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ABSTRACT. Norway and New Zealand both experi-
enced recent glacial advances, commencing in the
early 1980s and ceasing around 2000, which were
more extensive than any other since the end of the
Little Ice Age. Common to both countries, the posi-
tive glacier balances are associated with an increase
in the strength of westerly atmospheric circulation
which brought increased precipitation. In Norway,
the changes are also associated with lower ablation
season temperatures. In New Zealand, where the
positive balances were distributed uniformly
throughout the Southern Alps, the period of in-
creased mass balance was coincident with a change
in the Interdecadal Pacific Oscillation and an asso-
ciated increase in El Nino/Southern Oscillation
events. In Norway, the positive balances occurred
across a strong west-east gradient with no balance
increases to the continental glaciers of Scandinavia.
The Norwegian advances are linked to strongly pos-
itive North Atlantic Oscillation events which caused
an overall increase of precipitation in the winter ac-
cumulation season and a general shift of maximum
precipitation from autumn towards winter. These
cases both show the influence of atmospheric circu-
lation on maritime glaciers.

positions and is predicted to continue into the fu-
#ire (Haeberliet al. 1999). However, glaciers in
two widely separated regions have recently shown
the opposite behaviour towards the end of the 20th
century. In maritime western Scandinavia, exclud-
ing the northernmost glaciers of Norway, most gla-
ciers have experienced strong advances during the
past two decades (Winklet al. 1997). Similar re-
cent glacier advances following two decades of
positive glacier mass balances have also occurred
in the Southern Alps of New Zealand (Chinn 1999).
Iceland is among the few other regions where pos-
itive glacier mass balances have been reported in
the same period (Dowdeswel al. 1997).

The simultaneous period of mass gain to the gla-
ciers in both Norway and New Zealand is examined
here to identify common causes. This is important
for understanding the nature of glacier response to
climate variability and its circulation. Glaciers are
amongst the most sensitive ‘instruments’ indicat-
ing climate change, especially regional warming
trends (IPCC 2001), the changes being very obvi-
ous as changes in glacier mass, area and frontal po-
sitions. However, interpreting the climate phenom-
ena responsible for those changes remains a com-
plex problem. One of the aims of this paper is to at-
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Introduction

tors responsible for these glacier mass changes.

The study areas and their glaciers

During the 20th century, worldwide glacier recesNorway

sion following the 19th century maximum of theNorway extends frone. 58°N to over 71°N with
Little Ice Age (LIA) (Grove 1988) has continued, mountains that rise to a maximum of nearly 2 500
being interrupted by only minor readvances of vam a.s.l. and support substantial glaciation in several
ious glaciers at many different locations (IPCQlifferentregions (Fig. 1). A total of 1627 individual
2001). The mass loss is evident as retreating froglaciers is recorded for Norway, with 714 of those
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in southern Norway (Qstreret al. 1973, 1988). from a few small high-lying cirque glaciers in the
The glacierized area of Norway ds 2609 kn?, highest and more continental parts of southern Nor-
with 1592 kn% in southern Norway. way (Jotunheimen) and thin ice plateaux in the far
Norway is exposed to maritime humid airflow ofnorth, all Norwegian glaciers are believed to be
the North Atlantic westerlies. Annual precipitationtemperate/warm-based. The wide variety of glacier
ranges from 3500 mm at the foot of coastal mournypes means that that glacier reaction times to mass
tain regions (Fgrland 1993) to over 5000 mm in thiealance gains have to be taken into account when
higher mountains. Frequent southwesterly airflownterpreting glacier fluctuations.
in combination with the warm North Atlantic Cur-
rent causes a positive temperature anomaly along
the Norwegian coast with comparatively mild winNew Zealand
ter temperatures. The SW-NE orientation of thim the Southern Alps of New Zealand, average sum-
mountain ranges parallel to the coast creates a proit heights range from 1850 m in Fiordland to
nounced maritime—continental precipitation gradi3 000 m in the central Alps and descend to 2000 m
ent across Scandinavia with precipitation decreast the north. The 3144 inventoried glaciers cover-
ing dramatically eastward of the main divide. Siging 1158 kmd are distributed from the Inland Kai-
nificant behavioural differences exist between thieoura Range at 42°01'S in the north, to southern
western (maritime) and eastern (more continent&iordland at 45°57'S in the south (Fig. 2) and con-
influenced) glaciers (Winkleat al. 1997; Winkler tain an estimated 53.29 Rraf ice (Chinn 2001).
and Haakensen 1999). New Zealand also has a humid maritime climate
Maritime Norway typically has large plateauwith the Southern Alps lying across the path of the
glaciers with several distributory outlets descengrevailing southern westerly wind belt, a situation
ing well down into the surrounding valleys, e.gsimilar to Norway, which creates steep eastward
Jostedalsbreen (487 RmSvartisen (two areas, to- precipitation gradients with strong féhn effects in
talling 369 kn?) and Folgefonna (three areas, in towesterly conditions. Mean annual precipitation ris-
tal 219 kn?). In other regions with Alpine-type es rapidly from 3 000 mm along the narrow western
morphology, smaller valley and cirque glaciergoastal plain to a maximum of over 10 000 mm in
dominate (e.g. Jotunheimen, Lyngshalvgya). Apasatreas immediately west of the Main Divide (Grif-
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Fig. 2. Distribution of the glaciers
of the New Zealand Southern Alps
with open circles indicating the
‘index’ glaciers providing surro-

