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Glacier change in northern Sweden fro.n AD 500: a sitnple 
geo.netric .nodel of Storglaciaren 
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ABSTRACT. A simple geo m e tri c model of g lac ie r \'olume is d e ri\ ·ed. The mod el is 
based on the ass umption that th e ne t mass balance a \'eraged ove r th e g lacier surface is 
rel a ted to the summ er tempera ture and winte r acc umulat ion a t a r ep resentative 
he ig h t on the g lacier. This height varies with tim e as climate ch a nge~, in ways tha t a rc 
d ete rmined by th e geometry of th e g lac ier surface. Express ions a rc d erived for th e 
eq uilibrium glacier vo lume (Vcq ) as a fun ction o f summer tempe ra ture and winter 
accumu lation a nd for the glacie r- res po nse time (T ) as a fun cti o n o f vo lume. 

T he mode l is used to reconstru c t th e \'olu me o f Storglac iare n over th e per iod AD 
500- 1992. \treasured net mass-balance data for Storglaciren (194-6 92 ) a re used to 
es tim ate the model pa rameters. For th e summ er temperature forcin g, th e long tree­
ring-based tempe rature reconstru c ti o n for north e rn Fennoscandia is used to ex tend a 
temperature record nea r the glac ier back to AD 500. F or the past acc umul a ti on forcing, 
a ra nge of assum ptions is tes ted. 

The res ults show that the prime ca use of th e d ec rease in vo lum e o f Storglaciare n 
be tween 1946 and 1992 was rela ti ve ly 10\\' acc um ul a ti on ove r 194-6 89 as opposed to 
warm temperat ures as pre\'iously supposed, R econstructed volum e c ha nges agree we ll 
\I'i th geomorph o logica l e\' idence. \\'here differences occur, dedu c ti o ns can be mad e 
abou t pas t acc umul a ti on, For example , the maximum reconstru cted g lac ier volume is 
associa ted \I'ith th e cold period from 1580 to 1740 but rela ti\ 'C ly 10\"/ accumulatio n 
probabl y limited th e volume to valu es no t much la rge r th an th a t ac hi eved a round 19 16. 

1. INTRODUCTION 2. LIST OF SYMBOLS 

This pa pcr d esc ribes a simple geom etri c glac ie r m odel 
d eri\'ed in order to inves ti ga te g lacie r responses to cl im a te 
cha nge , Pre\'io us a ttempts to simul a te histo rica l g lacier 
variations ha\'e bee n based on onc-dim ensiona l numerica l 
ice-O O\\' mod els forced by glac ier m ass-ba lance hi s to ry. 
The limited success o f these attempts has been asc ribed LO 
d efi ciencies in the m ass-ba lance histo ri es (Greueli , 1992 ), 
H ere wc take advantage of a lo ng summ er temperature 
reconstru ction based on tree rin gs. The simpl ici ty o f o ur 
model a llows d iffe rent assumptio ns about pas t acc umu l­
a ti on LO be ex p lo red. 

h EIe\ 'a ti on re la ti ve lO LOp o f g lacier, ass u m ed 
positi ve d ow nwa rcls (m) 

Our purpose is two-fold, First , th e insight that we ga in 
from th e mod el wi ll a id in th e stud y of probable future 
co ntributi ons of g lac ier m elt to sea-l eve l c h ange. 
Secondl y, by compar ing a tree-ring-based reconstru c tio n 
of ice-\'olum e cha nges for a pa rti c ul a r north ern Swed ish 
g lacier with the fl-agmentary a nd less precisely reso lved 
record of glacier changes deri\'ed from mora ine dates, wc 
can ga in some insig ht into the limita lions associa ted with 
regional clima te histories ded uced from such data. 

