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Worldwide glacier mass balance measurements:
general trends and first results of the extraordinary year 2003 in Central Europe

M. Zemp, R. Frauenfelder, W. Haeberli, M. Hoelzle
World Glacier Monitoring Service (WGMS), Ziirich, Switzerland

PaccmoTpeHbl TpeHabl HanaHca Macchl IefHUKOB MUPa, B HAaCTHOCTH, 3a
1980—2001 rr. v gns upesebluaiHo xapkoro U cyxoro neta 2003 r. B LleHTpans-
How Eepone, koTopoe npuseno k notepe 5—10% obvema negHukos Anbn.

Introduction

Worldwide collection of information about ongoing
glacier changes was initiated in 1894 with the foundation
of the International Glacier Commission at the Sixth
International Geological Congress in Ziirich, Switzerland.
It was hoped that long-term glacier observations would
give insight into processes of climatic change such as the
formation of ice ages. In 1986 the World Glacier
Monitoring Service (WGMS) started to maintain and
continue the collection of information on ongoing glacier
changes, when the two former ICSI services PSFG
(Permanent Service on Fluctuations of Glaciers) and
TTS/WGI (Temporal Technical Secretary/World Glacier
Inventory) were combined [4].

Since its initiation, the goals of international glacier
monitoring have evolved and multiplied. Today, the
WGMS is integrated into global climate-related observa-
tion systems and collects standardized observations on
changes in mass, volume, area and length of glaciers with
time (glacier fluctuations), as well as statistical informa-
tion on the distribution of perennial surface ice in space
(glacier inventories). Thus, a valuable and increasingly
important data basis on glacier changes has been built up
over the past century [4].

International assessments such as the periodical
reports by the Intergovernmental Panel on Climate
Change (IPCC) or the GCOS/GTOS Plan for Terrestrial
Climate-related Observation [1] define mountain glaciers
as one of the best natural indicators of atmospheric
warming with the highest reliability ranking. The Global
Terrestrial Network for Glaciers (GTN-G) of the Global
Terrestrial Observing System (GTOS), aims at combining
(a) in-situ observations with remotely sensed data, (b)
process understanding with global coverage and (c) tradi-
tional measurements with new technologies by using an
integrated and multi-level strategy. This approach, the
Global Hierarchical Observing Strategy (GHOST), uses
observations in a system of Tiers. These Tiers include
extensive glacier mass balance measurements within
major climatic zones for improved process understanding
and the calibration of numerical models (Tier 2) as well

as the determination of regional glacier volume change
within major mountain systems using cost-saving
methodologies (Tier 3). A network of 60 glaciers repre-
senting Tiers 2 and 3 is already established. This data
sample closely corresponds to the data compilation pub-
lished so far by the WGMS with the bi-annual «Glacier
Mass Balance Bulletin» [6].

The present contribution gives an overview on
presently observed rates of change in worldwide mass bal-
ance of mountain glaciers, corresponding trends and
regional peculiarities, such as the extremely hot and dry
Central European summer of 2003.

Worldwide glacier mass balance observations 1980—2001

Glacier fluctuations result from changes in the mass
and energy balance at the Earth’s surface. In ablation and
temperate firn areas, which predominate at lower lati-
tudes/altitudes and in regions with humid climatic condi-
tions, atmospheric warming causes mainly changes in the
mass and geometry of glaciers [3]. Hereby, glacier mass
balance is the direct undelayed signal of climatic change,
whereas changes in glacier length primarily constitute an
indirect, delayed and filtered but also enhanced signal
(Fig. 1). Cumulative mass changes lead to ice thickness
changes which, in turn, exert a positive feedback on mass
balance and at the same time, influence the dynamic
redistribution of mass by glacier flow [3].

As mentioned above a network of approximately 60
glaciers with long-term mass balance measurements pro-
vides information on presently observed rates of change in
glacier mass, corresponding acceleration trends and
regional distribution patterns (Fig. 2). Continuous mass
balance records for the period 1980—2001 are now avail-
able for 30 glaciers for the period 1980—2000 and for 29
glaciers in the year 2000/2001 [6].