gate mass balance data

fiths and McSaveney 1983). Precipitation is evenllowever, in northern Norway there are few gla-
distributed throughout the year. ciers with pre- LIA moraines formed during the
New Zealand has numerous cirque and alpirieate Holocene (Griffey and Worsley 1978; Ballan-
glaciers, whilst the central Southern Alps, wherg/ne 1990; Winkler 2003).
summit heights reach well above the regional The LIA maxima at the outlets of Jostedals-
snowline, contain large valley glaciers which aréreen, a maritime plateau glacier in western south
renowned for their extensive areas of supraglaciblorway (Fig. 1), can be dated to the mid-18th cen-
debris cover on the lower tongues. Many of thedery (Feegri 1934; Bogest al.1989; Bickerton and
large debris-mantled valley glaciers have recentiatthews 1993). In the more continental mountain
entered a period of rapid retreat by acceleratimyea of Jotunheimen, a double main advance with
proglacial lake growth. spatially separated peaks aroundl 750 and 1800
is reported (Erikstad and Sollid 1986; J.A. Mat-
) thews pers. comm.). Earlier advances dating back
Holocene glacier changes to the 16th and 17th centuries have been reported
Norway from northern Norway and northern Sweden (Kar-
Almost all glaciers in Norway experienced theilén 1979), while new results from Svartisen and
Holocene maxima during the Little Ice Age (LIA) Okstindan in northern Norway.(66—-67°N) show
(Bogenet al. 1989). The majority of the glaciersa synchronous LIA maximum around the middle of
probably disappeared during the Middle Holocenthe 18th century (Winkler 2003). Exceptions are
and re-established during the Late Holocene (Mathe northernmost glacier regions such as Lyngen
thews and Shakesby 1984; Nesjal.1991). Only Peninsula (Fig. 1) which have a LIA maximum in
some high-lying cirque glaciers in more continenthe early 19th century or later (Ballantyne 1990;
tal mountain regions (e.g. Jotunheimen) mightVinkler 2001), as do Folgefonna in southern Nor-
have survived throughout the entire Holocenavay with a later main advance leading to LIA maxi-

Geografiska Annaler - 87 A (2005) 1 143



T. CHINN, S. WINKLER, M.J. SALINGER AND N. HAAKENSEN

Table 1. Termnus danges at some dets d Jostelalsbreen. Tming ard distance ganed of two realvancesiuring thefirst part ¢ the

20th century and successive loss during the major retreat period of the middle of the 20th century (data sources: Faagkle948; W
1996; Norges Vassdrags- og Energidirektoratet (NVE)). The glaciers are grouped into outlets with short terminus respose times
1-9) and larger outlets with longer terminus response time (nos. 10-13). In contrast to the recent advance, thesedadveadis r
were restricted mainly to the steep outlet glaciers

Max. annual
Advance Distance Distance Retreat Distance retreat
Glacief® period (m) Advance (m) period (m) (m)
(1) Austerdalsbreen *1905-09 63 no ddta *1933-73 —1290 — 187 (1941/42)
1973-89 - 82
(2) Bergsetbreen *1903-10 135 1922-31 127 1931-45t — 564 — 66 (1941/42)
(3) Bgdalsbreen *1900-12 48 1922-30 62 1930-531 - 712 — 104 (1942/43)
(4) Bgyabreen *1904-11 134 1921-31 164 1931-52 - 604 —115 (1942/43)
(5) Brenndalsbreen 1905-13 96 1922-32 73 1932-57 —1332 — 254 (1945/46)
Brigsdalsbreen 1904-10 78 1921-31 67 1931-55 — 866 — 79 (1947/48)
(6) Kjenndalsbreen *1907-09 44 1922-32 191 1932-52% — 1546 — 314 (1943/44)
(7) Melkevollbreen 1902-11 177 1933-39 208 1929-41t - 689 — 203 (1938/39)
(8) Supphellebreen *1899-1912 96 1921-31 92 1931-57 —-303 — 37 (1934/35)
(9) V.Supphellebre 1902-11 148 1922-31 115 1931-44t — 557 —200 (1941 43)
(10) Fabergstalsbreen *1907-10 25 1922-30 113 1930-92 —2433 — 138 (1965/66)
(11) Lodalsbreen no advance 1925-29 @5 1932-701 - 1741 — 145 (1965/66)
Nigardsbreen *1903-11 (] 1921-30 19 1931-78 —2282  not applicdPle
1978-88 -29
(12) Stegholtbreen *1903-11 36 1922-32 45 1932-85 — 1646 —116 (1969/70)
(13) Tunsbergdalsbreen no advance no advance *1900-1957t1 -—913 not apfllicable

* precise year of onset unknown; T measurements ceased.

a) Locations given by numbers on Jostedalsbreen map insert in Fig. 1.

b) Individual years of retreat give an overall retreat during the ‘readvance’ period.

c) Although no precise data are available, this glacier also advanced (Winkler 1996).
d) Distance given for two-year period.

e) Due to calving into a proglacial lake.

f) Due to comparative early end of measurements.

