareaand it is hoped thet it will not be too long before thisis achieved.

Fig. 1.1

Land ice masses in the northern circumpolar region cover more than2 075 000 kn (induding
Greenland). They are not equaly digributed in the Arctic territories (Tables 1.1, 1.2 and 1.3). The



largest portion of Ardtic ice by far liesin Greenland (1 726 400 km?). The volume of the Greenland
|ce Sheet, together with the ice caps and glaciers of the idand, is estimated to be about 3 10° km?®,
wheress the volume of dl the other Arctic glaciers is about 60 000 kn®. Similarly, the available data
concerning the mass baance of the glaciers are, themsdves, not equaly digributed in the Arctic
(curioudy, the weekest data st is that relating to the largestice mass, i.e. that in Greenland (Fig. 1.1).
The best sets of data are thoserdating to northern Scandinavia, the Canadian Arctic and Svalbard.
The periods during which the data were collected dso vary from place to place, likewise the methods
of measurement on individua glaciers. Nevertheless, the set of collected data, as presented here, may
be regarded as ardiable bass for studies on mass baance changesin the Circum-Polar region.

The Arctic glaciers comprise various morphologicd typesand it is possible to find a complete range
of Sze and shape between the extremes of the continentd ice sheet of Greenland, on the one hand, to
the glacierets and firn or snow patches typicd, for example, of the Wrangd Idand glaciation onthe
other. The hydrotherma structure of glaciers dso varies widdly, from the temperate glaciers of
lcdand to the cold-based glaciers of the Northern Urds and northern Alaska and in numerous places
in other regions. It isaso possible to didtinguish a large variety of structures within the polytherma
type indeed, pdythermdity of glacier ice seems to be the commonest feature of al the Arctic
glaciers. The dynamics of the icemasses dso varies within the area of interest. The fastest ice
dream on Earth - the Jakobshavn Glacier (Greenland) flows 200-400 times faster thanatypicd
outlet-glacier in the Canadian Arctic or in Svabard. Many glaciers in Arctic areas are of the surge
type, with periodic sudden acceleration of flow. By contrag, it is possible that some smdl ice cgps and
daciers are virtudly inactive; their flow rate is close to zero. Ingenerd, such features of the ice
masses are related to loca dimatic conditions (with the exception of the surge type glaciers).

The mgor source of moisture for the Arctic region is, of course, the Atlantic Ocean.  Influences of
the Pacific air masses are important, and then to a very limited extent, only for the glaciers of the
Alaskan and Brookes Ranges. Glaciers in the Atlantic sector of the Arctic are warmer and wetter
andtheir velocities are fagter than those in the more continental environment (i.e thosein Asaand the
western Canadian Arctic). Mass exchange in the oceanic dimate is much more intensive that thet in
the continental High-Arctic areas. Nevertheess, mass balance of such different glaciersis anindicator
of dimatic change, both in the milder oceanic regions and in regions which have a severe continenta
climate. The report attempts togive background data for more detailed sudies of the rdations
between mass balance and glacier types and fluctuations of dimatic conditions.
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1.3. Remarkson methods

Studies of mass balance of ice masses are aways time-consuming, very often logigicaly difficult
and sometimes even dangerous.  In particular countries, there is a long tradition of glacier
mass ba ance measurement; but the method of collection, the field techniques and data cal culation and
presentation differ greatly. Owing to these factors,glaciologists from various countries (and
sometimes even from different inditutions from the same country) have used dightly different terms
in their mass balance reports. Therefore, comparison of results from different data sources is often
difficult.

During the International Hydrologicd Decade (1965-1975) definitions of glader mass budget
terms were proposed and internationdly accepted (Meer, 1962, UNESCO, 1970). Neverthdess,
such differences il exig, but they are not as didtinct as before. The issue is thoroughly discussed by
@strem and Brugman (1991).

The principd terms reatingto mass balance measurement are explained in the "Glossary" of
this report. The greatest difficulty and/or inaccuracy in the comparison of the various data sets results
from the varying gpplication of measurement and reporting methods i.e. the "traditiond” sratigrgphic
sysem, fixed date and the combined systems.

The Authors of the regiond chapters in this report have described the methods and sysemsused in
their own areas. For some, the methodology is unclear. Therefore, in tables which report the data, the
origind Author'sterms are used (i.e. winter balance or accumulation, net balance or annua baance,
etc.). In this report, dl the baance data are expressed in metres of water equivaent (w.e.). Balances
for the glaciologicd years(from the beginning of the accumulaion season to the end of the
ablation season) are denoted by year subsequent to the winter season (e.g. 1986 means the baance
year 1985/1986). It mudt be emphasised that, for some glaciers, this work presents data recently
andcarefully recaculated by the Authors or the responsble agencies. Thesemay differ from
previoudy published results.

The Third Internationd Geophyscd Year (1957/1958) was very important for the initiation of
gudies on a number of glaciers, induding mass baance measurements for some of them. Therefore,
presentation of diagrams of mass baance results from glaciers representative of particular sectors of
the Arctic relaes to the period 1958-1995. This represents the longest seriesof observations for the



High-Arctic glaciers. The only notable exception in the Sub-Arctic area is the mass balance series for
Storglacéren (Sweden).

Despite the efforts in trying to achieve a complete set of accurate data, the Editors are only too
aware of the likdihood of many deficienciesin this report.



2. REGIONAL OVERVIEW

2.1. Alaska

(by Edward G. Josberger)

Introduction

The north western flank of the North American Cordillera is covered by vast snow and ice
masses. The Rocky Mountain System lies entirdy within the Arctic Circle in Alaska and contains the
glaciated Brooks Range. The heavily glaciated Alaska Range is the northern portion of the Pecific
Mountain System. The Alaska Range lies outsde of the Arctic Circle but is included in this report
because of the important glacier mass balance data that has been collected there. The largest glaciers
in Alaska lie dong the maritime southern and western shores of the Pacific Mountain System. Only
one of these gladiers is induded in this report, the well gudied Wolverine Glacier in the Kena
Mountains of south-central Alaska which has a long time series of mass baance observations (cf
Table 2.1). The cited glaciers and locations outside of the Arctic Circle are consdered important for
the purposes of this compilation. The Brooks Range glaciers represent Arctic continental conditions,
glaciers in the Alaska Range are mogtly continental, because of one or two orographic barriers that
most storms must pass over. Wolverine Glacier represents the Circum-Arctic maritime climatic
conditions of this sector of the Arctic. Depite the vast number and Size of the Alaska glaciers, mass
baance data are available for only very few glaciers (Fig. 2.1). Mass baance data are obtained by
direct measurements and by recongtruction from anayss of changesin geometry.

Fig. 2.1

Mass balance data results

ALASKA RANGE

Gulkana Glacier



Gulkana Glacier is a valey glacier located on the south facing side of the eastern Alaska Range
(Table 2.1). The glacier covers an area of 19.3 km? within the drainage basin (31.6 ki) lies severa
smaler gladiers and perennia snowfidlds (2.9 km?). There is some evidence that the glacier may have
aurged in the 1940's (Meer et al., 1971). The glacier terminus retreat has been reported in the last
decades. Mass ba ance studies began in 1965, during the Internationad Hydrological Decade (Meier et
al., 1971) and carried out by the United States Geological Survey (USGS). The dratigraphic system
of measurement was used and reported for the periods 1966-1990 (Mdiller, 1977; Haeberli, 1985) and
presented in Table 2.2. Combined system mass ba ances have been reported dsawhere including both
net (dratigraphic) baances and annud (fixed-date) baances. The mass balance components and the
cumulative net baance curve are shown in Fig. 2.2 and 2.3 respectively.

Fig.2.2 2.3

Other glaciers

There are mass balance data for four other glaciers in the Central Alaska Range for the period
1981-1983 (Table 2.1). The fixed date measurement system results are listed in Table 2.3. It isworth
noting that West Fork Glacier began a mgor surge in fal/winter 1987 and continued in 1988. The
surge caused the terminus to advance to a position near amoraine produced by the previous surge.

BROOKSRANGE
McCall Glacier

McCal Glacier liesin the northern most part of the Romanzof Mountains, northeastern part of the
Eagstern Brooks Range (Table 2.1). McCadl Glecier resides in a mountain climate dominated by the
proximity of the Arctic front. Approximate average annual air temperatures were about -12°C & 1700
m asl. The gladier occupies a north-facing valey and covers an area of 7.0 km?. A polythermadl ice
temperature dructure is reported for McCdl Glacier. It was sudied during the Internationa
Geophysicd Year in 1957/1958 and from 1969 to 1972 during the Internationd Hydrologica Decade
(Table 2.4). Recent studies focused on surface geometry changes dong the longitudind profile in
1993. McCdl Glacier has a low mass-exchange rate. Annua accumulation and ablation averaged
from 1970 to 1972, were +0.16 and -0.30 m respectively. Mass badance data for 1969-1972 were
published by Trabant and Benson (1986) and are summarized in Table 2.4. The combined balance



methods were applied and annud (fixed date) vaues reported. The mean ELA for that period was
2050 m asl. The terminus retrest between 1958-1993 has been measured.

Andyss of photogrammetric and GPS surveys of glacier surface devation changes support
reconstruction of long term mean mass balance (Rabus et al.,1995). Mean mass baance during 1958
1971 was -0.13 mlyear and -0.33 m/year for the period 1972-1993. Negative net baanceisnoted in a
majority of the years when records were kept. Glacier thinning and terminus recesson are notable
features for the area. The only terminus advances are due to surge type behavior of some glaciers,
which are noted.