Prese nt address: UCA R /NCAR, P,O, Box 3000, 
Boulder, Colorado 80307-3000, U.S.A , 
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An 
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H eight of th e re presenta tive point relat ive to th e 
tOP of' the g lac ier (va ri a ble ) (m ) 

R eference \'a lu c of h*(m) 
H eight of the fix ed tempera lUre station relative to 

th e top of th e g lacier (m) 
Index relat ing h* a nd A 
Ind ex rela ting A a nd V 
Time 
Annual mean surface area of glac ier (m2

) 

R eference glac ie r a rea (m2
) 

Annua l net mass ba la nce a t a spec ific point on th e 
glacier surface (m year 1) 

Annua l net m ass ba lance a\'eraged o\'e r the 
glacier (m yea r 1) 

Annual net m ass ba lance a t th e terminus (m 
year 1) 

Accumu la tion a t a fi xed loca tion 
R efe rence acc umul at ion 

(m year 1) 
C - CR (m yea r 1) 

M ean depth of g lac ier (m) 
R eference \'a lu e of'D (m) 
A constant (m yea r 1) 

a t a 

(m year 1) 
fi xed locatio n 

34 1 https://doi.org/10.3189/S0022143000004196 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000004196


J Oll.mal oJ ClaciolofJl 

L 
T 
TR 
t:.T 
V 
1I"q 
Vn 
y 

~/Iean length of glacie r (m) 
Summer tempera ture a t height h: (Q C ) 
Reference va lue of T (Q C) 
T - TB. (cC) 

. 'l 
Annual mean glacIer volume (m') 
Equilibrium glacier vo lume (m3

) 

R efere nce value of v,,'1 (m3
) 

vn/m (m3) 

11"q fl /m (m3) Ye'l 
Cl: P a r a m e ter rela tin g tempe rature to a bl a ti on 

(3 
f 
Cl: f 

(m year I cC I) 

Altitudinal gradient of accumulation (year- I) 
Altirudinal lapse ra te (Q C m I) 
Altitudinal gradient o f ab lation (yea r- I) 
Glacier-response tim e (yea r) 
Referenee \'alue of T (yea r) 

3. THE MODEL 

a. Derivation of the lD.odel equation 

Our d eri\'a ti on sta rts from th e usual req uire m ent that th e 
cha nge in g lacier volume (V ) with time (t ) is equ a l to th e 
surface a r ea of the glacier mu ltiplied by th e a rea­
a\'eraged ne t mass balance, 

dV/dt = AB (1) 

where A is the annua l mea n surface area (m 2
) and 13 is 

the annua l net mass hala n ce averaged over the whole 
glacier (m yea r- I). The d e nsity of th e glacier ice is 
ass umed to be cons tan t. 

Paterson ( 1994) defined the steady-sta te dimensions 
of a g lacier as those tha t would result fro m an area­
ave raged zero mass balance over many yea rs. As a result 
o f glacie r d yna mics, V(t) gen erall y approaches equili­
brium more ra pidly than the mean length , L(t), though 
ultimate ly stead y sta te is r eached at the sam e tim e. For 
the der iva tion of our mod e l, howe\'er, we assume tha t 

Jor a given glacier voLume the sha pe of th e g lacier is the 
sam e whether the glacier is in advan ce, retrea t or 
equilibrium . I n other word s, we ass ume th at the relative 
"alues o f V , A a nd L fo r each V d o no t differ 
significantly fi'om their stead y-state va lu es as defined 
by Pa terson (1994). It fo ll ows th a t we a lso ass ume fi xed 
basa l topogra phy. 

Kuhn ( 198 1) showed th a t the varia ti o n of th e ELA in 
respon se to clima te ch a n ges is gove rn ed by th e 
a ltitudina l g l'adients of th e accumulation a nd abla tion. 
H ere, we assume tha t th e datum acc umul ation increases 
linea rl y with a ltitude, but fo r simplicity time-d ependent 
acc umu lation va ri a ti ons a re taken to b e uniform in 
space . For the a blat ion, we ass ume that it is related to 
the summe r tempera ture a nd decreases linea rl y with 
a ltitud e. 'N e a lso ass ume th a t the a ltitudin a l g rad ients o f 
accumu lation and abla tion are temporally inva ri ant. A 
refinem ent would be to ass ume th a t the a ltitudin a l 
gradi ent of acc umulation in creased when accumulation 
in creased but thi s is no t a ttempted here, though we do 
im'es tiga te th e unce rta inti es assoc ia ted with th e ass um ed 
value o f th e g rad ient. 