ma as late as the last decades of the 19th centuryter 2000). In contrast to Norway, early and mid-
the early 20th century (Tvede and Liestal 197MNeoglacial moraines were not usually overridden
Bogenet al. 1989). by the late Neoglacial or LIA expansions allowing
The retreat from the LIA maximum positions ocprogressively smaller and younger advances to cre-
curred more or less continuously both in southerite nested moraine sequences recording most of the
and in northern Norway, but it was slow and freNeoglacial events (e.g. Grove 1988; Gellatial.
quently interrupted by short still-stands and som#988; Réthlisberger 1986). Recent glacial morpho-
minor readvances. At the outlets of Jostedalsbredagical evidence (Winkler in press), however, does
two readvances during the first decades of the 20thggest that the number of major Neoglacial ad-
century were studied in detail (Table 1; Bogéal. vances is fewer than indicated in the literature.
1989; Winkler 1996). In Jotunheimen there was a There are numerous records of late Neoglacial
readvance around 1920 (Hoel and Werenskioldontal positions since the 14th century (Gellatly
1962). However, in all glacier regions in Norway,1985; Wardle 1973; Ro6thlisberger 1986). Dated
the middle of the 20th century was characterized byioraines indicate that LIA maxima were reached
considerable and fast glacier retreat (Table 1; Feedpy different glaciers at widely different times de-
1948). pending on their response times and glacier mor-
phology. Terminus response times to increased
mass balance vary from about 5 years for the steep
New Zealand reactive glaciers, to in the order of a century for the
The record of Holocene Neoglacial activity in Newlarge, low-gradient valley glaciers (Oerlemans
Zealand commenced arouad 000 yearsP (Por-  1989; Haeberli and Hoelzle 1995). Response time
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Fig. 3. Cumulative glacier front
variations  of  Brigsdalsbreen
(BRI), a steep, short outlet glacier
of Jostedalsbreen with an observed
terminus response time af. 4
years, Nigardsbreen (NIG), a long
outlet glacier (terminus response
time c. 25 years), and Hellstugu-
breen (HEL), a valley glacier in the
continental  Jotunheimen (data
source: NVE)

variations are evident in the wide variety of datefore c. 1930 at most of the major glaciers of the
which indicate that the LIA maximum was attainecsouthern Alps (Table 2; Gellatly 1985; Kirkbride
by some glaciers as earlyas1600 (Wardle 1973; 1993).

Gellatlyet al.1988). Later maxima (or readvances)

have been dated at the mid- to late 1700s, early to .

the mid- 1800s, and late 1900s. Recent datings Bfcent glacier advance and mass balance

the LIA maximum in Mt. Cook National Park changes

(Winkler 2004) suggest the maximum glacier exNorway

pansion during the middle of the 18th century waAt the short and steep outlets of Jostedalsbreen, the
contemporaneous with advances of Franz Josef améin retreat ended during the late 1950s to early
Fox Glaciers (Lawrence and Lawrence 1965; Ant960s. These glaciers have a relatively short termi-
derson 2003). At these glaciers, retreat betveeennus response or lag time (Paterson 1994) of around
1750 and the first decades of the 20th century was4 years. After some years with more or less sta-
only minor. Readvances were reported by the firibnary glacier front positions, they began to ad-
scientific explorers and surveyors aromd.860 vance, accelerating in the late 1980s (Fig. 3). Due
and in 1900 most glaciers were still very close tto their longer response time, the larger outlets of
their LIA maximum positions (cf. Gellatly 1985; Jostedalsbreen (Nesje 1989; Winkler 1996) did not
Chinn 1996). Glacier positions remained relativelgtart advancing before around the late 1980s to ear-
unchanged during the first three decades of the 20¥h1990s (Fig. 3). During the 1990s all outlets of
century with a major frontal retreat not starting beJostedalsbreen were advancing. Around 2000 the

Table 2. Retreat of New Zealand glaciers from the Little Ice Age maximum position to 1978. Samples (number in brackets) of cirq
mountain and valley glaciers including valley glaciers with proglacial lakes (after Chinn 1996)

Glacier typ& Area los®) Mean ELA Length loss Length loss Retreat rate
(%) rise (m) (km) (%) (ma)
Cirque (26) - 83.6 0.78 48 7.8
Alpine (51) 32 (5) 137 1.17 44 11.7
Valley (34) 24.6 (11) 68 1.77 29 17.7
Valley with laké® (16) 23 (9) 16 1.82 24 18.2

a) Classification of glaciers following Chinn (1996); the number of glaciers measured is given in brackets, with columns2 numbe
given separately.

b) Area loss calculated for fewer glaciers with number given in brackets.

c) Special conditions; see text.
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advances of some of the short and steep outleisice the LIA maximum, making the recent resur-
ceased. This was probably due to the negative magnce a significant event (Winkkgral.1997). This
balance of 1996, an equilibrium mass balance fghase of glacier expansion is confined to the mar-
1997 followed by a couple of warm summers, estime glacier regions of southern Norway and
pecially from 2000 to 2003, causing increased almorthward towards the Svartisen area (Kjgllmoen
lation and mass loss at the lower tongues. Most 8000). The glaciers in Jotunheimen, for example,
the larger outlets with longer reaction times arare still in retreat, although retreat rates of some
continuing to advance. The distances regained agtaciers here have recently slowed.

the duration of this recent advance episode (Table Annual mass balance data are available from the
3) are both far greater than any previous readvanearly 1960s for six glaciers located on a W—-E pro-

146 Geografiska Annaler - 87 A (2005) 1



RECENT GLACIER ADVANCES IN NORWAY AND NEW ZEALAND

Table3. Duraton ard distances bthe recent tader alvances at some dats d Jostelalsbreenin westerrSouth Norway(data sources:
Konnestad Sorteberg 1998; Winkler 2001; NVE)

Distance Length of glaci&t Aredd
Glacief® Advance perio (m) (km) (krrd)
(14) Baklibreen 1964-1997 + 420 35 3.19
(1984-1997 +350)
(2) Bergsetbreen 1964-1997 + 660 4.8 10.5
(1984-1997 +360)
(3) Badalsbreen 1966—-2000 + 365 6.5 8.22
(5) Brenndalsbreen 1986-2000 + 200 2.3 0.88
Brigsdalsbreen 1955-1999 + 565 6.0 11.94
(1987-1996 +428)
(7) Kjenndalsbreen 1964-1999 +925 6.9 19.06
(15) Kjatabreen 1964-1999 + 260 3.5 7.44
(8) Melkevollbreen 1964-1997 +770 4.3 4.94
(1986-1997 +600)
Nigardsbreen 1988-2000 + 267 9.6 48.2
(16) Tuftebreen 1984-1997 + 190 6.5 6.59

a) Numbers correspond to Jostedalsbreen map insert in Fig. 1.