KENAI MOUNTAINS
Wolverine Glacier

Wolverine Glacier isavaley glacier in the Kena Mountains on the Kenal Peninsula, south-central
Alaska (Table 2.1). The gladier lies 12 km southwest of Kings Bay, afjord extending inland from the
Gulf of Alaska The Kena Mountains are fairly low, but host an extensiveice fiedd including hundreds
of smdler glaciers. The glacier and perenniad snowfidds condtitute ¢. 72% of the Wolverine Glacier
basn area. The accumulation area of the glacier liesin a gently doping basin of ¢. 4 km wide. From
the basin the ice descends by asteep icefdl to ¢. 5 km long valey tongue that is 1.5 km width. Despite
being located in the precipitation shadow of the Sargent Icefidd, Wolverine Glacier has a maritime
climate characterized by fairly high precipitation (Meer et al., 1971). The glacier mass balance seems
to be fairly representetive of valey glaciers of the maritime Circum Arctic Alaska (Table 2.5).



2.2. Canadian Arctic
(by Roy. M. Koerner)

I ntroduction

In context of this report, Arctic Canadais considered to include the Queen Elizabeth 1dands and
Baffin Idand. The area contains the Earth's largest glacier cover in the northern hemisphere outside
Greenland. Table 2.6 ligs the ice caps and glaciers where mass balance measurements have been
made, the years in which they were made and the eevations a which they were taken. The glaciers
may be classfied into four types asfollows.

1. Dynamic ice caps and their outlet glaciers. These comprise the greeter part of the ice cover, the
largest ice caps each covering about 20 000 k. Thicknesses range between 300 and 800 m
(Koerner, 1977). Veocities of the outlet glaciers vary seasonally according to the presence of basa
meltwater during the summer (Iken, 1974). Mean velocities of 30 mlyear are common.

2. Smaller ice caps (i.e. < 90 km?) are stagnant and are mostly located on plateaux 500-800 m asil.
They vary in thickness between 20 and 60 m. The Meighen Ice Cap is the exception, asiit lies a
an devaion of only 130-250 m asl. and reaches a thickness of 120 m. It owes its existence to the
summer cooling effect of the nearby Arctic Ocean.

3. Ice shelves fringe the northern coast of Ellesmere Idand, bordering the Arctic Ocean. The Ward
Hunt is the most extengve, covering an area of 50 x 10 km with a thickness of 40 m (Jeffries,
1987).

4. Vdley glaciers with catchments other than ice caps. There are many glaciers of this type and some
have been centres of mgor glaciological research including continuous mass balance programmes
(Table 2.6).

Fig. 2.4

Methods

The methodology used in the fidd for these ice cgps varies according to the type of
accumulation/ablation and/or the agencies involved in the measurements. All are covered by the



gratigraphic method where the baance year is defined by the time of termination of melt rather than a
fixed date for measurement. In most cases, mass balance measurements are made once a yeer, in the
Soring. At that time, measurements are made of snow depth and dengty (i.e. the winter balance) and
of the previous year’s mass baance (i.e. that which ended the previous summer). The time taken to
make these measurements varies between two days and a week.

Stake height changes form the bass of measurements in al zones of the glacier or ice cap.
However, while this method is satisfactory in the ablation zone, it can be usad only as a guide in the
firn zone This is because compression of firn between the base of the pole and the snow surface
effects a change in height of the pole without any mass change. The deeper the pole base, the grester
the error. For example, the same pole siteshave now been used for 30 years on the Devon Ice Cap.
Before a pole becomes buried, another istied to it. Thus some poles are now buried over 10 m deep.
Errors caused by smply measuring the pole height would be extreme in this case. In the percolation
Zone, i.e. where meltwater percolates no deeper than the surface balance year, layer measurements
can be made by probing to a board near the marker pole. Dendity measurements at eechSite convert
the depth to water equivalent accumulation. However, wherever percolation penetrates deeper than
the surface baance year layer, mass baance is measured ether with the use of percolation trays (in
the case of the Devon lce Cap) or by repested vertical density measurements from the surface to a
depth gregter than the previous baance year (the White Glacier). In the first case, a 30 x 30 cm
auminum tray is buried between twomarker poles in the spring of each year. The tray is placed on
the previous summer surface under the winter snow. Percolating metweter in the following summer
is caught by the tray whereit refreezes and its mass is measured the following spring. The method is
used to ensure that metwater does not percolate out of range of the annud measurements. In the
second case, density measurements are repeated each year to depths consdered below the range of
percolaion. Measurements made in the current year, when compared with those made the previous
year, dlow for cdculation of metwater which percolated below the recognizable baanceyear firn
layer. In the upper parts of the superimposed ice zone, both these methods may prove inadequate.
This is because parts of this zone accumulate solid ice only when viewed over severd years. In many
years, the zone accumulates firn. A sequence of such years, with a much percolation, usualy causes
the development of a series of thick ice layers and even thicker firn layers. The spatid variability is
vay high. Thus, in someyears, the baance in this zone is assessed by interpolation between the firn
accumulation zone above and the lower parts of the superimposed ice zone below (i.e. wherethereis

ether accumulaion by superimposed ice or ablaion). Pole height changes within the superimposed ice



zone may be usad to "fine-tune’ the interpolaion. The lower aress of the zone of superimposed ice
Zone pose no problem, as the changes from year to year involve ice rather than firn on an annua
basis. Mass bdance in the abdlation zone is much ampler and is accomplished by measuring pole height
changes tothe ice surface. The Geologica Survey of Canada (GSC) fas automatic meteorological
stations on two ice caps. The autogtation at the top of the Devon Ice Cgp records year-round air and
snow temperature. There are now three autostations on the Agassiz Ice Cap. That at the top of
theice cep has a complete array of sensors recording short-wave solar radiation, wind speed and
direction, ar and snow temperature, and changing snow surface level. The station in the superimposed
ice zone records air and snow temperature and changing snow or ice surface level (up in winter, down
in summer). The logger in the gblaion zone is of interest mainly for its melt season records of ice
leve lowering and air temperature. All will be used to develop trandfer functions to relate climate and
meass baance and for the interpretation of ice core records.

An dgorithm is used in data reduction from the ice caps monitored by the GSC (Table 2.6). The
dgorithm estimates the baance of poles that have meted out or have disgppeared. This is done as
poles which mdt out areusudly those in the area of highet mdt. If not included in the find
caculation, the baance will be less negative than thered vaue.

Mass balance data results

DEVON ISLAND

Devon Ice Cap

Mass baance measurements have been conducted on the northwest side of this ice cap since
1961 (Table 2.7). No messurement was made in the summer of 1969 so that a two year baance for
the years ending in the summers of 1968 and 1969 only is available. Over the period of measurements,
the firn line has occasondly fdlen below the ice cgp edge so that the rock plateau surrounding theice
cap has entered the accumulation zone. Conversaly, the equilibrium line has, on two occasions, risen
above the long-period firn line so that run-off emerged from the firn zone in excess of the annud snow
accumulation. The dtitude versus baancerdationship, developed from a regresson andlyss of the
pole measurements;, is used to caculate baance in the ablation zone; an devation interva of 100 mis
used. The mean of the pole/tray measirements at each 100 m devation interva is used to cdculate



the balance in the accumulation zone. The mass balance components and the cumulative net balance
are presented on Fg. 2.5 and Fig.2.6 respectively.

Fig.2.5 26

ELLESMERE ISLAND
Agassizlce Cap

Vaues of annud mass baance for a pat of Agassiz Ice Cap have been cdculated for each
dtitude interval using the same techniques as on Devon Ice Cap. As an accurate map is not available
to compute the aress, the find step (area * baance) is not presented. Thus, the values each year are
the sum of vaues derived from the regresson analysis of pole vaues versus devation (Table 2.8). The
network extends only into the superimposed ice zone. Measurements above this devaion are not

consdered accurate enough for presentation.

Ward Hunt Ice Rise and Ice Shelf

The mogt extensive ice shelves in the northern hemisphere occur dong the north coast of
Ellesmere Idand, adjoining the Arctic Ocean. Like the Meighen Ice Cap, surviva of these ice bodies
is heavily dependent on the cool summers generated by the mdting ice cover and cold sea weter of
the Arctic Ocean. Stakes have been measured on both the ice shelf and ice rise of Ward Hunt 1dand
on an intermittent bas's between 1958 and 1986 (Table 2.9).

MEIGHEN ISLAND
Meighen Ice Cap

This ice cgp is stagnant and only a smd| part a the top of the ice cgp has an overd| postive
balance for the 34 year period (Table 2.10). Accumulation is usudly in the form of superimposad ice
but dso, in some years as firn overlying new superimposed ice. The area of the ice cgp has
diminished but the extent of thisis not known. As the centra part has gained very dightly in thickness
and the margins have retrested, the dope hasincreased. Because of the decreasing area, some of the
origind pole Stes are no longer applicable as the areas are now exposed rock. The true mass baance
is, therefore, affected by shedding of high ablation zones



Fig.2.7 2.8

MELVILLE ISLAND
Melville South Ice Cap

This ice cap is ds0 gagnant but dthough a a higher devation than Meighen Ice Cap, has a
completdy negetive baance over its entirity (Table 2.11). Measurements on thisice cap have not been
made as regularly as on the others so that there is only the overal baance for the 1975-1980 period.

AXEL HEIBERG ISLAND

The largest ice bodies on Axel Helberg Idand are the Mler Ice Cap and Steacie Ice Cap. No
measurements of the baance of an entire ice cap have ever been completed, but a long series of
measurements is available from a valey glacier, the White Glacier and a shorter series from a niche
glacier, the Baby Glacier (Table 2.12). These programmes were initiated by McGill University in
1959-60, and continued, first by the ETH, Zirich and later by the Trent Universty. Cogley et al.
(1995) describe in detail the techniques used and the problems encountered. Uncertainty in annud
mass-baance estimates for the White Glacier is estimated therein as 0.20 - 0.25 miyear.