These values show that the mean for the period
1990—1999 (-373 mm w.e.) was twice as high as the cor-
responding mean of the previous decade of 1980—1989
(-188 mm w.e.), with even the year with the maximum
mean (1993) yielding a slightly negative mean specific
net balance (-9 mm w.e.).
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When considering these values, it has to be taken
into account that the mean of all glaciers included in the
observed sample is strongly influenced by the large pro-
portion of Alpine and Scandinavian glaciers. Therefore,
a mean value is calculated using only one single value
(in places averaged) for each of the 9 mountain ranges
concerned (Cascades, Alaska, Andes, Svalbard,
Scandinavia, Alps, Altai, Caucasus, Tien Shan). Mean
specific net balance for the 9 mountain regions during
the period 1990—1999 amounts to -482 mm w.e., a
value three times higher than the corresponding value for

Fig. 1. Schematic plot illustrating the
response of glaciers to climatic
changes, with glacier mass balance as
the direct undelayed signal, and
changes in glacier length as an indirect,
delayed and filtered but also enhanced
signal. Figure modified after [3]
Cxema, unnocTpupyiowas peakuuio
NIefHUKOB Ha U3MEHEHHWS K/MMarTa,
roe 6anaHc Maccbl CNY>KUT NPsSMbIM
HeMeAJ/IeHHbIM CUrHaNoM, a U3MeHe-
HUS OJIMHBI lefHUKa — ONnocpeno-
BaHHbIM, OTCbMI'IbTDOBaHHbIM, XOTA U
YCUNEHHbIM CUFHANIOM, NPOSBASAIO-
LWMMCs C 3apep>XKoM. PucyHok ¢ po-
nonHeHusmu no [3]

Puc.1.

the previous decade from 1980 to1989 (-149 mm w.e.).
For the time period from 1980 to 2001 mean specific
net balance in these mountain regions averaged roughly
-0.3 m w.e. with 20 negative and two positive balance
years during these 22 years. The range of extremes
observed at individual glaciers during one measurement
year is roughly one order of magnitude higher than the
mean value of the sample (Fig. 3, a). The significance of
the recorded signal, on the other hand, increases with
mass balance values cumulated over extended time peri-
ods (Fig. 3, b).
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Fig. 2. Current worldwide glacier mass balance monitoring: 1 — glaciers with continuous records from 1980—2001, 2 — gla-
ciers with interrupted or shorter series. Continents and country boundaries provided by ESRI

Puc. 2. CoBpemeHHoe cocTosiHue MOHUTOpHHra banaHca mMacchbl egHUKOB MUpa: 1 — NeAHWKHU C HEMPEpPbIBHbIMKU PsSAaMU 3a
1980—2001 rr., 2 — negHUKKM C NpoNycKaMu B pafax UK 6onee KOPOTKUMU pafamMu HabmoneHUi. [paHULbl KOHTUHEH-

TOB W CTpaH npefocTaeneHbl ESRI



M. Zemp et al.

Table 1

Mean specific net mass balance of 30 glaciers worldwide for the decades
1980—1989 and 1990—1999, and for the period 1980—2001; values in mm w.e.

Mean 1980—1989

Mean 1990—1999 Mean 1980—2001

Minimum mean -516 -7112 -712
Maximum mean +112 -9 +112
Mean -188 -373 -275
Std. Deviation +243 +234 +245
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ig. 3. Evolution with time of the mass balance of 30 glaciers
in 9 mountain ranges worldwide (1980—2000), respec-
tively for 29 glaciers in 8 mountain ranges (2001); (a)
mean specific net balance, (b) cumulative mean specif-
ic net balance [6]: 1, 2 — mean of 30 glaciers and of 9
mountain ranges, 3, 4 — mean of 29 glaciers and 8
mountain ranges, correspondingly
Puc. 3. UameHeHus Bo Bpemenun HanaHca maccbl 30 nefHWUKOB
B 9 ropHbix paioHax mupa (1980—2000) v cooTtsetcT-
BeHHO ans 29 nefHukoB B 8 ropHbix paroHax (2001);
cpefHUi yaenbHblM BanaHc (a), KyMynaTHUBHbIN cpea-
HW# yaenbHbid 6anaHc (b) [6]: 1, 2 — cpeaHee ans 30
nefHWKos U 9 xpebTos, 3, 4 — cpenHee ans 29 neaHu-
KOB 1 8 XpebToB, COOTBETCTBEHHO

With the exception of maritime regions (e.g. Alaska,
Scandinavia), cumulative trends for the individual moun-
tain ranges (Fig. 4) show continued mass loss since the
beginning of the period observed (1980—2001). A special

Fig. 4. Cumulative mean specific net balance for 9 differ-
ent mountain regions for the period 1980—2001:
1 — Cascade Mountains (2 glaciers), 2 — Alaska
(2 glaciers), 3 — Andes (1 glacier, 1980—2000),
4 — Svalbard (2 glaciers), 5 — Scandinavian penin-
sula (8 glaciers), 6 — Alps (9 glaciers), 7 — Altai (3
glaciers), 8 — Caucasus (1 glacier), 9 — Tien Shan
(2 glaciers)