b) Data for frontal position changes derived from air photo analysis and from comparison of topographic maps.
¢) Annual field measurements.

d) In 1984 (data source: @strezhal. 1988).

file across southern Norway. These data show an iwinter balance occur in-phase and are, to some ex-
crease of the glacier mass of the western glacigent, proportional (Fig. 4), i.e. years of high winter
(Alfotbreen, Nigardsbreen), especially since 198Balance usually occur on both maritime and conti-
(Fig. 4). Conversely the glaciers of Jotunheimenental glaciers. The difference in net balances may,
(Storbreen, Hellstugubreen, Grasubreen) expetherefore, be explained by the importance of the
enced a mass loss during the same period. The stimmer balance or conditions during the ablation
crease in glacier mass occurred at all maritime glaeason, for the continental glaciers. Radiation is
ciers in both southern and northern Norway anchore important for ablation at continental glaciers.
south of the Svartisen area (Kjglimoen 2000) and &8gh winter accumulation lowers the snow line and
a consequence of this mass gain, glaciers in thgecater areas of the glacier are snow-covered in
maritime regions of Norway were advancing priosummer, lowering the albedo significantly and re-
to 2000. The overall ice mass loss in eastern Jotuhicing melt rates. Due to a much lower mass turn-
heimen indicates that the advances are restrictedaeer in Jotunheimen, the mass balance regime of
the western maritime glaciers only. these continental glaciers is more sensitive to sum-
At the maritime Alfotbreen, the mean annuamer temperature. The accumulation areas of Jotun-
winter accumulation (winter balance) is nearly fivédneimen glaciers also ‘benefit’ from frequent sum-
times that of the easternmost continental Grasulmer snowfall events that lead to increased albedo,
reen. Because of the high precipitation and masslike the majority of the maritime glaciers (e.g.
turnover at maritime glaciers, net balances corrddfotbreen) due to their lower altitudes. However,
late more strongly with winter balances than sunthere are exceptions such as Nigardsbreen (an out-
mer balances. Conversely, at continental glaciekst glacier of Jostedalsbreen) which has accumula-
net balances correlate most strongly with summépn areas at high altitude. This explains why Ni-
balances (Laumann and Reeh 1993; Win&teal. gardsbreen currently shows the most positive net
1997; Nesjeet al. 2000). This suggests that fre-balance in Norway.
quent above-average winter balances are a main
cause of the positive net balances at the maritime
glaciers during the last few decades (Fig. 4). Thef¢ew Zealand
are no visible spatial variations in the trend of winAlong with glaciers worldwide, New Zealand gla-
ter balances when maritime and continental glaiers have experienced large recession over the past
ciers are compared, as all deviations from the meaentury. Retreat commenced slowly at the begin-
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ning of the 20th century and was greatest in thgroglacial lake growth as an inevitable size read-
1950s. For the more reactive glaciers with short rgustment to achieve equilibrium with the present
sponse times, this general retreat has been punatlimate.

ated by intermittent readvances. The most com- The only significant series of direct mass bal-
plete record of frontal fluctuations is for the excepance measurements available for the Southern Alps
tionally responsive Franz Josef Glacier where fowas made at Ivory Glacier, a small 0.8%eirque
minor readvances have been recorded. Throughalacier to the west of the Main Divide, from 1969
the Southern Alps, cirque and alpine glaciers hate 1975 (Anderton and Chinn 1978). Net balances
lost nearly half of their LIA lengths, whereas thavere strongly negative during the period of study.
valley glaciers have lost only a quarter of their origAt a similar time, from 1965 to 1975, specific bal-
inal lengths. This difference is largely due to thance measurements were carried out along the
significantly longer response times of the largeflow-line of the Tasman Glacier, but because of the
lower gradient glaciers. Associated with retredfirge size of this glacier (98.3 Rnthese values
there has been a loss of 23% to 32% of glacierizegere not area-integrated to give mass balance vol-
area (Chinn 1996). Conversely, some of the debrigmes. This study has also provided useful ELA val-
mantled glaciers, after a century of surface lowenes from 1958 for this glacier.