Wh en a g laeier is in steady sta te, or eq ui librium with 
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th e pre"ailing climate conditio ns, the net mass b a la nce 
averaged ove r the g lacier as a whole is zero and th e ELA 
does not \'ar), with time. For the non-equ ilihrium case, \I'e 
can sti ll defin e a representa ti ve height on the g lacier 
surface, h*, where the specifi c net mass balance is eq ua l to 
the specific ne t mass balance a \'e raged O\'e r lhe whole 
g lac ier (the la lter being non-zero in genera l) . \lV e assume 
h ere tha t lh e h eig h t of the top of the glacier is fixed and 
id entify heights o n the glacier surface rela tive to the top of 
th e glacier . Th e heights, h, a re thus measured p os iti\'e 
dO\I'll fro m the (fix ed ) height o r th e top of the g lacier as 
sh own in Figure I. The height, h*, is govern ed by th e 
a lti tudin al distri bu tion of the glac ier area. 

hz---------- ------ -

Fig. J. Se/zema/ ie cross-section oJ a glacier showing 
elel'a/ions relalive 10 the tot) q! the glacier (Positive 
downwards) : viz . the re/Jresentative heigM ( h * ), the 
bollom oJ /he glacier ( hb ) a/ld the height oJ a fixed 
temperature station ( hz ) . 

Given a g lacie r in a datum or reference state with a 
reference g lacier vo lume, VR, with a rea, A R , and 
representati"e h e ight, hR ' \I'e ass ume tha t we can defin e 
a reference summer tempera ture, TR , and acc umu lation, 
CR (m year I) , such th at th e specifi c net mass bal ance 
a veraged over the glacier eq ua ls the spec ific net mass 
b a lance a t hR a nd can be expressed as 

(2) 

where Cl: is a p a ra meter rela ting tempera ture to ab lat ion 
and has units m yea r I QC I, 6.T is a te mpe ra ture 
a nomaly gi" en by T - TR and 6.C is an accumulation 
a nomaly gi" en by C - CR . At equilibrium, 6.C equ als 
a t:.T. Beca use we are onl y inte res ted in the tempera ture 
a nd accumulati on anomalies, T - Tn and C - CR may 
be meas ured at a ny nea rby location , for example, a t a 
loca l meteo rological sla ti on at h eigh t h: (Fig. I ) . Due to 

spa ti al inho l1l.ogeneiti es ill meas ured accumulation , one 
may have to adjust the measured accumulation so th at it 
represel1ls acc ull1ula ti on conditi ons on the glacier . Such 
adjustments a re no t needed for temperature. 

As the g lacier area changes, the representative h eight, 
hO, will cha nge accordingly. Thus, as the glacier becomes 
la rge r and ex te nds to lower a ltitudes, so h* wi ll move 
d owns lope a nd as the glacier con tracts h* \ovi ll mO\'e 
upslope. rf (3 a nd Cl:f , where r is the temperature la pse 
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ra te, a re th e a ltitudina l g ra di ents of acc umul a ti on a nd 

a bla ti on, using Equa tion (2), th e ne t sp ec ific mass 
ba la nce a t h* is g i\'en by 

B = 6.C + ,8( h~ - h*) - a(6.T - r(h~ - h* )) , (3) 

R e-a rra ng ing Equa tion (3 ) and substituting in Equat­

ion ( I) g ives 

dV / dt = A (6.C - a6.T + (,8 + o:r) ( h ~~ - h*)) . (4) 

The mec ha ni sm by \\'hi ch th e g lac ier comes to equilibrium 
may be viewed as follows, Assuming th e g lac ie r sta n s in 
equilibrium , a n increase in 6.C or a dec rease in 6.T will 
cause a positi\'e mass ba la nce , Th e glac ier will respond by 
increas ing its vo lume a nd h* lI'ill descend d own the 
mounta in. Th e a ltitudina l g ra di ents in acc umul a ti on a nd 
a bla ti on represented by ,8 a nd o:f will ca use th e mea n 
specifi c mass ba la nce to re turn to ze ro as h* d escends, 

It is necessa ry no\l' to find qua ntifi a ble expressio ns [o r 
h* a nd A. Gi\'en th e g lac ier-sha pe ass umpti o ns made 
pre\'iously, th e surface a rea o f th e g lac ie r , A , m ay be 
ass umed to be a fun ction o f th e height h* fo r whi c h we use 
th e ge nera l ,o ne-pa ra meter form 

A/ AR = ( h* / h~)II/ , (5) 