Puc. 4. KymynatueHbii cpesHuit yaenbHbii 6anarc ans 9 pas-
HbIX FOPHbIX paMoHoB mupa 3a 1980—2001 rr.: 1 — Ka-
CKagHble ropbl (2 negHuka), 2 — Anscka (2 negHuka),
3 — Angp! (1 negnuk, 1980—2000 rr.), 4 — Lnuy-
6epreH (2 negHuka), 5 — CkananHasus (8 neaHUKoB),
6 — Anbnbl (9 negHukos), 7 — Antan (3 negHuka),
8 — Kaekas (1 negHuk), 9 — Tanb-LLlaHb (2 negHuka)

case is the measurements series from the Andes, here,
only one glacier is considered (Echaurren Norte, Chile)
which is strongly influenced by the ENSO-phenomena.
Therefore, this series has to be interpreted carefully in
view of possible climatically induced trends (Fig. 4).

In summary, mean annual loss in ice thickness of
mountain glaciers during 1980—2001 amounts to approxi-
mately -0.3 m w.e. per year, resulting in a total thickness
reduction of approximately 6 to 7 m of ice since 1980 (see
Fig. 3, b).

Extraordinary situation in Central Europe during 2003

Weather. In the following section information
comes, if not stated differently, from reports of the Swiss
Federal Institute for Snow and Avalanche Research [19]
and the Swiss National Weather Service [12, 13].
Location of the place names mentioned in the text are
shown in Fig. 5.
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Fig. 5. Greater Alpine Region with the locations named in the text. Black stars represent glaciers. Countries labelled according
to the ISO 2-digit country code. Country boundaries provided by ESRI. Background: European HYDRO 1k-DEM, eleva-
tions above 1000 m are shaded in grey. Source: Land Processes Distributed Active Archive Center (LP DAAC), U.S.
Geological Survey’s EROS Data Center, http: / /edcdaac.usgs.gov

Puc. 5. Bonbwoi Anbnuickuit perMoH, nokasaHbl MecTa, YNOMsIHyTble B TeKcTe. YepHbIMU 3Be30UKaMu nokasaHbl negHukU. Ha-
3BaHWs CTpaH NoMeyeHbl B COOTBETCTBUM C ABYX3HauHbIM KofoM cTpaH ISO. paHuubl cTpaH gaHbl no gaHHbiM ESRI. ®o-
HoBas Kapta: Esponeiickas LLMP HYDRO 1k-DEM, o6nactu sbiwe 1000 M oTTeHeHbl cepbiM useToM. UcTounuk: Pacnpe-
[leNeHHbIM aKTUBHbIM apXMBHbIN LieHTp no npoueccam cywu (LP DAAC), LeHtp naHHbix EROS lMeonoruueckoit cnysx6bi

CLUA, http:/ /edcdaac.usgs.gov

In the Alps, winter 2002/2003 started unusually
early with snow fall down to 600 m by the end of
September. In October the snow line shifted up- and
downslope due to changing supply of warm and cold air
mass into the Alps. November was characterized by a
series of orographic upslope precipitation situations,
bringing snow fall far above the average. At the Sonnblick
Observatory (3107 m a.s.l., Austria) measured snow fall
was three times higher than average, resulting in a total
snow height of 2.8 m within 23 precipitation days [16].

After a fair weather period in January with tempera-
tures of up to +4°C at 2000 m at the northern Alpine
ridge, repeated snow falls resulted in large snow heights by
the beginning of February. The amount of fresh snow fall-
en by February 6th exceeded the corresponding amount of
the extraordinary winter 1999 (known in the Alps as “ava-
lanche winter” due to the large amount of serious ava-
lanche accidents). January and February were cold and
predominantly poor in precipitation, especially south of
the Central Main Alpine Ridge [16].

After February 6", no more snow fall events worth
mentioning occurred until the beginning of April.

February has been registered as the second or third most
sunny February during the 103 years of measurements.
According to snow records in Switzerland, March has
been the month with the least amount of fresh snow
since 1950. Sunshine duration in March reached
160—200% of the long-time mean. By mid-March a tem-
perature rise of 12—15°C resulted in an uplift of the 0°C-
isotherm to altitudes between 3100 and 3400 m. April
started with the passage of a cold front bringing a cooling
and snow fall down to the lowlands. With the intensive
sunshine und the mild temperatures by the end of April
snow melting and rising of the snowline continued rapid-
ly. Normally, altitudes around 1500 m become snow free
between mid- and end of May. In 2003 this happened
already between mid- and end of April (Fig. 6 for evolu-
tion of the thickness of the snow pack in the Swiss Alps
during spring 2003).