Genera trends and recomendations

No persigtent trends are observed in any of the data There is a trend to minimum snow
accumulation in the seventies but this shows no effect on the mass baance on the same ice cap. It
would appear from comparisons with ice core records (Hatterdey-Smith et al., 1975; Koerner, 1979)
and some of the early glaciologica works (Hatterdey-Smith et al., 1955; Hatterd ey-Smith, 1961) thet
the period of mass baance measurements (i.e. snce the 1950's to present) has followed one of
subgantidly grester negative balance which became most pronounced between the mid-1920's and
late 1950's (Hatterdey-Smith, 1963). Changes to the ice cgps appear to have been most
pronouncedin the ablation zones because mdting has increased, while accumulation rates have shown
very litle change (cf Fg. 25 and 2.7). Detection of perssent trends which might be driven by
»Greenhouse warming” and used to detect its effect, is difficult due to the variahility inherent in the
data. Using the variability the strength of the signdl trend needed to emerge through the noise should be
caculated. Alternatively, the persistance of such atrend may aso be caculated. However, cumulative
net balance for selected glaciers show a decrease of theice volume (Fig. 2.6 and 2.8). Variation in the



acumulaion data is much lower than thet in the ablation data largely becauseit is affected by amuch
shorter period of time i.e. aout 6 weeks in the Queen Elissbeth Idand compared with the annua
values of snow accumulation.

The continuity of mass baance programmes in the Canadian Arctic is highly dependent on the
principd investigetor. In the pagt, with the clear exception of White Glacier, retirement or transfer of
the principd investigator has meant the end of the mass balance measurement in thet area. To ensure
better continuity, the use of modern technology should be investigated. Airborne- and satdllite-mounted
sensors might be utilised in this respect. At present, the most gpplicable technology congsts of arborne
laser dtimetry for monitoring volume changes. The footprint from most satellite sensorsis a present
too large for gpplication to Canadian ice caps but ground-based dataogger technology might be used
(and improved) for such measurements as snow accumulation and snow or ice adlation. Aditiondly,

automatic meteorologica stations should be used & each glacier Sudied.



2.3. Greenland
(compiled by Jacek Jania)

Introduction

The enormous volume of ice, the many types of glaciers, the great varidion in glacier flow and
the significant differences in the glaciology of south-western and north-eastern areas of the country
meake Greenland a chalenging prospect for the glaciologidts.

Greenland ice masses can be classfied into three morphologica groups.
1. Theinland ice (the continentak-type ice shest),

2. Loca icedomesand ice caps,

3. Locd valey and mountain glaciers.

Many glaciers and the ice sheet seem to be polythermal, but cold-based mountain glaciers and ice
sheat margins are dso present. In terms of their dynamics, the Greenland glaciers may dso be
dassfied into four groups.

1. Fest-flowing ice streams and fast-flowing tide-water glaciersin a state of a permanent surge,
2. Active tide-water glaciers,

3. Quiet outlets,

4. Surge-type glaciers and outlets.

Thewestern part of the idand is better known than the eastern. A glacier inventory of this part of
Greenland has been compiled by Weidick et al. (1992).

Fig. 2.9

Mass balance data results

Despite the recent increase of interest in the budget of the Greenland ice shed as an important
factor in sealeve change, the mass baance data from the idand are very unsatisfactory (Warrick and
Oerlemans, 1990; Hutter et al., 1990). Haf of the mass balance measurement Stes relates to the
dopes of the inland ice (eg. van der WA et. al., 1995), the other hdf to locd glaciers. Some of these
concern smdler ice caps and glaciers of West Greenland (Fig. 2.9). Various methods have been used
in the sudies (dratigrgphic, fixed dates, hydrologicd) and mass baance components have been



evaduaed from meteorologica data and energy bdance modes (Braithwaite and Olesen, 1989;
Brathwaite et al., 1992). Precise survey of the glacier geometry changes using the laser dtimeter
method (Zwally et al., 1989; Thomas et al., 1995) and wider sudies of the ice sheet margin position
in recent decades (Weidick, 1991) are a source of the indirect data Ohmura and Reeh (1991) have
summarised exigting estimates of snow accumulation over the whole ice sheet.

An important part of the mass loss in Greenland is due to calving of the fronts of the outlet tide-
water glaciers (Bauer, 1968; Weidick et al., 1992). Mgor icebergs flux is confined to fjords with deep
proglacid troughs which continue into and under the ice sheet margin. These drainage channds act as
large sinks for extensve parts of the Inland Ice. The largest example is Jakobshavn Isbrae, where
iceberg production has been estimated to be between 26 km®/year and 40 km?®/year. The other tide-
water glaciers have significantly lower rates of movement and calving flux, i.e. ¢. 2 km®/year and less
(Weidick et al., 1992). The masslogt by caving amountsto c. 50% of the tota ablation.

The mass ba ance data from Greenland may be divided into two groups.

1. Direct measurements of mass balance components, using field and remote sensing methods.
2. Indirect estimates and modds of the mass balance of theinland ice.

The avaidble mass balance data are shown in Table 2.13 (ice sheet margin) and Tables 2.14,
2.15, 2.16 (locd glaciers) and on Fig. 2.10 (mass baance components) and Fig. 2.11 (cumulative net
baance). A summary of published caculations of the ice sheat mass balance is contained in Table
2.17.

Fig. 210 2.11



2.4.1celand

(by Helgi Bjomsson)

Introduction

The present climatic conditions and topographic fegtures in lcdand (63°30° - 66°30'N; 14°-24°W)
result in high gladierization. About 11% (11 200 km?) of Iceland is covered by ice at present and
amog dl forms of glaciers are represented, from cirque glaciers to extensive plateau ice caps.
lcdland is amountainous country located in aregion of high cydonic activity at the border of cold polar
ar mases and warm air masses of tropica origin. The tracks of the amospheric depressions crossing
the North Atlantic usudly lie close to lcdand. Further, the climate is affected by the confluence of
warm and cold oceanic currents, namely a branch of the Gulf Stream and the polar East Greenland
Current. The climate is maritime, with low summer temperatures and heavy winter precipitation.
Averaged over the whole country, the mean annud precipitation is about 2000 mm but the maximum
is above 4000 mm. About 80% of the annud precipitation fals in the months from September through
May. At high levels on the glaciers mogt of the precipitation fdls as snow. The average temperature
for the warmest summer months is about 11°C aong the southern coast and 8-FC on the northern.
On the highest parts of the main ice caps the average temperature is close to or below freezing
throughaut the year. At the glacier snouts which terminate a 100 m eevation, the ablation is typicaly
up to 10 m of ice per year and about 56 m on those terminating at 700-800 m a.s.l. The accumulation
aeaistypicdly 1.5 timeslarger than the ablation area.

Three glacier regions may be distinguished (Fig.2.12). The southernmost region follows the
southern and southeastern coast and includes the ice cap Myrdasiokull (590 knv) and southern
Vatngiokul (8 200 kn’), where the firmn line lies a about 1100 m asl. The centra region incudes the
ice caps Langjokull, Hofgekull (925 kn) and the central and northern part of Vatngokull where the
fim line is a aout 1200-1300 m asl. The northern glacier region comprises the North-West
Peninsula where the lowest leve of thefirn linein lcedland is observed, about 600 m asl., and centrd
northern lceand, which has a typical apine landscape where over 100 valey glaciers are located and
the firn line is a 900-1000 m eevation. All glaciersin lcdand are of the temperate types and they are
dynamicdly active. The mogt active glaciers flow southwards from the high plateaux of Vangdkull
and Myrdagdkull. Velocities of the order of 1 m/day are common.



Fig. 2.12

The glaciers are responsive to ciimatic fluctuations, dthough many of them periodicdly
experience catastropic advance due to surge. A generd recession of the glaciers sarted in the 1890's
and became quite rapid after 1930, but began to dow down during the 1960's. During that period the
volume of Vatngokull was reduced by the order of 510%. Since about 1970, a number of the mogt
active glacier outlets have advanced, suggesting a positive mass baance since the 1960's for the main
ice caps. Thee genard trends have been interrupted by loca short-lived advances of individud
glaciers (ranging from a few hundred meters to 10 km). Such periodic surges, with return periods of
severd decades, have been obsarved in most of the large outlets of Vangokull. Surges are dso
typicd of many outlets from Hofgckull, Langjokull and Myrdagokull and they have dso been
obsarved in valey glaciersin the northern region.

Mass baance investigations

The first mass balance measurements were done on Vatngokull in 1919 using tephralayersasa
reference (Waddl, 1920). During the years 1936-1939, detailed mass baance measurements were
undertaken on Hoffellgdkull, a southeastern outlet of Vatngokull (Ahlimann and Thorarinsson, 1937a,
b, 1938, 1939; Ahlmann, 1937, 1939, 1940; Thorarinsson, 1939). In 1951 ard 1960 the winter baance
was measured a a number of sites on Vatngdkull (Rig, 1952, 1961). Since 1954, sysemdtic
measurements of accumulaion have been made in the Grimsvdn areain the interior of Vatngidkull
(Bjornsson, 1985). Sporadic measurements of accumulation and mdting have been done on various
parts of Vatngokull. Further, mass baance measurements were carried out in 1966-1968 on the vdley
glacier Baegisarjokull, in northern Icdland (Bjornsson, 1971).

Regular annua mass balance measurements have been carried out on only a few outlets of the
ice cap Hofgdkull (Sigurdsson, 1989, 1991, 1993) and Vangdkull (Bjérnsson, 1988; Bjornsson et al.
19954, b) since the early 1990's In the table 2.18 are indicated obsarved glaciers and years of the
balance measurements. Both winter and summer baances have been monitored by dratigraphic
methods (snow depth soundings, shdlow core drillings, dendty measurements and stake readings)
adong centrd flowlines. The baance year has been defined by the termination of mdt.