ing, still retain their Little Ice Age lengths and ar- Inlieu of mass balance measurements, New Zea-
eas. The large proportions of debris cover on thelnd has an ongoing programme which records the
valley glaciers has also retarded their response danualequilibrium line altitude (ELA) values
warming. Many of these large valley glaciers havifom 50 selected ‘index’ glaciers spread through-
entered a period of rapid retreat by acceleratingut the length and width of the Southern Alps (Fig.
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2; Chinn 1995). This programme has continuebalances only became apparent when the first of the
since 1977 and has recorded the glacier changesy responsive glaciers like the Franz Josef and
throughout the recent period of positive balanceBox began to thicken and advance in 1983/84 and
The ELA is used as a surrogate for mass balant885/86 respectively. The mean ELA record is
measurements as worldwide mass balance measmpared with the frontal fluctuations of the Franz
urements show a close relationship between tldesef Glacier and the longer Tasman Glacier ELA
end-of-summer snowline altitude (ELA) and netecord in Fig. 6. The Tasman Glacier ELA record
mass balance with arf of 0.8 (Chinnet al. in is reasonably representative of the Southern Alps as
press). The data are gained from photographs takiehas a correlation coefficient of 0.808 with the
from a light aircraft and at the same time data frommean ‘index’ ELAs for the Southern Alps (Chinn
other glaciers, including frontal positions, are alsand Salinger 2002).
recorded (Chinn 1996). The index glacier ELA record of Fig. 6 shows a
The ELA readings are most convenient whesharp rise to positive balances commencing in
presented as the negative of the departure from th@83, with a period of zero to negative balances
long term, or equilibrium position, of the ELA. Thefrom 1987 to 1990. Positive balances continued un-
resulting elevations, here termed tieass bal- til 1997 and the mass gain to the glaciers over this
ance index’ (MBI), are positive for positive massperiod was quite significant. The most spectacular
balances (low snowlines) and negative for negativa all of the advances at the Franz Josef Glacier re-
balances with high snowlines. The record of meagained 1200 m from 1984 to 2000, an extension
ELA changes for the Southern Alps used as proxyhich recovered a significant 41% of length lost
mass balance readings shows two periods of posince 1900. The expansion thickened the trunks of
tive mass balances from 1980 to 1987 and frotthe large valley glaciers sufficiently for the pulse to
1991 to 1997 (Fig. 5). These are mean ‘index’ glde visible on some glaciers as surface ice bulges.
cier values that indicate the trend of annual ma&€3n the Hooker and Grey Glaciers the advance over-
balance changes throughout the Southern Alpshelmed the proglacial lake growth and minor
The positive balance trend years are readily appaeadvances were detected (Kirkbride and Warren
ent when these values are plotted as the percentd@97; T. Chinn, pers. obs). Associated with the pos-
of glaciers having positive balances each year (Fitive balance period, there has been a mean lower-
5). ing of the snowline by 67 m since the 1970s (Chinn
No frontal advances or positive mass balancd®999). Using an average lapse rate of 0.7°C per 100
were apparent when the ELA monitoring comm, the downward shift represents a general cooling
menced in 1977, and the change to positive mast0.47°C since the late 1970s assuming precipita-
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tion constant. If temperature remained constaproportion were advancing because of the longer
then, using the relationships of Ohmwet al. response times of these glaciers.

(1992), this 67 m ELA depression represents a pre-

cipitation increase of 350 mm. ] )

The index glacier ELA record suggests that theauses of the recent glacier expansion
positive balances commenced in 1983, at the saf@rway
time that the readvance commenced on the fast #ealysis of meteorological data series from Ber-
sponse glaciers. However when response times @ien, which is representative of the maritime gla-
considered, these glaciers indicate that the changers, shows that the positive net balance for the
occurred at least 5 years earlier, before 1978. Thearitime glaciers of southern Norway is related to
Tasman Glacier ELA record shows a more subtlacreased winter precipitation and snow accumula-
period of positive balances commencing in 1974ion (Liestgl 1967; Hurrel 1995; Winklest al.
which gives an appropriate time for the first 0b1997; Nesjet al.2000). An increase in winter pre-
served responses of 1983/84. The 1983/84 readpitation is among the most significant of the cli-
vance of the Franz Josef Glacier, which has a resatic trends in the maritime regions of southern
sponse time of 5 to 7 years (Hooker and Fitzharridorway (Fgrlandet al. 1992). The years 1971-
1999), indicates that the balance change occurré@76 and 1989-1995 had well above average snow
some time in the period 1976 to 1979. All of thesaccumulation. A comparable increase in winter
indicators coincide with a change in phase of thgrecipitation and glacier mass gain also occurred in
Interdecadal Pacific Oscillation (IPO) (dis- the southern areas of northern Norway (e.g. Svar-
cussed below) which occurred in 1976/77 and cotisen, Okstindan), excluding the far north (Haaken-
tinued until 1998. sen 1989).

In an attempt to isolate the year when the first ef- Not only has the annual precipitation and the
fective change to positive mass balances occurrgatecipitation during the accumulation season in-
the frontal positions of 111 glaciers opportunistiereased, but in addition, the timing of the precipi-
cally monitored on the snowline surveys, wer¢ation maximum has shifted from autumn into win-
scrutinized for the year when a first readvanceer in the 1990s compared to the 1980s (Fig. 8). Au-
could be recognized. The results show that thetemn, especially September and October, is usually
were a few early expansions from 1978, followed very changeable period of the year with temper-
by a widespread advance commencing in 1983. Byjures decreasing by nearly 1°C per week (O.
assuming a minimum response time of about Gestgl, pers.comm.) accompanied by high precip-
years for the most responsive mountain glacieigtion. The later in the accumulation season the
(Fig. 7) the change to dominantly positive balancgzrecipitation maximum occurs, the higher is the
was indicated to be in 1976/77. Prior to this timgyroportion of snow to rain lower on the glaciers.
the nearest recorded advance was a minor evenRain is normally the dominant form of precipita-
1966—1967 on Franz Josef Glacier. The valley gléion on low elevation glaciers well into the late au-
ciers showed a similar pattern (Fig. 7) but a lowdumn. The changes in monthly precipitation moni-
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Fig. 8.Upper panel precipitation
at Bergen (cf. Fig. 1) during the ac-
cumulation season (October— x
April). Data not corrected for the
breaks in homogeneity of 1903/04
and 1984/85 due to location shifts
of the meteorological station.
Mean winter precipitation in- B,m AT
creased by 360 mnt.(33%) dur-
ing the period. Solid line is 5-year
running mean, and the stippled line
the linear trend over the whole pe-
riod. {man)
Centre panel air temperature at @
Bergen during glacier ablation sea-

son (May—September). Mean sum-  asg
mer temperature has increased by
about 0.6°C since 1860. Solid line
and stippled line as above.