In the last days of April and the first ones of May, a
second Sahara dust event occurred (the first one dating
from mid-November). This dust, mixed with pollen and
other pollution particles, led to an impressive discoloura-
tion of the snow.
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Thursday, 6th March 2003 8:00
Station heights: 600 to 2800 m a.s.l.
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Fig. 6. Snow heights in Switzerland in March, April and June 2003 [19]. Snow heights are interpolated on actual terrain from
automatic measurements and measurements by observing persons. Figures kindly provided by the Swiss Federal

Institute for Snow and Avalanche Research
Puc. 6. TonwuHa cHera B LLIseluapuun B mapTe, anpene v vioxe

2003 r.[19]. TonwMHa CHera UHTEPNOMPOBaHA NO AAaHHbIM aBTO-

MaTUYECKMX U PYUHbIX M3MEPEHUI C YUETOM peasibHOro pesbeda MeCTHOCTH. PucyHku niobesHo npepoctasneHbl LLsei-
LLapCK1M hbefiepasibHbiM UHCTUTYTOM UCCIeA0BaHWM CHera U NaBuH

At the station Weissfluhjoch (2540 m a.s.l.),
Switzerland, daily snow heights have been measured
since 1936 (Fig. 7). In November 2002, total snow
height reached almost the upper range of the corre-
sponding long-term measurements. On February 8th
90% of maximum snow height of the past 67 years
could still be found. The situation changed drastically
during the following months: since 1936 there had been
more snow at the end of May than in 2003 in 61 win-
ters (rank 62 of 67). On the 1st of June only 34% of the
corresponding long-term maximum snow depth were
left. Finally, the observation site became snow free on
the 14th of June. This is approximately six weeks earli-
er than on average.

After the unusually warm March and May, which in
many regions had been the warmest May since the start of
the measurements, the summer 2003 was marked by a
record-breaking heat-wave, with its centre over France
and Switzerland, that affected the whole European conti-
nent. The summer was dominated by anticyclonic influ-
ences, while clouds- and rain-bringing west winds rarely
reached the Alps.

Fig. 8a [18] shows the temperature anomaly during
the summer months June, July and August (JJA) with
respect to the 1961—1990 mean, based on ERA-40
reanalysis data and operational meteorological analysis
data. Monthly and seasonal temperature data from four
stations in Switzerland (Basel-Binningen, Geneva, Bern-
Liebefeld and Zurich) representative for the north-west-
ern foothills of the Alps were analyzed for the period
1864—2003. In 2003, temperatures in June, August and
during the three summer months (JJA) were far off the
distribution of 1864—2002 (Fig. 8b, d, ¢) [18]. The previ-
ous record holder for JJA was, for instance, 1947 with a
temperature anomaly of 7'=2.7°C (with respect to the
1864—2000 mean) [18]. The corresponding value for 2003
is T'=5.1°C and this amounts to an offset of 5.4 standard
deviations from the mean [18]. Corresponding values of
individual months are listed in Fig. 8b-e¢.

Record June temperatures at Sonnblick Observatory
(3107 m a.s.l., Austria) were between 5.8 and 6.7°C above
the mean of 1961—1990 [16]. In August, all daily mean
temperatures at that location were above the norm and
the monthly mean reached extraordinary 4.8°C [16]. In
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the Swiss Alps, recorded mean daily temperatures at
Jungfraujoch (3580 m a.s.l.) amounted to 3°C and to
5.5°C at Corvatsch (2690 m a.s.l.) [19]. Using these val-
ues, calculated mean altitude of the 0°C-isotherm in July
and August was around 4000 m.

The hot summer period ceased by the end of August
when south-western winds brought warm and very moist
air masses towards the Alps. After almost three months of
drought heavy precipitation set in, propagated to the
northern Alpine rim and lowered the snow line down to
approximately 2000 m. The final end of the summer came
by the beginning of October with a cold front from the
west turning into a north-wind situation with orographic
upslope precipitation, resulting in heavy snow fall down
to 1000 m.