VATNAJOKULL



Mass bal ance measurements have been conducted on the western and northern outlets since 1991
(cf Table 2.18, Fig.2.12). Average specific mass baance vaues are given in tables below.
Tungnaarjokull
This glacier is awestern outlet of Vatngjckull which drainsfrom an eevation of 1660 m to 690 m.
For three of the four years of measurements, the mass balance was positive (Table 2.19). The AAR
is about 56% for zero net balance and the ELA about 1155 m asl. A surge of the dacier has hindered
mass balance measuremets since 1994. The area digtribution of the glacier and its mass baance in
1993/19%4 isgiven in Table 2.20.

Kdldukvislarjokull
The glacier isawestern outlet of Vatngokull which drains from an eevation of 2000 mto 850 m
asl. Mass bdance observations for the period of 1992-1995 are given in Teble 2.21.

Dyngjujokull

Dyngjujokull drains Vangiokull northwards from an devation of 2000 m to 700 m asl. This
glacier represents the central northern outlets d Vatngokull. It is located within the active volcanic
zone and an abundant ash cover enhances meting in the ablation area. The net mass baance has been
postive for dl four years of measurements since 1992 (Table 2.22). The mass baance components
and cumulative net balance are presented on Fig. 2.13 and Fig. 2.14 respectively. Thisis aso the case
for the year 1995, when the neighbouring glaciers showed negative mass baance. The reason for this
is an exceptiond area didribution, with 36% of the tota area located between 1500 m and 1700 m
devaion. The mass baance components vaues for particular dtitudind zones are presented in Table
223

Fig.2.13 2.14

Bruarjokull

Thisglacier isthelargest of the northern outlet of Vatngokull. It drains from an devation of 1800
mto 580 m asl. The main outlet isfairly flat and fluctuations of the ELA affected large areas. This
large outlet is located outsde the active volcanic zone but receives heavy precipitation because of  its
proximity to the eastern coast of Iceland. The mass balance has been positive for two of the last three
years (Table 2.24). The glacier net balance equds zero for vaues of AAR a about 60%.



Sidujokull

Sdujokull is a southern outlet of Vangokull which drains from amout 1700 m to 600 m devation.
Mass baance measurements were made in 1992 but, since then, a surge has made further
measurements impossible. The results for the glaciologica year 1991/1992 are as follows: winter
balance c. 2.10 m; summer baance c. -1.60; net balance c. +0.50; ELA = 1050 m asl.; AAR =
63%

HOFSIOKULL
Satujokull

Saujokull is a northern outlet of Hofgdkull which drains from 1700 m eevation down to 850 m
asl. It is representative of the centrd area of Iceland but in 1990 the glacier was covered by volcanic
ash from the volcano Hecla and this markedly affected the summer balance of 1991 (cf Table 2.25).

Conclusions

The mass bdance measurements from Vangokull and Hofgokull show high interannua
vaiahility, influenced modly by sgnificant variations in the summer balance. A predominance of
positive baance years is noted. On Vatngokull, dl the measured outlets had positive mass bdance in
1992 and 1993. In 1994 the western outlets had dightly negative baance but snowfdl during the
summer dowed down the ablation on the northern outlets, so that they showed positive net balance. In
1995, dl outlets had negative mass baance except Dyngjujokull due to its unique area digtribution. On
northern Hofgokull, haf of the years snce 1987 have shown positive mass balance and one of the
years which had a negative mass baance is not cimaticaly representative, because the highly
negative summer balance was due to volcanic ash being spread over the glacier, therby lowering the
surface abedo.

The mass baance was, in generd, negative up to the 1960's but the advance of some glacier
outlets since the 1970's suggests a positive mass baance since thel960's for the main ice caps.



2.5. Svalbard
(by Jon Ove Hagen)

Introduction

The Svabard archipelago is located between 76° and 80°N and 10° and 33°E (Fig.2.15). It isthe
northernmost landmeass in the European Arctic and has a variety of small- and medium-sized glaciers.
Thetotd ice volumeis ¢.11 000 km® (Hagen et al., 1993). Due to its position at the northern extremity
of a zone of rgpid transfer of heat through the Norwegian Sea, Svdbard is particularly sengtive to
dimatic change. Climatic change a the beginning of the century, particularly a warming of the
amosphere, has had a profound effect on mass balances and retregt of caving fronts. The climate of
the area is strongly influenced by the North Atlantic Current, a branch of the Gulf Stream. On the
western coast of Spitshergen, the average annua temperature is about -6°C; further inland, it is dightly
colder and more continental. The warmest month, July, has an average temperature on the western
coast of about 56°C wheress, in the coldest period, January-March, it is about -15°C. Precipitationis
normdly low, about 400 mm annudly on the western coadt, and haf as much in the centrd inland
aress. Precipitation is higher on the glaciers due to an orographic effect but it s8ldom exceeds 2-4 m of
snow. The frequent easterly winds, caused by low pressure systems passing through the Barents Sea,
bring the highest precipitetion in the eastern centra part of the archipelago. About 60% of Svabard is
covered by glaciers of various types. The ELA is only 200 m asl. in the south-east part of
Spitshergen but more than 800 min the central northern part; this reflects a more continenta type of

cdimatein thelatter area

Fig. 2.15

Mass baance investigations

In 1950, the Norwegian Polar Inditute started the first systematic mass baance studies on
Fingerwaderbreen on the southern side of Van Keulenfjorden. These expeditions took place every
other year from 1950 to 1966. We therefore have only net mass baance data given as mean vaues
for every second year during this period. In 1966, investigations were started in the Kongsfjord areaon



Braggerbreen (6.1 kn?) and, a year later, on Lovénbreen (5.5 kn). Both basins are close to the Ny:
Alesund (79N; 12°E) on the northwest coast of Spitsbergen. These measurements have been carried
out yearly snce 1966.

Both accumulation and ablation have been measured by the direct glaciologica methods: snow
sounding profiles, density measurements and stake readings. Russian glaciologists started systemetic
annua mass baance measurements in 1966 on Vdringbreen in Granfjorden. In the period 1973-1976,
they extended the programme to three other glaciers, two in west-centrd Spitshergen and one on the
east coadt (Fig. 2.15; Table 2.26). The results corrdate well with the Norwegian recordings. Polish
researchers have studied the mass baance on Hansbreen (57 km?) in Hornsund, on southern
Spitshergen, since 1989 and its front position has been mapped for 30 years (Jania 1988; 1994). French
scentigs, in co-operation with Norwegian, have dso carried out indirect measurments of mass
bdance through shdlow core drilling and detection of radioactive reference layers. These
investigations indicate the mean annua accumulation a the drill Stes snce the layers were deposited.
Severd cores a different dtitudes in the accumulation area will permit the cdculaion of the
accumulation area raio and thus indicate the net mass baance for the whole glacier (Pourchet et al.,
1994). Both the Norwegian and the Russian mass baance measurements have been carried out on
ratively smdl (2-6 k) isolated cirque- or valey-glaciers close to the coast (cf Table 2.26). Mostly,
these lie below 500 m asl. Only sporadic meaurements have been made on the larger glaciers and
ice caps. Therefore, in 1987, mass balance investigations were started on Kongsvegen (105 km?).

Mog of the glaciers in Svdbard are of the surge type. It is therefore difficult to use the front
posgition of asngle glacier as a dimatic indicator. Since most glaciersin Svabard are dow-moving, the
front will shrink and retreat between aurges. The front postion, therefore, gives little information on
whether the totd ice mass is growing or shrinking. Mass baance measurements are therefore

necessay to caculate the totd volume change accurately.

Mass balance data results
Finsterwald erbreen
Measurements on Finsterwal derbreen have shown a steedy decrease of the glaciers, with amean

net baance of -0.25 mlyear (w.e) during the period 1950-1968 (see dso Table 2.27)

Braggerbreen and Lovénbreen



Reigble spot measurments of precipitation are difficult because most of it is associated with
drong winds and snow drifting. At Ny-Alesund, the meteorologica gtation is Stuated only 56 km
from the glaciers. However, & the gation, the correlation between the measured winter precipitation
from September to June and the snow accumulation, as measured by sounding profiles over the entire
glacier surface, is not dose. During the 14-year period, 1974-75 to 1987-88, the corrdation coefficient
was 0.63 (Hagen and Liestal, 1990).

The mean winter accumulation on Bragggerbreen during the period 1967-1993is0.71 £0.16 m
(w.e) and, on Lovénbreen, 0.75 +0.18 m (w.e.)). As can be seen in Fig. 2.16, the annua variations
are fairly smal. The dtitudind increase of snow accumulaion has a farly congant gradient 0.10 m
(w.e) per 100 m. Trend andyss of the measured winter balance shows a dight increase of the
winter accumulation during this period. During the observation period (1967-93), the mean summer
ablaion hasbeen -1.15 +0.31 m (w.e.) on Braggerbreen and -1.09 +0.29 on Lovénbreen.

Ablation vaues show greater fluctuations than winter baance vaues (Fig. 2.16). There is no
evidence of increased mdting. Moreover, there is no significant trend in the summer ablation during
the whole observation period. Because the summer ablation has been grester than the winter
accumulation in nearly dl the observation years, the glaciers are not in baance with the existing
climate; the result has been a steady decrease in the Sze of theice mass.

The mean annua specific net mass baance is -0.43 m (w.e.) on Braggerbreen and -0.35 on
Lovénbreen. In only two baance years, 1986/87 and 1990/91 were there positive net balances during
this 27-year period; these were +0.22 and +0.13 m respectively and they prdodbly reflect the
exceptiondly cold summers in those years when less mdting took place than in the case of the
average year (cf Tables2.28 and 2.29; Fig. 2.16).