Lower panel: comparison of
monthly precipitation at Bergen
during the periods 1977/78-1987/
88 and 1988/89-1998/99. The sea-
son with highest precipitation has
moved from autumn to the middle &
of winter (data source: Det Norske
Meteorologiske Institutt (DNMI))
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tored after 1988/89 support the overall increase temperature and precipitation changes in autumn
winter precipitation during the period. The rapid inhas been shown by modelling (Laumann and Reeh
crease in net balances since 1988/89 cannot be &293; J6hannessat al. 1995). This seasonal sen-
plained by total precipitation changes alone. Thsitivity of the maritime glaciers and the key role of
sensitivity of maritime glaciers to a combination ohutumn climate could also be used to interpret
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Holocene glacier chronologies (e.g. Nesjeal. According to Pohjola and Rogers (1997), mar-
1991). An autumn increase in air temperature contime circulation in both summer and winter shows
bined with an early (summer) precipitation maxia good correlation with glacier mass balances.
mum has a very strong negative effect on glaciétigh pressure over the Barents Sea seems to be ¢
mass balance, as not only does the ablation seasoitical factor in the summer. Pohjola and Rogers
last longer but there is also lower net accumulatiofd997) introduce a Norwegian Sea Index (NSI, i.e.
as well. The summer air temperature increase riwe pressure gradient between Vardg in northern
quired to explain the collapse of the glaciers in maNorway and Valentia in Ireland) which, due to its
itime southern Norway during the Middlemore local character, gives a better correlation
Holocene is much higher than the increase requiredth glacier mass balance than does the NAO, es-
in autumn accompanied by a shift of the precipitgpecially in northern Norway. A correlation be-
tion maximum (apart from the negative effect of &aween the NAO and glacier mass balance in mari-
drop in annual precipitation). time western Scandinavia can be detected in the
Summer temperatures of recent decades shalata provided by Appenzellet al. (1998) from
no significant variations, apart from the very recer&reenland ice cores. These show strong positive
warm summers at the beginning of the 21st centuNAO anomalies betweew 1690 and 1720, which
(Fig. 8). A significant increase in winter temperaare in phase with the LIA advance in Scandinavia,
tures of about 1.2°C during the past 140 yeaxsghile the reconstructed winter-only NAO of Cook
measured for Bergen, and assumed representatdteal. (1999) does not correlate very well with the
of the region. (Winkler 2001) corresponds wellGreenland data.
with the increase in winter precipitation, as mild
and wet winters are associated with frequent moist
southwesterly airflow and high cyclonic activityNew Zealand
(high zonal index). A frequent cyclone track enterBlumerous studies have been made to relate glacier
Norway at Stadlandet and following the Norwefluctuations to meteorological variables, mainly on
gian coast northward toward Lofoten, a situationne glacier, the Franz Josef, and usually employing
that delivers storm precipitation to the maritimeonly temperature and precipitation (e.g. Suggate
glaciers of both southern and northern Norwa$950; Soons 1971; Hessell 1980) as these were the
south of Lofoten. The northernmost glaciers imnly meteorological variables with long time series
Norway receive most of their accumulation frorravailable. These temperature and precipitation cor-
the northwest. This circulation and similar circularelation studies have accounted for about 80% of
tion patterns responsible for high winter balanceke glacier variance (Salingetal.1983). Temper-
and resulting positive net balances in the maritimature changes may be more important than precip-
part of Scandinavia have a significant correlatioitation as Oerlemans (1997) found for the climate
with the North Atlantic Oscillation (NAO) . The sensitivity of the Franz Josef Glacier that a 30% in-
NAO is an index of strength of westerly circulatiorcrease in precipitation would be required to com-
in winter over western Europe, measured by thgensate for a 1°C warming. Further, Kuhn (1979)
pressure gradient between Stykkisholmur in Icesalculated from measurements made in Otztal
land and Punta Delgada in Azores (Rogers 198@Austrian Alps) that a 100 m change in ELA re-
Lamb and Peppler 1987). This index shows quires variations in winter accumulation of 400
strengthened winter westerly circulation over thenm water equivalent (w.e.) in summer free air
North Atlantic since the 1980s. Correlations betemperature of 0.8°C, or in mean summer radiation
tween atmospheric circulation and winter balancesalance of 15.05 W Thfor alpine glaciers. Simi-
at the most maritime glaciers have been demolarly, the equivalent values for temperature precip-
strated by Pohjola and Rogers (1997) and Nefsjeitation and radiation at the ELA calculated by
al. (2000). In particular the highly positive NAO of Ohmuraet al. (1992) using data obtained for 70
1988/89 (Hurrel 1995) corresponds well with thelaciers from different parts of the world found that
period of glacier mass increase in the maritima 100 m change in ELA is approximately equiva-
parts of Scandinavia and has contributed to the rent to 538 mm w.e. change, or a 1°C temperature
cent winter warming. Two minor periods of highchange, or a net radiation change of 7 W.m