Overall, the year 2003 was 1.6 to 2°C warmer then
the mean of 1961—1990. In some regions it was the
warmest year that has ever been measured since the
beginning of the records in 1880. With the extreme sunny
months March and June, in the mountains also February,
the yearly sunshine reached 115 to 130% of the mean of
1961—1990. It was the most sunny year since 1949, in
some regions even since the beginning of the series in
1880. In addition, 2003 was one of the ten driest years of
the past 103 years.

Glaciers. As described above, the winter snow cover
was below average snow height. Already in May the snow
was exposed to strong melting. Saharan dust, pollen and
other pollution particles accumulated during ongoing
melting and led to an albedo-feedback that enhanced the
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Fig. 7. Development of snow height during the hydrological
year 2002 /03 at the observation site on Weissfluhjoch
(2540 m a.s.l.), Switzerland. Every morning snow height
(bold line) and amount of fresh snow (black bars) are
measured. Upper and lower lines mark the maximum
and minimum snow heights since 1936, the grey line in
the middle represents the long-term mean since 1936
[19]. Figure kindly provided by the Swiss Federal
Institute for Snow and Avalanche Research

Puc. 7. U3meHeHue TonwmHbl cHera B TedeHne 2002/03 r. Ha
niowanke HabnogeHui ctaHuun Baicdnyiox (2540 m
Hag yp. mops), LLeeruapus. Kaxkgoe yTpo namepsinacb
TOJILLMHA CHera (YKMpHas JIMHUS) U KOJIMYECTBO CBEXe-
BbinasLiero cHera (4epHble ctonbuku). Cepble NUHKUK
CBEPXY U CHWU3Y MOKa3blBalOT MAKCUMaJIbHYIO U MUHU-
ManbHyto TonwuHy cHera ¢ 1936 r., a nocpeanHe —
cpefHue MHorosieTHue 3HadeHus ¢ 1936 r. PucyHok
niobesHo npepoctasneH Lsefiuapckum denepanbHbiM
MHCTUTYTOM UCC/IELOBaHWI CHEra 1 naBuH

already strong ablation. Melting periods lasting for weeks
without interruption resulted in extraordinary ablation
values in 2003. Due to the early start of the ablation sea-
son, melting was not only strong but also of long dura-
tion. For the Vernagtferner in Austria, for example, it
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Fig. 8. Characteristics of the summer 2003 heat-wave [18].
a — JJA temperature anomaly with respect to the
1961—1990 mean. Shading shows temperature
anomaly [°C], bold contours display anomalies nor-
malized by the 30-year standard deviation. b—e)
Distribution of Swiss monthly and seasonal summer
temperatures for 1864—2003. The fitted gaussian
distribution is indicated by the grey line. The values
in the lower left corner of each panel list the standard
deviation (o) and the 2003 anomaly normalized by
the 1864—2000 standard deviation (7'/0). Figure
reprinted with permission of the authors from [18]

Puc. 8. Xapaktepuctuku BonHbl netHero tenna 2003 r. [18]:

a — TemnepaTtypHas aHOManus B WOHe-aBrycTe no
OTHOLUEHHUIO K cpeaHeMy 3HadeHuto 3a 1961—1990 rr.
®oHOM pa3HOM MHTEHCUBHOCTH NMOKa3aHa Temnepa-
TypHas aHOMasius, >KUPHbIMU U3ONIUHUSMU — aHOMa-
NIUK, HOPMaIM30BaHHble MO CTaHAAPTHOMY OTKNOHE-
Huio 3a 30 niet; b—e — pacnpenesieHus MeCsUHbIX U
Ce30HHbIX NeTHUX Temnepatyp B Llsehuyapuu 3a
1864—2003 rr. MogobpaHHoe rayccoso pacnpenene-
HWEe NOKa3aHO CepoM NMHUEH. 3HAUYEHHUS B HUXKHEM
NIEBOM YIJ/ly KaKJoro rpadguka nokasbiBaloT CTaH-
JapTHoe oTknoHeHue (O) u aHomanuio 2003 r., Hop-
Manu30BaHHYIO MO CTAHAAPTHOMY OTKJIOHEHHWIO 3a
1864—2000 rr. (7'/0). PucyHok nybnukyeTcs c pas-
peleHus asTopos [18]
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Fig. 9. Biancograt, Switzerland, reaching from approximately 3600 m (bottom of figures) to Piz Alv, 3995 m (top of fig-
ures). Left picture taken on August 17th 2002, right picture taken on August 9th 2003. Both pictures kindly provided