The net balance deficit decreased dightly from 1967 to 1993 (Fig. 2.17), mainly owing to adightly
increasing trend in the winter baance but dso due to a front retreat and decrease of the areain the
lower dtitudes of the glacier.

The decreasing area a lower dtitudesis partly caused by the new climatic conditions which have
resulted in faster melting and partly because the flow and the emergence velocity is very smdl (the
|latter is due to the low temperature of the ice). In the lower part of the glacier, i.e. bedlow 200 m asl.,
the horizonta velocity is only a few centimetres per year. Based on ar photographs teken in 1977, a
glacier map was condructed a a scde of 1:20 000 with a contour interva of 10 m. One of the
ablation stakes was resurveyed in 1985. The vertica difference on the glacier surface was 5.2 m,
when compared with the 1977 map. The cumulative mass baance at this point over the same period



was 4.95 m w.e, which represents 5.45 m of ice. Direct measurements from the map and the
aurveying thus agree reasonably well with the annud mass baance measurements (Hagen and
Liestd, 1987). Thisis typicd of these smdl subpoler valey glaciers in Svabard, where the thin and
outermos parts of the glacier are frozen to the ground. In the period 1967-1993, the average lowering
of the surface of the two glaciers has been 11 and 8 m respectively.

For Braggerbreen, this represents a reduction of more than 10% of the total volume of the
glacier. The results from Braggerbreen and Lovénbreen are given in Tables 2.28 and 2.29.

The average equilibrium line is a@out 200 m higher than the level which gives zero net baance. A
steady state would be obtained if the average summer temperature was lowered by £C or if the
winter precipitation increased by about 50% (Hagen and Liestd, 1990). There is a strong correlation
between the annua ret mass baance and the equilibrium line dtitude. This again corrdates well with
the mean summer temperature or the sum of positve temperature days during the melt season.
Summer balance (b in myear w.e) as a function of postive degree days (PDD - the cumulative
aum of daly above-freezing mean temperatures for the whole summer season) gives a high
correaion coeficient and the following regressive equation (Hagen and Liestd, 1990):

bs= 0.0046 PDDg - 06259  (withr = 0.88).

Based on temperature recordings in Svabard snce 1912, this strong correaion has been used to
recongtruct the net mass balance on Braggerbreen since then (Lefauconnier and Hagen, 1990). The
tota ice mass log in the period 1912-1988 was 34.35 m (w.e.), which corresponds to a mean vaue of
-0.45 m per year. This is dmost 30% of the present tota ice volume of Braggerbreen. These low-
dtitude glaciers are il not in balance with the exiging dimete.

The results from the other small glaciers, presented in Tables 2.3 - 2.37, correlate well with the

recordings from Braggerbreen and L ovénbreen.

Fig. 2.16 2.17
Kongsvegen and Hansbreen

The mass badance investigations on Kongsvegen (105 km2) darted in 1987. Kongsvegen is
situated in the inner part of Kongsfjorden, about 30 km esst of Ny-Alesund (cf Fig. 2.15). The glacier
extends from sea level to 800 m asl. The mean accumulation is 0.72£0.14 m (w.e.) and the mean
summer ablation, -0.73 £0.28 m. On average, the summer ablation includes 0.05 m (w.e.) of caving
into the sea. Estimates of the calving rate have been made from velocity measurements in the lower
pat of the gladier, together with radio-echo soundings of profiles in the lower part. The summer



balances have been lower than the values measured on Braggerbreen and Lovénbreen, principally
because the main part of Kongsvegen is more devated. As a result, the mean net baance of
Kongsvegen is dightly pogtive, i = +0.06 m. Thus, the results from the 7 year investigation period
indicate thet glaciers originating in the higher accumulation aress are closer to a steedy State than the
lower cirque-glaciers Situated nearer to the coast. The results from Kongsvegen are given in Table
2.38.

The mass baance studies on Handoreen were started in 1989. Hansbreen lies in the northern
shore of Hornsund, South Spitshergen in the vicinity of the Polish Polar Station (cf Fig. 2.15; Table
2.26). The glacier extends from the sea level to 600 m asl. The mean mass loss by caving of
Hansbreen is  0.35 m w.e, which is dgnificantly higher then this of Kongsvegen Mean winter
accumulaion has been 0.90 m w.e. and mean summer balance has been —1.14 mw.e. (Table 2.39).

Conclusions

In generd, no dramétic changes seem to have occurred during the last 26 years. The winter
accumulation is gable or dightly decreasing and annud variaions are minimd. The mean summer
ablation is gable and no ggnificant trend is discernible, however, there are some large annud
vaidions. There is no evidence of increased meting during the observation period. The net baance
depends on the areg/dtitude digtribution. The low dtitude gadiers are srinking steedily but with a
dightly smdler negative net baance than 26 years ago. Glaciers with high atitude accumulation aress

are dose to equilibrium or are growing.



2.6. Northern Scandinavia
(by Per Holmlund and Jon Ove Hagen)

Severd mass baance studies have been carried out for variable periods in northern Scandinavia
between 66° - 70°N in both Norway and Sweden. (Fig. 2.18; Table 2.40). On dl the glaciers
investigated, both accumulation and ablation have been measured by the stratigraphic method (snow
sounding profiles density measurements and stake readings). The dimatic gradient dong a latitudind
transect from the Atlantic Oceanto centra Sweden is quite steep. The climate in western Norway is
maritime, but at the watershed and east of the Scandinavian Mountainsit is continental and only partly
maitime. This dimatic gradient adso influences both the net bdance gradients on glaciers and
the glaciation level. Typica vaues of net balance gradients are 1.5 m per 100 m in western Norway
and 0.5 mper 100 m of devation in the eastern part of the mountains. Conversdly, the glaciation level
increases  a agradient of goproximatdy 0.7 m per 1 km of the distance from the sea. On
Storglacéren, in Sweden, the winter, summer and net balances have beenmeasured annudly since
1946 (Table 2.41). This is dmog certainly thelongest continuous series of measurements in the
World, certainly two years longer than in the case of the Storbreen in South Norway.

The Storglaciaren, a well-defined cirque glacier, which lies between 750 and 1130 m asl., is
Stuated in the mountain ridge close to the Norwegianborder. It has a continental climate. The mean
annud ar temperature at the equilbrium line (at aout 1500 m asl.) is about -6°C. The glacieris
mainly temperate with a cold surface layer in its lower parts and ends in a discontinuous permafrost
aea. the average annua precipitation is about 1000 mm &t the nearby Tafaa Research Station.
Mass balance results have been published by Schytt (1981) and Hdmlund (1987, 1993, 1995). During
the 49-year period 1946-1995, the average annua winter preciptiation has shown a clear postive trend
and has increased by about 0.5 m (w.e); by contrast, the summer ablation has shown a negetive trend
and has decreased by about the same amount, resullting in achange in net balance from anegativeto a
pogtive vaue (Homlund et al., in press). Fig. 2.19 shows the annua vaues for the winter, summer
and net balances and Fig. 2.20 the cumulaive net balance for the observation period.

The second longest mass badance saries avalable from northern Scandinavia is that from
Engabreen, which is Stuated in a maritime climate, close tothe Arctic Circle on the west coast of
Norway. This glacier has been sudied snce 1970 (T able 2.42). Engabreen has shown a considerable
padtive mass balance which sum amounts to as much as 18 m (w.e.). However, it has not shown an

increasing trend during the last severd years, as has Storglaciéren and the South Norwegian glaciers.



Mass balarce componentsare shown in Fg. 2.21 (Haskensen, 1995), while the annua cumulative
mass baance for the period 1970-1995 is shown in Fg. 2.22.

Fig. 2.18

Short measurement series from other glaciers around the circumpolar area (66° -67°N) indicate that
those in the more continental areas are close to equilibrium or have dightly decreased. The
Sorgeindjdlbreen has been studied in two periods, 1964-1968 and 1991-1993. The results of these
correlate well with the Storglaciéren, which is about 50 km further inland to the east. Thetrend is
smilar, indicating amore positive mass balance. In the first period, it was closeto equilibrium (mean
b= +0.06 m) whereas it has been growing in the last period (mean b, = +0.65 m) (Haakensen,
1995). Data are presented in Table 2.43. Dueto high winter precipitation, al glaciers have shown a
aurplus during the last five years. An exception, however, is Langfjordjgkulen, the northernmost
glacier in Scandinavia on which mass ba ance measurements have been carriedout. Langfjordjgkulen
was sudied over the period 1989-1993. Results show that the glacier is dose to equilibrium, the
cumulative net balance for the five-year period being -0.11 m (Table 2.44). The main trend for the
gladiersin northern Scandinaviais towards a more positive net balance in the area between 66° and
68°N (mainly dueto higher precipitation there). This trend has also been obsarved in southern
Norway. However, a 70°N, on Langfjordjekulen, there is no sign of achanging trend over the last

severd years.
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2.7 Russan Arctic
(by Andrey F. Glazovskiy)

General remarks

The digtribution of glaciers in the Russan part of the Arctic (cf Table 1.3), dearly shows thet
glaciation decreases markedly eastwards. This reduction clearly relates to a decrease of precipitation
and an increase in the continentality of the dlimate in thet direction. The mgor Stes of glaciation in the
Russian archipdagos lie dong the branches of the atmospheric trough which originates in the North
Atlantic. The eastern end of the trough reaches Severnaya Zemlya, where there is ill enough
amospheric moisture to support glaciation; thisis dso the case in respect of the Taymyr and De Long
Idands (Fig. 2.23). An absence of glaciation on the New Siberian Idands results not only from low
precipitation but dso their low dtitude.