positive NAO index correspond well to the two Correlations of the Franz Josef Glacier frontal
readvances during the first half of the 20th centufjuctuations and climate using only temperature
at Jostedalsbreen. and precipitation were inconclusive (Suggate
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1950; Soons 1971; Hessell 1980; Salinger 198&ature that operates on decadal time scales. The
and sparked a lively debate on the principal causpssitive phase is characterized by stronger, and the
of the glacier’'s behaviour. In a summary, Hesseliegative phase by weaker westerly circulation over
(1983) concluded that there had been no genethe South Island (Salinget al. 2001).
temperature increase over the period of glacier re- Examination of the links between climate and
treat. In a study of the fluctuations of the nearbglacier change using atmospheric circulation initi-
Stocking Glacier, Salinget al.(1983) used a prin- ated by Fitzharrigt al. (1997) showed that large-
cipal component regression analysis with tempescale circulation patterns exert a strong control on
ature lagged by 2 years and precipitation lagged lgyacier balance through their teleconnections with
5 years. This study found that temperature is th@ecipitation and temperature. On their Franz Josef
more important variable and their model explaine@lacier study for the ablation season, Hooker and
83% and 71% of terminus variation. A significanFitzharris (1999) found no difference in the
relationship was found between temperature arstrength of westerly winds between the retreat and
retreat, but the relationship between precipitatioadvance phases, but in the accumulation seasons
and fluctuations was not as clear. there was a marked increase in the strength of the
Again on the Franz Josef Glacier, Hooker andesterlies. In the advance phase the ENSO index
Fitzharris (1999) made a comparison of two 20was predominantly negative, whereas in retreat
year periods of retreat (1954-1974) and advanphase it was slightly positive indicating a La Nifia
(1974-1994) phases with the data separated inendency. Sea level pressure anomalies during the
accumulation (April-October) and ablation (No+etreat phase were above normal over New Zealand
vember—March) seasons. The ablation season heigh more anticyclones to the southeast of the
been about 0.2°C cooler during the advance thaountry. Conversely during the advance phase,
the retreat phase, but there is no significant diffepressures were lower than normal with more anti-
ence in accumulation season temperatures. Theselones centred to the south of Australia. Thus the
were, however, significant precipitation changeshange from retreat to advance phase is associated
between the retreat and advance phases. In a loaéth a westward shift in the location of the positive
tion receiving nearly 10000 mnTlathe advance sea level pressure anomalies of about 55° of longi-
phase received an average of 686 mm more in thedle approximately along the 45°S parallel. The
ablation season and 453 mm more in the accumadvance period is associated with cool sea surface
lation season. temperature anomalies near New Zealand and
One of the more promising approaches to cliwarm anomalies in the eastern equatorial region of
mate—glacier studies is to relate glacier fluctuatiorthe Pacific Ocean (Clast al. 2002).
with atmospheric circulation patterns on a regional Hooker and Fitzharris (1999) concluded that
scale. The use of atmospheric circulation has twduring the period of glacier expansion the atmos-
advantages over correlations with meteorologicgheric circulation pattern favours higher accumu-
variables. Firstly circulation includes the influenclation as well as reduced ablation. The Southern
es of all weather factors affecting glacier balance iHemisphere westerly wind belt was further north in
addition to temperature and precipitation, and sethe New Zealand region. There were anomalous
ondly it permits decadal-scale glacier fluctuationsouthwesterly winds over the country, especially
to be related to hemispherical and global climatéuring the accumulation season. Stronger wester-
oscillations. TheEl Nifio/Southern Oscillation lies generate higher precipitation and meltis retard-
(ENSO) strongly influences circulation over Newed because of cooler temperatures and increased
Zealand (Mullan 1995). El Nifio seasons are chacloudiness (Hay and Fitzharris 1988). Increased
acterized by generally strengthened westerly circatbedo from more frequent summer snowfalls also
lation in summer, southerly circulation in winterlimits melt (Fitzharriset al. 1992). Atmospheric
and southwesterly circulation in autumn and springirculation during periods of glacier retreat fa-
with lower than normal temperatures. La Nifia searoured both lower accumulation and increased ab-
sons show the opposite circulation and temperatulaion losses.
anomalies, with weakened westerly circulation in Glacier mass changes from the ELA record
summer, and southwesterly circulation in autumshow good relationships with the ENSO and the
and spring, and strengthened northerly circulatiol?O changes in atmospheric circulation. Positive
in winter. ENSO has a 2 to 8 year cycle. Titer- mass balances and advances are associated with
decadal Pacific Oscillation (IPO),however, is a strengthened west to southwest circulation. Nega-
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Table4. Climatdogica ard circulation patternsnfluendng the mas$alance  New Zeaard gladers(after Clareet d. 2002 Hooker
and Fitzharris 1999)