by C. Rothenbiihler

Puc. 9. Bup Buankorpar (Lsenuapus) B guanasoHe BbicoT npuMepHo oT 3600 M (HUxKHAS yacTb choTorpadmi) go 3995 m, Muu-
Ane (BepxHss yacTb cpotorpadomit). Jleebit cHumMok chenan 17 asrycra 2002 r., npaebii — 9 asrycra 2003 r. O6e dpoTo-

rpacpuu niobesHo npegoctasneHbl K. PoteHbionepom

lasted over 100 days, compared to the usual 50 to 60 days
[20]. Ablation stake measurements at the tongues of
Oberer Grindelwaldgletscher (1470 m a.s.l.) and
Oberaargletscher (2340 m a.s.l.), Switzerland, showed an
ice loss of approximately 13 m w.e. and 7 m w.e., respec-
tively. Corresponding values in summer 2002 were 6—7 m
w.e. at Oberer Grindelwaldgletscher and approximately 3
m w.e. at Oberaargletscher [11].

The snow line rose above the maximum elevations
of many glaciers, leaving them without or only with
minor accumulation areas. Fig. 9 shows the Biancograt
in Switzerland, a ridge famous among mountain
climbers. In August 2003 only its main ice ridge was left
(Fig. 9, right). Snow, firn and ice that usually cover large
parts of the neighbouring rock walls (Fig. 9, left) had
largely melted away.

Reporting period for the «Glacier Mass Balance
Bulletin, Ne 8 (2002—2003)» issued by the WGMS ends
in fall 2004. Therefore, only preliminary mass balance
data is available for the years 2002 and 2003. However,
first rough estimates indicate an average loss in thickness
of Alpine glaciers in 2003 of almost -3 m w.e. (Fig. 10).

Assuming a total Alpine glacierized area of 2909 km?
in 1970/80 [5], relative loss in glacier size from
1973—1998/99 of 20% [17], an ice loss of almost -3 m w.e.
in 2003 and a total ice volume of approx. 75 km3 before
2003 (Paul, personal communication), estimated total gla-
cier volume loss in 2003 corresponds to roughly 5—10% of
the ice volume still present before 2003.

Discussion

Mass balances 1980—2001. As shown above, mean
annual ice thickness loss of mountain glaciers is close to
one third of a meter per year during the period
1980—2001. This results in a total thickness reduction of
approximately 6 to 7 metres of ice since 1980. The spatial-
ly and regionally fairly well distributed sample of glaciers
considered suggests that these values are, indeed, of world-
wide representativity for mountain regions.

The spectacular loss in length, area and volume of
mountain glaciers during the 20th century is a major
reflection of the fact that rapid secular change in the
energy balance of the earth’s surface is taking place on a
global scale [6]. The rate of this change is broadly consis-
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Fig. 10. Mean specific net balance of nine mountain glaciers in
the European Alps for the period 1980—2003. The
means are calculated using the annual mass balance of
the following glaciers: St. Sorlin and Sarennes
(France), Silvretta and Cries (Switzerland), Sonnblick,
Vernagtferner, Kesselwandferner and Hintereisferner
(Austria), Careser (ltaly); 2002, 2003, incomplete sam-
ple, series subject to change; 1 — negative balances,
2 — positive balances

Puc. 10. CpefHuit yaenbHbii uicTbilt GanaHc 9 ropHbiX nefHu1-
koe Esponeickux Anbn 3a 1980—2003 rr. CpeaHue
3HAYEHHUs PaccUUTaHbl C UCNOJIb3OBAHUEM FOLOBbIX
BE/IMUMH BanaHca Macchl Cnefytowmx NeaHUKoB Abn:
CeH-CoprnieH u CapeHc (PpaHuus), Cunbepertra u
Mpuc (LWeeruapus), Conbnukc, DepHartdepHep, Ke-
cenbBaHadepHep U XuHTeparcdepHep (ABcTpus),
Kapece (Utanus). 3a 2002 v 2003 rr. gaHHble Henos-
Hbl (psAAbl MOryT 6biTb YyTOUHeHbl); 1 — oTpuuaTesb-
Hble 3HAUeHHs, 2 — NOJSIOXKUTENbHbIE 3HAUYEHHS

tent with the estimated radiative forcing and changes in
sensible heat as calculated with numerical climate models
[6]. While the beginning of this rapid secular glacier
retreat was probably little affected by human activity,
there is little doubt that the current evolution contains an
increasing anthropogenic influence [6].