The mesoscae digtribution of ice masses on the archipelagos is dso asymmetric. The larger ice
caps, which have numerous outlet glaciers, higher activity indices and lower ELAS, occur in arees
which are located closer to the amospheric pressure trough (cyclonic activity tracks). The occurrence
of ice masses in the Arctic is mainly controlled by a climatic factor. There are, however, two
excetions: the Polar Urals and the Byrranga Mountains (in the Taymyr Peninsula), where landscape
is dso important, being favourable for high snow concentration. The mean air temperature in July
vaies from -15°C to -20°C north-east of the Barents Seato -32°C to -36°C in the Siberian Arctic.
The mean air temperature in duly is highest in the continental part (+2°C to +3C) whereas, on the
archipdagos, it is near zero. The maximum precipitation is in the southern part of the Atlantic sector
(as much as 400 nm) wheress, in the Siberian Arctic, precipitation is as little as 150 mm. The
summer temperature on the glaciersis lower than that a the nearest meteorologicd stations, as shown
in Table 2.45. The precipitation is variable, and depends on the glacier marphology and pogtion rddive
to the prevailing wind directions. The mean differences in the solid precipitation between the leeward
and windward sdes of glaciation systems are sgnificant, being higher than the differences between
paticular archipdagos on Franz Josef Land, 240 mm; Novaya Zemlya, 600 mm; Severnaya Zemlya,
140 mm; the Polar Urds, 620 mm.

The pattern of the ELA shows a generd northwards decrease of dtitude from 600-1000 m asl.
in the Polar Urds and Byrranga Mountains to ca 150 m on some of the idands in the Franz Josef



Land archipelago and Ushakov Idand. There are locd increases in the ELA on the leeward sdes of
Severnaya Zemlya, and, especidly, Novaya Zemlya and the middle part of the Franz Josef Land
achipdago. Regiond variations of ELA are shown in Fg. 224 and Table 245. It is generdly
believed that the different zones of ice facies on the ice masses of the Russan Arctic show a high
ratio of superimposed ice rdaiveto firn (Table 2.46).

Fig.2.23  2.24

M ass balance measurements

The mass badance of glaciers in the Russian sector of the Arctic rlate to different observationd
periods and have used different methods. Recongtructions of 1ong mass balance time series dl indicate
negative vauesfor dl Russan glaciers during the Twentieth Century (e.g. Koryakin, 1988; Kotlyakov,
1992). Obsarvations of individua years and recondgtructed series are shown in Tables 2.47 and 2.55.
Some are represented as vaues of separate net balances for accumulation and ablation areas, which
makes it difficult to compare them with the standard Stratigaphic system. The data for the Sedov
Glacier (Franz Jos=f Land) are available in the standard system for 1957/58 and 1958/59 but they are
edimated for the area which does not coincide with glacier catchment. Nevertheless it is generdly
possible to recdculae them usng published maps. Mass badance measurements are traditiondly
expressed in g/ent units but, in this report, they are presented in metres of water equivaent.

VICTORIA ISLAND

Victoria Idand (80°N; 37°E) is covered by an ice cap which is 10.7 km? in area. The ice-free
aeaisonly 01 km® The crest of the cap is a 105 m asl. Observations since 1953 show that the
ice dome margins are retreeting at about 2.53.0 m/year. Stakes and markers have melted out dl over
the ice dome. No firn has been observed here (Govorukha, 1989). All the evidence thus suggests a
negative mass balance (cf Table 2.46 and Table 2.55).

FRANZ JOSEF LAND

Franz Josef Land is an archipelago of 191 idands from 79°46' to 81°52'N and 44°45 to 62°25'E
and has a glaciated area of 13 735 +14 km? (85% of the total ares). The maximum ice surface
eevation is 735 m asl. on Vilchek Land where ice thickness is as much as 450 m. The main
marphologica types of ice masses are ice domes, outlet glaciers and snow-drift glaciers. The total
area of the ice domes is 8 530 km®. Ice diiffs, which regularly produce icebergs, form nearly 21% (2



655 km) of the total idand coast line. 1ce loss due to calving and wave action is estimated to be 2 300
* 10° tonnes annudly.

Accumulation on the ice domes has been measured by snow survey only irregularly. The results
are presented in Table 2.48. To the south and south-eest of the archipelago, the precipitationis 1.5 m
higher than to the north-west. Mass ba ance measurements were made on the Sedov Outlet Glacier
and the Jackson Ice Cap on Hooker Idand during the IGY (1958/59) (cf Teble 247). The
temperature of the glaciers a a depth of more than 10 m varies from -3°C to -10°C, depending on the
devation and the ice facies In totd, the cold firn and dush zones occupy an area of 3 400 kn?; they lie
above 250 m asl. in the north and above 350 m in the south of the archipelago (cf Table 2.46). The
superimposed ice zone is 1 900 km? in area and occupies a 60-100 m altitudina range below the fim
zone (Krenke, 1982). The velocity of the Sedov and Y uri Outlet Glaciers has been measured as 50-60
m/lyear. Estimates of the mass balance for the whole of the archipdago (Tables 247 and 2,55) and
observations on changes of the fronts of glaciers indicate that the ice masses have receded in the last
050 years.

NOVAYA ZEMLYA

The Novaya Zemlya archipdago conssts of two large idands, the so-caled Northern and
Southern Idands, together with a number of smdler ones. Nearly hdf of the Northern Idand is
occupied by the Northern Ice Sheet which rises to as high as 1100 m asl. This sheet is 413 km long
and has amaximum width of 95 km. It isdrained by 60 outlet glaciers, most of which reach sealeve.
The totd area of the ice sheat and its valey gladiers is 19 330 kn?. The mountain gladiers in this
region have an area of 1190 kn?. Southwards, there is an area of transfluent mountain glaciaion
which has an area of 1852 km? To the south of the Northern Idand and on the Southern Idand,
valey and dirque glaciers dominate; these have a totd area of 1272 km®. Precipitation decreases
southwards and eestwards. At sea levd, the annud precipitation varies from 150 to 280 mm but, on
theice divide, it isas much as 640 mm (cf Table 2.45). Gadesare very frequent in thisarea.

Mass baance measurements were taken in 1958/59 on the western dope of the Northern Ice
Shedt, in the drainage basin of the Shokaskiy Outlet Glacier (cf Table 2.45) The mean show
accumulation in the upper part of the glacier catchment is 0.68 m (w.e). The ice velocity of the
glacier variesfrom 15-20 m/year at the ELA to 150 m/year at the caving front.

Of interest, it was observed that the change from percolation to superimposed ice facies took
place in the same area on the ice sheet divide sometime between 1954 and 1969. In turn, the



percolation zone there had aso been tempora and gppeared intermittently between 1932 and 1954. In
total, the cold firn zone (of area 2450 kn?) lies above 600 m asl. in the north and above 800 m south
of the ice sheet. The dush facies area (of 5150 km?) occupies an dtituding range 100-200 m below
the firn zone, whereas the superimposed icezoneis 3300 km?* (Krenke, 1982).

Bdance recongtruction and front variations indicate a negeative mass baance for the Novaya

Zemlyaglaciation during the present century (Tables 2.45 and 2.55).

USHAKOV ISLAND

Ushakov Ice Cap (80P55N; 70°00E) is a smple ice cap, some 3255 kn?* in area and of
maximum eevation 294 m asl. The bedrock isflat. In some places, it liesbdow sealeve. Theice
meargin is a diff, 20-30 m high, where ice blocks collgpse into the sea. There are not more than 30
days each year which have a positive air temperature. The mean annud precipitation at 50 m asl. is
€. 200 mm and, at the crest, 350-400 mm (cf Table 2.45). Above c. 150 m, acold firn zone is present.
Accumulation is esimated to be 0.1 km® or 0.28-0.30 m (w.e). Metlingisc. 0.1 km® and calving
0.001 km® (Govorukha, 1989).

SEVERNAYA ZEMLYA

The Severnaya Zemlya archipelago considts of 4 large idands and anumber of smaller ones. Itis
the northernmost archipelago in Asia and was discovered as late as 1913.  Ice masses, forming 17
glacier systems are 17 180 km’ in area. The=e indlude ice domes (13 781 kn), 99 outlet glaciers
(2985 k), 3 ice shelves (258 kn?) and 72 glaciers of other types (157 kn?). In addition, there are 62
glaciers with an area of 1145 km?. The maximum eevation (of 965 m) is the ice surface of the
Karpinskiy Ice Dome on October Revolution Idand.

The annud precipitation a sea level varies from 100 to 230 mm (solid precipitation ¢. 90 mm).
At the crests of the ice domes, precipitation rises to 450-500 mm. Accumulation on the crest of the
Akademii Nauk 1ce Dome (on Konsomolets Idand) is 0.40-0.45 m (w.e.) wheress, to the south-west,
on the Leningradskiy Ice Dome (Bolshevik I1dand), it isonly 0.15-0.20 m (w.e).

Obsarvaions in 1965 o the Dezhnev Ice Dome (October Revolution Idand) show that blation
on the crest of the Dome (at 405 m asl.) is 1.33 m (w.e) and, a the margins, 2.50-3.00. The
veocities of the ice domes seems never to be more than 10 m/year whereas some outlet gladers of
the Rusanov and Vavilov Ice Domes flow a 100-150 m/year. Measurement series on the vavilov

Gladier are the longest on dl the Russian archipdagos, though different vaues have been recorded in



different publications for the same year. The lates re-estimated data st is given in Table 2.49 and
presented in Figures 2.25 and 2.26.