Positive net balance Negative net balance
Low snowline High snowline
Atmospheric system Glacier advance Glacier retreat
Wind direction anomaly southerly northerly
Westerly air flow over the Southern Alps stronger weaker
700 hPa geopotential anomalies to the southeast of New Zealand negative positive
700 hPa geopotential anomalies in the southeast Pacific positive negative
Sub-tropical jet stream stronger weaker
Sea surface temperature anomalies near New Zealand cool warm
Sea surface temperature anomalies towards equatorial South America warm cool
Precipitation increased decreased
Air temperature during ablation season lower higher
Westerly air flow during ablation season stronger weaker
Position of main westerly zone northwards southwards
Position of the sub-tropical high pressure zone northwards southwards
Air flow anomalies during ablation season southwesterly northeasterly
Pressure anomaly over new Zealand in ablation season negative positive
Southern Oscillation Index (SOI) negative positive
Circulation phase El Nifio La Nifia

tive mass balances and retreats are associated veigasonality seems to be more pronounced in Nor-
higher than normal summer pressures over the Nevay where precipitation has increased only during
Zealand region (Table 4) and weakened west the accumulation seasons. Some high altitude gla-
southwest circulation. ciers like Jostedalsbreen could theoretically benefit
The New Zealand period of glacial expansion réffom wet summer seasons with several snowfall
lates very well to a change to the positive phase e¥ents, but most other maritime glaciers have an el-
the IPO from 1977 to 1998, and a period of climatevation too low for this. The high-lying accumula-
with frequent EI Nifio events. As a result of thdion areas of New Zealand glaciers have also ben-
strengthened westerly and southwesterly circul@fited from increased precipitation during the sum-
tion, South Island west coast and Southern Alpser as most of this precipitation will fall as snow.
precipitation increased by 10-15% (Salinger an@ompared to Norway, air temperatures at the New
Mullan 1999). Zealand glacier tongues are higher both in winter
and summer and ablation will be higher. Very high
. ) precipitation makes mass turnover at the New Zea-
Discussion land glaciers higher than that of Norway and the
While the majority of glaciers worldwide are re-mass balances of the glaciers will therefore be even
treating, the maritime glaciers of Norway and Newmnore sensitive to fluctuations of the climate with
Zealand are among the few examples of glacier eenhanced amplitude of subsequent terminus posi-
pansion in the late 20th century. Glaciers of both réion changes. In addition, the higher the mass turn-
gions are situated in maritime climates in the beltsver, the greater the effect that variations of single
of strong westerly circulation. An increase in theneteorological variables (e.g. summer air temper-
strength of this circulation and an associated irature, winter precipitation) will have on the glacier
crease in precipitation together with lower air temnet balance. Compared to glaciers in continental re-
peratures during the ablation seasons are the gions (e.g. the European Alps), the glaciers of both
matic variations responsible for the mass balaneegions are therefore much more climate sensitive.
increase in both regions. However, mass balanteboth regions, the first decades of the 20th century
increases can occur with little air temperaturehowed no pronounced glacier retreat, with some
change or a slightincrease if precipitation increasssationary or even readvancing glacier fronts. The
significantly. middle of the 20th century was, as in many other
One difference between the two regions is thaflacier regions, a period of spectacular retreat as
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the glaciers responded to climate warming that ocommenced in the early 1980s and ceased around
curred since the end of the cooler 19th century. TI2900. Glacier mass balance data associated with
recent glacier advances in both countries wetbBese advances were gained from balance studies in
more extensive than any others since this cooler pgerway and from ELA records in New Zealand.
riod, a pattern that is much more obvious in Nor€ommon to both countries, the positive glacier bal-
way than in New Zealand. Around the year 200@nces are associated with increases in the strength
the advances of the more responsive glacieo$ westerly atmospheric circulation which lowered
ceased in both countries. In Norway, this may beablation season temperatures in Norway and in-
temporary halt as the glaciers with longer responseeased precipitation to the glaciers in both coun-
times continue to advance and mass balance metiges. In New Zealand the period of increased mass
urements continue to be mainly positive, suggedbalance was coincident with a change in the IPO
ing at least some ongoing advances during the netid an associated increase in ENSO events. The
few years. In New Zealand, ELA values indicatgositive balances occurred as a nearly spatially uni-
that after 2000 balances have settled to near eqform increase throughout the Southern Alps. In
librium values (Fig. 6). Norway the advances are linked to a strongly pos-
One difference between the two regions is thative NAO which caused a seasonal precipitation
a comparable west—east gradient of different eshift to an increase in the accumulation season and
tents of advance is clearly visible in Norway but shift of maximum precipitation towards the end of
did not occur in New Zealand. The ELA surveyshe ablation season. The positive balances also oc-
show that the entire Southern Alps of New Zealancurred in a strong west—east gradient with no bal-
behave as a single entity responding to climate fance increases to the continental glaciers of Scan-
glacier balance changes despite the large precipinavia.
tation gradient (Lamongt al. 1999; Clareet al. The positive balances show that glacial expan-
2002) and the observed widely different frontakion can occur when atmospheric circulation
behaviours are of course a product of differing rechanges to produce a marked increase in precipita-
sponse times, amounts of debris cover and proglésn even with small increases of surface air tem-
cial lake effects. perature. Maritime temperate glaciers are thus very
In western Norway, positive mass balances argknsitive to changes in atmospheric circulation.
the subsequent glacier advances were caused by
increased precipitation during the accumulation
season and a shift of the precipitation maximuricknowledgements
towards the winter when a greater fraction of th&he New Zealand section of this work was carried
total will fall as snow. However, increased air anaut with the National Institute of Water and Atmos-
sea surface temperatures can instigate mild, weheric Research Ltd under contract No.
winters with dominantly southwesterly air flowCO1X0202 of the New Zealand Foundation for Re-
that can also increase glacier mass balance. Ngearch, Science and Technology. Part of this work
way might be considered an example how ‘globalarried by S.Winkler was supported by a personal
warming’ can lead to glacier advance (providedrant (contract Wi 1701/1) of the Deutsche Forsc-
that air temperatures do not exceed a critichlungsgemeinschaft (DFG).
threshold and are restricted to autumn). In New
Zealand, the glacial advances occurred wheh Chinn, 20 Muir Road, Lake Hawea, RD2 Wana-
strong westerly atmospheric circulation producekla, Otago, New Zealand.
significantly increased precipitation over the
Southern Alps (Salinger and Mullan 1999) despit8. Winkler, Department of Geography, University of
small increases in regional surface air temper&yurzburg, 97074, Wirzburg, Germany
ture.

. M.J. Salinger, national institute of water and ath-
Conclusions mospheric Research, Box 109—-695, Auckland, New
Norway and New Zealand both lie in similar cli-Zealand
matic zones dominated by humid maritime wester-
ly wind circulation. Both countries experiencedN. Haakensen, Norwegian Water Resources and
glacial advances, more extensive than any othEnergy Directorate (NVE), PB. 5091 Majorstua,
since the end of the 19th century cool period, whidd—0301 Oslo, Norway
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