Central Europe 2003. In the Alps, the beginning of
2003 was characterized by high accumulation lasting until
the end of February. After that Alpine weather was domi-
nated by anticyclonic weather types which are character-
istic for high temperatures, high short-wave radiation, few
clouds and low precipitation. This reversed the above-
average accumulation from the first half of the winter into
low snow heights in late winter, fast melting in spring and
an unusually early start of the ablation season. The abla-
tion period lasted for more than three months, again
dominated by stationary anticyclonic systems over
Europe. The snow line rose above the top of many gla-
ciers, resulting in extensive melting of the firn layers.
Together with the accumulated pollution particles this did
not only enhance melting in 2003, but might also influ-
ence ablation in the coming years due to a reduced albedo
of the glacier surfaces.

Mass balances of Hintereisferner and Sonnblickkees
(both in Austria) and weather type classifications were
analysed for the period 1966—1995 [8]. The author
shows that for extremely negative years anticyclonic
weather types dominated the accumulation and especial-
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Fig. 11. Scatter diagrams showing summer temperature and
precipitation anomalies for northern Switzerland.
a) Long-term (1864—2003) station data with respect
to 1961—1990 mean. b) Climate change simulation,
control run (1961—1990, triangles) and scenario run
(2071—2100, squares) with respect to control run
mean. The bold circles show the observations for JJA
2003. The regression lines in a) and b) are based on
1864—2002 data and combined control and scenario
run data, respectively. Figure reprinted with permis-
sion of the authors from [18]

Puc. 11. Onarpammbl paccesiHus, nokasbiBalowe aHOMaNUH
NETHUX TeMmnepaTyp U OCafKoB AN cesepHow Llisen-
uapuu: a — MHoroneTHue (1864—2003 rr.) naHHble no
CTaHUMUAM, aHOMaJIMK B3SATbl MO OTHOLIEHUIO K Cpea-
HUM 3HauyeHuam 3a 1961—1990 rr; b — mopenbHble
JaHHble KIMMaTUYeCKUX U3MEHEHUM, KOHTPOJIbHbINU
pacyet (1961—1990 rr., TpeyronbHUKHK) U CLEHaPHbIN
pacyert (2071—2100 rr., kBagpaTUKK), NPUBELEHHbIE K
cpeflHEMY 3Ha4YeHWIoO KOHTPOJIbHOro pacyeta. XXup-
Hbl€ KPY>KKM COOTBETCTBYIOT Hab/IIOAEHHAM 3a UIOHb-
aeryct 2003 r. JIuHUM perpeccun OCHOBaHbl Ha AaH-
Hbix 1864—2002 rr. 1 oH6befMHEHHBIX JAHHbIX KOH-
TPO/IbHOTO W CLIEHaPHOrO PacyeToB, COOTBETCTBEHHO.
PucyHok nybiukyetcs ¢ paspeluenus asTopos [ 18]
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ly the ablation period of the two glaciers. Summer air
temperature, winter precipitation and summer radiation
balance may be used to parameterize glacier mass balance
[e.g. 10, 15]. Such studies can help to understand inter-
annual and regional dependence of glacier mass balance
and general weather situations. However, to analyse
intra-annual sensitivity of glacier mass balance to indi-
vidual energy balance parameters the use of mass bal-
ance models is needed [e.g. 2, 9, 14].

The mean Alpine net balance in 2003 of almost
-3 m w.e. (cf. above) is nearly twice as much as during the
previous record year of 1998 (-1.6 m w.e.) and roughly five
times more than the Alpine average loss of -0.6 m w.e. per
year since 1980. In addition, this value is one order of mag-
nitude higher than the global mean annual net balance of
-0.3 m w.e. recorded during the already exceptionally warm
period 1980—2001 (Fig. 3b, Figs. 4, 10).

The importance of the 2003 event in view of predicted
climate change scenarios. The question if the extraordinary
summer 2003 was only a maverick of today’s climate or
already a foreboding of things to come, is hard to answer.
Therefore, possible future European climate was simulated
by scientists from the ETH Ziirich, using a regional cli-
mate model in a scenario with increased atmospheric
greenhouse-gas concentrations and compared to results of
long-term (1864—2003) station data from northern
Switzerland, with respect to 1961—1990 (Fig. 11) [18].