Vavilov Gladier, in the south-western part of October Revolution Idand, Severnaya Zemlya, has
been obsarved since 1962. In 1974, a glaciologica staion was established there. The glacier isan ice
dome with a maximum thickness of 610 m, as measured by RES in the period 1974/75 and 1980/81
and 556.5 m by drilling. The mass baance has been measured over 10 years in the period 1975-1981
and 1986-1983 (Barkov et al., 1992). The mean area of the accumulation zone is 838 km? (46% of
thetotd). It seemsthat, between 1962 and 1978, the dush zone on the crest of the dome (728 m) was
replaced by a superimposed ice zone (Govorukha, 1989). The temperature of the Vavilov Ice Dame
a adepth of 18 mis -1.8°C.

Fig. 2.25 2.26

A comparison of ar photogragphs taken in 1952 and 1985 shows thet the Vavilov Ice Dome has
advanced on the southern and western sides wheress the northern margin has retrested. In the south
and west the increase has been 14.6 km?® wheress, in the north, it has decreased by 11 km?. The net
aed change is, therefore, +35 km2 Meanwhile, in the last 30 years, some smdl gladiers have
disgppeared and the Kropotkin Glacier on Bolshevik Idand has retrested by more than 1 km.
Edtimates of mass baance for the whole archipelago (Tables 2.47 and 2.55) indicate a recession of
the ice masses during the last 30-50 years.

POLAR URALS

The mass baance of the IGAN Glacier (area, 0.9 km?; length, 15 km; dtitude range, 830-1216
mas.l.; ELA, = 930 m) and the Obruchev Gladier (area, 0.3 km?; length, 1.0 km; dtitude range, 390-
660 m asl.; ELAo =530 m) is presented in Tables 2.50 and 2.51. Theere are the latest religble data
for the glaciers of the Polar Urds The dimatic snow line lies a 1240-1440 m asl. Glaciers are
present beow this, owing to the high snow concentration. The ratio of glacier/background snow
accumulation varies from 1.6 to 2.9 (mean 2.3) for the IGAN Glacier and from 1.7 to 3.0 (mean 2.6)
for the Obruchev Glacier. Summer balance vaues are estimated as the difference between b, and b,
as measured annudly at the end of the cold and warm periods aong the longitudina and transverse
profiles. Mean weighted vaues are estimated by ared averaging. The totd vadue of internd
accumulation (re-freezing) is esimated from thermosounding and is consdered by the author to be of



the order of 0.15 m (w.e) for the IGAN Glacier. Winter, summer and annua mass balances a
various dtitudes averaged for the period 1960-1977 are presented in Tables 2.52 and 2.53.

Fig.2.27  2.28

The accumulation and ablation regimes and the net balance of the Obruchev Glacier (Figures 2.27
and 2.28) seem to be more typica for the Polar Urds, because 60% of them are the same, cirque
type, and the area of 67 glaciers (out of atota of 143) are between 0.11 and 0.3 kn in area.

An attempt to correlate the IGAN Glacier with the Storglacidren mass baance data shows only
a very wesk correlation. A comparison of integral-difference curves of mass balance components for
these glaciers reveds that (1) the periods of increased or decreased net balances are in counterphase
on the gladiers, (2) the summer baance variaions show quditatively the same, but less pronounced
conterphase patterns, and (3) the winter baance variations are rather irregular.  This means that,
when the high pressure sysems dominate in summer over northern Europe, the cyclonic activity shifts
to the Polar Urals and western Siberia; dso, the converseistrue - the high pressure Stuation over the

Urds and western Siberia results in stabilisation of low pressure aress over Scandinavia

BYRRANGA MOUNTAINS

There are 96 glaciers in the northern, highest part of the Byrranga Mourtains in the Taymyr
Peninsula; these have a total area of 30.5 kn. Smdll valley glaciers predominate (28 glaciers, totalling
221 km? in areq). The largest of these, Neozhidanny, is 4.3 km? in area. The tongues of the glaciers
ae a 600-900 m asl. and the highest points a 700-1000 m. The annua precipitation on the mountain
watershed is 400-500 mm. The mean annua accumulation on the surface of the valley glaciersis 0.4
0.7 m (w.e.). The mean annua meting is 1.0-1.2 m (w.e.). From 1960 to 1977, more than 10 glaciers
have dissppeared. The recesson of tongues has been as much as 150 m. Some glaciers are

digntegrating.

DE LONG ISLANDS

Three idands (Bennett, Genrietta and Zhannetta) in the De Long Idands archipelago are partidly
covered by ice caps and outlet glaciers, which, together, total 80.6 km?in area. The largest of theseis
the Tollya lce Cap on Bennett Idand which has an area of 54.2 km? and amaximum dltitude of 384
m asl. The mean annud precipitation varies from 100 mm at sea level to as much as 400 mm at the
crest of theice caps. Observations on the Tallya Ice Cap show that, at the start of the melting period,



accumulation is 50-55 cm of snow with a dengity 0.33 g/en?’ (i.e. 165182 mw.e). The ELA isat
ca200 m. Sush and superimposed ice zones are present here,

Conclusions

1. Mass baance recondructions and available data on glacier margins indicate that the mass bdance
date of the Russan Arctic glaciers is negdtive in the Twentieth Century; however, the sparse
mass baance data do not reved any particular trend. In order to understand recent changes, direct
measurements based on modern techniques are urgently required.

2. The re-freezing of melted snow and liquid precipitetion water in snow/firn zones and on the ice
surface is clearly an important component of the mass balance sructure in the High Arctic.
Available estimates (presented in Table 2.54) show that more than haf the net accumulation is the
result of this refreezing process. On the other hand, internal accumulation reduces the potentia
run-off by 26%. This process should be studied much more thoroughly as an important factor in the
determination of mass baance fluctuation, glacier thermad evolution and glacier impact on sealeve.
Our understanding of this process would be much improved by the application of remote sensing
techniques, combined, of course, with ground-truth surveys.

3. Theiceberg discharge of ice into the seais dso an important, if yet poorly understood factor in mass
baance fluctuation and glacier dynamics. Nearly one quarter of the flux of Russan Arctic glacier
flow is discharged as calving into sea water. Approximately 3.8 km? is iceberg flux (1.5 km?® on
Franz Josef Land - 60% of gladier run-off; 2.0 km® on Novaya Zemlya - 80%; 02 km® on
Severnaya Zemlya - 25%) Additiondly, 2.0 km?® is lost because of the therma decay and wave
abrason of theice diffs. Thus, the determination of the solid ice output should be one of the specid
ams of Arctic glacier mass baance study.

4. Frequent summer snowfdls have a strong impact on the rate of ablation of Arctic ice masses. This
requires to be investigated further.



3. CONCLUDING REMARKS

Data on the mass baance of Arctic glaciers are somewhat patchy. They were obtained by
dightly dfferent methods of field measurements and the observationd time series are of very variable
length. More than 40 glaciers have been measured but most only for short periods of afew years. As
few as 14 have observation series longer than 20 years and less than 10 of these are ill being
surveyed. In the Canadian Arctic, seven glaciers have long observation series and five are till being
investigated. Storglaciaren, in northern Sweden, is the glacier which has the longest continuous series
(since 1946). The mass baance studies on Meighen Ice Cap, White Glacier and Baby Glecier in the
Canadian Arctic and aso IGAN Glacier and Obruchev Glacier in the Polar Urds were started in
years1958-1960. In 1967, measurements were started on Braggerbreen in Svalbard. The second half
of the 1960's (the Internationd Hydrologica Decade) saw the Sart of numerous other mass baance
dudies At present, regular fiedld measurements of mass balance using classca methods are being
caried out on about 20 glaciers, however, for mogt, the measurement series are no longer than 10
years. Invedtigations are currently being carried out on four glaciers in Svabard, six in the Canadian
Arctic, three in Arctic Alaska and three in northern Scandinavia. The whole collected data set of net
balances (or annual baances) are presented on Fig. 3.1.

Fig. 3.1

Despite the methodologicd differences and varying qudity of data, it is now possble to formulate
some general conclusions. Averaged data for glaciers for the whole of the Arctic ndicate a dable
negative net balance since the beginning of observations (Fig. 3.2). For such smple andyss, glaciers
with longer mass baance data series were sdlected from particular sectors of the Arctic. No more
than four glaciers from any particular part of the Arctic have been used; of course, the averaged series
is not uniform gatigticaly, because only one glacier (Storglacidren, in Sweden) represents the period
1945/46-1956/57. In the period 1957/58-1959/60 data on 4 glaciers have been averaged and after the
glaciologica year 1960/61 average vaues have been cdculated from data on 11-17 glaciers. The most
digtinctive features about the mass baance of Arctic glaciers (as reveded from aplot of the averaged
data and the three-year running mean) are: (1) a Sable negative baance over long period, (2) srong
interannud fluctuations, and (3) there is no sgnificant trend in net balances.

It should be emphadised that there is, as yet, no evidence of increased mdting due to the predicted
(and observed) globa warming. However, during the last decade, an increase of winter precipitation



has been obsarved in Scandinavia and lcdland, resulting in a pogdtive mass baance on the glaciers

there.

Fig.3.2

After ardatively cold "Litle lce Age', the climate warmed up significantly a the beginning of the
Twentieth Century. However, the warming-up process was not homogeneous; there were important
gpatia, interdecadd and interannud fluctuations. As a result, a negative mass baance ensued and the
gladers tended to recede. A recondruction of the mass baance series, together with the observed
series, shows that that the generd negative mass balance of Arctic glaciers has been consstent since
the beginning of the century. The glaciers are il respanding to anew equilibrium state.