Fig. 11 demonstrates that in terms of temperature
and precipitation the climatic conditions in JJA 2003
were not unlike those simulated by the scenario run for
the period 2071—-2100. For northern Switzerland, the
2003 observation is located approximately in the middle
of the scenario data points (Fig. 11b). Thus, the RCM
simulations suggest that (under the given scenario
assumptions) about every second summer could be as
warm or even warmer (and dry or even dryer) than 2003
towards the end of the century [18]. Dramatic conse-
quences of this scenario for glacier mass changes would
have to be expected for the future. Volume losses in the
order of 5—10% during one year (cf. above) would not
constitute exceptional values but could occur frequently.
Such developments would even exceed scenarios which
are based on glacier shrinking rates of the last decades
(25% volume loss in the last 25 years; loss of roughly
two thirds of the original volume since 1850 [5]) that
imply that less than 50% of the glacier volume still pres-
ent in 1970/80 would remain in 2025 and only about
5—10% in 2100 [5].

Conclusion

Glacier mass balance, as the direct, undelayed sig-
nal of climate change, is among the most important
parameters within global climate-related observation sys-
tems. Thus, efforts must be undertaken to resume inter-
rupted series and to maintain and extend the currently
existing worldwide observation network.

First results of the comparison of mass balance
measurements from the extraordinary year 2003 and the
Alpine and global mean implies that glacier melt contin-

M. Zemp et al.

ues at a considerable and most probably accelerating rate.
The summer heat wave in 2003, mainly responsible for
the extreme ice loss reported and analysed above, was an
European event. However, this summer and its impact on
glaciers may well serve as case study for a possible future
climate and could therefore be of worldwide interest.

Post scriptum 27.1.2005

Meanwhile, the final values of the Alpine mass bal-
ances are available for all nine glaciers concerned [7]. The
corrected values of the resulting mean specific net balance
of the European Alps for 2002 and 2003 are -0.8 m w.e.
and -2.5 m w.e., respectively. The value of 2003 is slightly
smaller then the previously estimated value of nearly 3 m
w.e.(see Text and Fig. 10). This does, however, not
change the general conclusions that glacier melt in 2003
was extraordinary in the European Alps, and that the gen-
eral decrease of global glacier mass continues at a fast,
and probably accelerated rate.
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N3mepenns 6ananca maccel JIeJTHUKOB MHPA:
00IIMe TPEH I M ePBbIE PE3YJIbTATHI HCCJIETOBAHMIA
HeoObruHoii cutyanun 2003 r. B entpanshoii EBpone

JlemHUKM CITy>KaT OMHUM U3 KITIOUEBBIX MHIMKATOPOB
MPOUCXOIAIINX U3MEHEHUI Kimmara. [ToMmuMo mM3MeHe-
HMIA JUTMHBI JIETHUKOB, TA¢ KIMMaTMYeCKU CUTHAJI OTpa-
JKaeTcsl ¢ 3aro3naHueM, B GUILTPOBAHHOM M OHOBPEMEH-
HO YCWJIEHHOM BHJIE, 0CO00€ 3HaYeHHE MMEIOT JaHHBIE O
GajlaHce X MaccChl, TJIe 3TOT CUTHAJT OTPAXKaeTCsT HEMOCPe/I-
CTBEHHO M 0e3 Kakoil 0o 3amepxkku. BcemmpHast cimyxx6a
caexenus 3a neqankamu (Lropux, IBeitnapus) cobupaer,
CTaHIAPTU3WPYET U IMyOJIMKYeT KaxkIble IBa Tola JaHHbBIC
M3MEpeHMIA OayiaHca MacChl JISTHUKOB MUpa. B HacTosimeit
CTaThe PACCMATPUBAIOTCS TPEHBI OaTaHca MacChl JICTHU-
KOB MHUpa, B yacTHocTH, 32 1980—2001 rr. u ajst ype3Bbl-
yaifHo xkapkoro u cyxoro Jjeta 2003 r. B LlenrpansHoii EB-
porie, KoTtopoe TipuBeJio K motepe 5—10% obbema JeaHu-
KOB AJbll. MonenmpoBaHue OyIyIInX TeMIIepaTypHBIX CLIe-
HapueB Ut ceBepHoii I1IBeitiapuu maeT ocHOBaHMe TOJa-
raTh, YTO K KOHIIY TEKYIIIETO CTOJICTUST KaXII0e BTOPOE JIETO
MOXET OBITh CTOJIb XK€ JKapKUM WM elle kapye (M TaKUM
xe cyxuM win cyiie) [18]. Heoosranoe smero 2003 r. Ha-
omopanock B LlenTpansHoii EBporie, HO Takasi cUTyamust
MOXET CJIY>KUTh TUITUYIHBIM TTPUMEPOM BO3MOXHOTO KITH-
Mara B OymyIleM M B IJ100aJIbHOM MacIiTade.
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