For the mgority of the glaciers sudied, negative val ues of mass balance predominate over the last
severd decades. Additiondly, the total balance of tide-water glaciers is more negetive, owing to mass
loss by caving. Mogt of the larger ice masses in the Arctic have caving ice-diff margins Calving as
an adlation mechanism is plainly important in respect that roughly haf the loss of ice from the
Greenland Ice Sheet is due to calving. There are, however, only two gladers for which the calving
rate has accurately been plotted. Surge-type glaciers are frequent in the Arctic; some are polythermd,
as those in Svabard, some temperate, as in lcdand. The surge behaviour of the glaciers must
eventudly result in a generd retreet of the glacier front during quiescent stages, regardiess of the Sate
of the mass baance. Thus, the glacier front position is not a good indicator of dimetic change on these
glaciers. During the active surge phase, the geometry and areg/dtitude digtribution of the glacier may
change considerably during atweyear or three-year period and thus influence the mass baance of the
glacier in subsequent years.

Significantly, negetive mass baance is a feature specific to the Arctic except in respect of the
Greenland Ice Sheet. Greenland ice masses are gill an unknown quantity with respect to its mass
balance components and the total net budget. The Greenland data presented here refer only to smal
glaciers and the Inland Ice margin; thus , it can give only generd impressions about reatively smal
aress of theidand. 1t is dearly necessary to establish longer time series, with repect to both direct
measurements and, especidly, those from airborne laser and satellite radar dtimetry.

The Greenland Ice Sheet is by far the most important of al the ice masses for sea level change
but it is doubtless the smdler glaciers which will give the firgt detectable response.  Future sudies of

the mass baance of the Arctic glaciers should have the following aims:



1) to try to predict the change in ice volume in the Arctic which is the result of possble climatic
change (over periods ranging from afew decadesto severd centuries),

2) to try to estimate the future rates of sealeve change,

3) to vaidate and predict freshwater inputs to the seafrom the melting of glacier ice, and,

4) to vaidate and provide more data for globd dimae modds (GCM).

A religble understanding of the response of Arctic ice masses to climate change requires the
study a mass balance components and their dtitudina and regiond variations in sdected representetive
glaciers and ice caps, epecidly in areas where data are lacking e.g. in large parts of the Greenland
Ice Sheet, eastern Svadbard and the archipelagos of the Russian Arctic. In order to obtain longer
homogeneous time series, it is very important that the existing mass baance measurements should be
continued. Field work should be carried out using closdy comparable methods and techniques. In order
to relae the resuts to meterorologicad conditions, the research Sites on the glaciers should be equipped
with autometic recording stations. Associated meteorologicad eements must include the properties of
the amospheric boundary layer. Only through this sort of investigation will it be possible to integrate
the case studies into climatic models. For some sdected glaciers, it would be essentid to combine
studies on mass balance with accurate measurements of glacier geometry, their rates of change and
dynamics usng such differing field and remote sensing techniques as arborne laser dtimetry,
interferometry, photogrammetric methods and GPS (terredrid and arborne) over 3- to Syear
intervals.

In this way, coherent data-bases of different places in the Arctic might be established which would
then make it possble to creste modes of glacier behaviour, as influenced by a changing climate.
Future monitoring of the glaciers will inevitably be based on remote sendng techniques, but the
definition of some key aress on the ground will dways be essentid. This would help to detect the
reactions of the Arctic ice masses to climatic change.
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GLOSSARY

The mass balance of aglacier is measured a sdlected points on its surface; these points should be
representative of its overal form. The results are integrated for the entire glacier surface and reported
as a vaue averaged for the totad surface, rather than as the sum of the tota mass increase or
Oecrease. Thisisin order that comparisons may be made between glaciers of different Sze. For this
purpose, vaues of the mas baance and its components are usudly expressed as an equivadent of a
water layer (in metres thickness). The water equivaent, (w.e.) enables comparisons to be made
between particular components of the glacier budget which are of different specific gravity (density),
i.e. snow cover and polycrysdlineice.

This report presents data on the mass balance of the entire glacier surface. Only in afew cases,
which are trested as specid cases, are the balances for particular dtitudind zones of glaciers given.
Therefore, the glossary contains only smplified explanations of the mass balance terms rdating to the
entire glacier rather than with respect to specific points of measurement or eevation zones. Definitions
are based on the stlandardized terminology defined and explained in the UNESCO (1970) report, the
"Manud of Mass Bdance Measurements' (Jstrem and Brugman, 1991) and in most extbooks on
glaciology (eg. Paterson, 1994). For a better understanding of the terms relating to the "sratigraphic”
and "fixed dat€' measuring and reporting systems, two diagrams which illugrate the terms described
in this glossary are appended (Fig. 5.1). In the explanatory text, terms which are written in bold script
are dso ddfined herein.

Fig. 5.1

Ablation - al processes which reduce the glacier mass. Mogt of the mass loss of Arctic glaciersis
caused by snow and ice mdting and calving.

Ablation zone - the part of the glacier where summer melt exceeds winter accumulation. Not only
does this include the total melting of the snow cover of the last winter, but also a layer of glacier
ice. A deficit of mass gppears in that area. The zone lies at lower dtitudes of the glacier surface.
The ablation zone meets the accumulation zone & the equilibrium line.

Accumulation - al processes which increase the glacier mass. Winter snowfdls are the most
important source of mass gain. Redeposition of snow by wind and avaanche is an important factor
in certain topographic conditions



Accumulation arearatio (AAR) - theratio of the accumulation zone to the entire glacier with
respect to any particular year. AAR is an indicator of the glacier baance gtate in the observation
year. The ratio is expressed as a proportion of the total area of the glacier, presented herein as a
percentage.

Accumulation zone - that part of a glacier where snow which has accumulated in winter does not
totadly mdt in the subsequent summer. An increase of mass is observed in this area. The zone lies
in the upper dtitudes of the glacier. The accumulation zone meets the ablation zone at the
equilibrium line.

Annual ablation - the mass loss during one measurement year in the fixed date system (see
Fig. 5.1).

Annual accumulation - the mass gain to the glacier during one measur ement year inthe fixed
datesystem (seeFig. 5.1).

Annual balance - the sum of the annual accumulation (podtive) and the annual ablation
(negative) at the end of the measurement year (,glaciologica year”) of observetions. Thisterm
is used in the fixed date system of measuring and reporting of mass balance (cf Fig. 5.1). Totd
vaues are averaged over the entire glacier surface and presented in terms of an equivdernt water
layer (in metres).

Balance year - the time between dates of formation of two consecutive summer surfaces
commonly understood to be the time between the beginning of the winter accumulation and the end
of ablation in the subsequent summer (the date of the minimum summer balance). The balance
year isvery sedom equd to one caendar year (cf Fig. 5.1).

Calving - an important process of ablation in respect of tide-water glaciers (glaciers which terminate
in the sea or alake) by the detachment of icebergs.

Combined system - sysem of mass badance sudies based on combintion of the fixed date
system, stratigraphic system and other direct data to obtain a measure of glacier summer
balance, winter balance and net balance.

Cumulative balance - the baances summed from particular years of an observation period, which
indicate a generd tendency of the glacier mass to have ether grown or shrunk.

Equilibrium line - aline joining points on a glacier surface where winter balance equas

summer balance. Usudly thisis aline or narrow zone where the summer melting entirey



removes the winter snow cover but not any older ice or firn below this. The line separates the
accumulation zone from the ablation zone.

Equilibrium line altitude (ELA) - the dtitude a which the equilbrium line is noted a the end
of any paticular balance year. Normadly, it is an averaged vaue with respect to the whole
glacier. ELA is used as an indicator of the glacier balance state; when it is higher, the net
balance islower and vice versa.

Firn - old, coarse-grained snow that has survived at least one summer melt season.

Fixed date system - asystem of mass baance study, based on field measurements on the same
date in consecutive years.

Internal accumulation - the water melted out a times of ablaion usudly drains from the glacier
and its mass is thereby reduced. However, in areas with snow or firn temperatures below zero,
melt water percolating through the summer surface can re-freeze and thereby add mass to the
lower layers d snow or firn.

Mass balance - the change in mass a any point on a glacier surface a any time (this may be
positive or negative). Usudly, and in this report, it means a change in the mass of the entire glacier
in agtandard unit of time (normaly one year - the " balance year" or" measurement year").

M easurement year - the unit of time used in the fixed date system of mass balance study, which is
usudly taken a the end of the summer or the beginning of winter and lasts 365 days. In some
countries, it is the same as the hydrologica year (,glaciologicd year”), which differs from thet of
the Julian calendar year.

Net balance (b,) - the sum of the winter balance (postive) and the summer balance (negative)
through the balance year (bn = by +bs). The term is used in the stratigraphic system of
measurement and reporting of mass baance (cf Fig. 5.1). Totd vaues are averaged over the
entire glacier areaand presented in terms of an equivalent of water layer (in metres thickness).

Stratigraphic system - a sysem of mass baance study based on recognition of the glacier
summer surface and the maximum vaues of accumulation (vinter balance) and maximum
vaues of ablation (summer balance) during the balance year .

Summer balance (bs) - the change in mass (negative) during thesummer season (atermusedin
the stratigraphic system). It isusualy measured at the end of the summer season and time of

formation of the summer surface (minimum baance). The term is often used synonymoudy



with "summer ablation”. However, in Arctic conditions, accumulation has been observed to have
taken place on many glaciers during the summer season dso.

Summer surface - the glacier surface is formed as a result of the summer balance (i.e the
product of mdting during the summer season). This represents the surface of the minimum
gladier volume during the balanceyear (see Fig. 5.1).

Winter balance (b,) - the maximum baance vaue (postive) during one balance year in the
stratigraphic system Very often, thisis regarded as being synonymous with the term "winter
accumulaion”, but this can be higher, because, during the Arctic winter, ablation (i.e. mdting and
calving) may sometimes take place. The time when the maximum balance is observed divides the

balance year into the winter ad summer seasons.
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