Simila rl y, we express th e a r ea in term s o f th e \'olume 

as 

A/ An = (V / Vn )" , (6) 

Thus, combining Equa ti o ns (5) a nd (6) a nd re­
a rra ng ll1g g l\"es : 

(7) 

The pa ra m e ters m a nd n define th e cha ng ing three­
dim ensiona l sha pe of th e g lacier. Th ey a re gove rned by 
th e basa l topog ra ph y and ice-Oow d ynami cs , Beca use \\'e 
ass llme th a t , fo r a pa rti cular \ 'o lum e, th e sha pe o f th e 
g lacie r is th e same wh eth e r it is in ach 'a nce o r re treat, rn 

a nd Tl a rc ind epend ent of th e mass ba la n ce , Th e 
pa ra meter 7n d efin es th e \'e !"lica l mo\'C m e nt o f th e 
represe nt a ti\'c height h* rcl a ti\ 'C to th e g lac ie r a rea , It 
th erefore co ntro ls th e rela ti o nship betll 'Ce n th e cha nging 
g lacier a \ 'C rage lI'idth a nd le ng th, The pa ra m eter n 
represents th e cha nge in g la c ie r d epth w ith g lacier 
\'olum e (sec sec tion 3c [or d e ta il s) , 

Using Equ a tions (4) and (6) a nd substitllting Equat­
ion (7) for h O, gi ves our fin a l m od el equatio n 

clV / elt = AR (V / VR)"[6.C - a 6.T 

+(,8+o:r)h~ (1 -(V/ VR )"/ IIl)l , (8) 

h. EquilihriuID voluDle and res ponse-tilDe 
forDlulation 

Beca use elV / elt = 0 a t equilibrium , Equa ti on (8) becomes 

H ence 

(9) 

Raper and others: GLacier change ill lIo r/hem Sweden from AD 500 

Equ a ti on (9) d efin es th e equilibrium volum e, Vcr!> in 
te rms of th e accumulation and te mpera ture a nomalies 
re la tive to th e refe ren ce \'a lues TR a nd Cn, The form of 
th e Vcq versus 6.C and 6.T rela ti o nship is thus gove rned 
b y th e index m / n, It foll o\\'s fro m Equa ti on (9) th a t 
1/"q = VR wh en 6.C = o:6.T, Equa ti o n (9) a lso shows that 

1/"q = 0 when (6.C - a6.T) = -(,8 + o:f )hR' i,e, wh en 
rh e cha nge in sp ecifi c net mass ba la nce is such th a t th e 
ELA co in cid es with th e top o f th e g lac ier , \\' h e n 
(6.C - o:6.T) < -(,8 + o:r)hj{, Eq u a ti o n (9) has n o 
m eanin gful ph ysical interpreta ti o n , 

The mod el g ive n by Equa ti on (8) can no\\' be written 
in te rms of the equilibrium \'olum e by re-a rranging a nd 
substituting Vc" [rom Equation (9) , This gi\'es 

dV/ elt = AH(V/ Vrr )"- J( [(v",,/VR )" / f" - (V/ VR)n/1Il1 ( lOa) 

wh ere 

J( = (,8 + ar) h~~ ( lOb) 

is a constant with units of m yea r I If liT no\-\ ' d e fin e a 
\'o lum e \'a ri a ble , Y , b y 

Y = V n
/

1Il 
, (lla) 

th en Equa ti on ( lOa ) may be writte n In more COI1\'el1-
ti o na l linea r-res po nse fo rm involving a tim e-sca le T a s 

elY / elt = (Ye" - Y )/T (llb) 

wh ere Y and Y0q arc v n/m a nd v,::/IlI , respecti\'el y, and 

T = (771 / n) (VR / AR )(1/ K )(V / VR ) (l - nJ-(n/ flf J (12) 

th e pa ra meter T m ay be idel1lifi ed as a glac ier-res p o nse 
time lI'ith units yea r. 

c. Assigning values for m and n 

In thi s sec ti on \IT show ho\\' th e pa ra meters m a nd n 
govern th e relati o nships betwee n th e ave rage d e pth , 
width and leng th o r th e g lacier fo r different volum es , 

C o nsider n firs t. Equati on (6) sho ws th a t '17 co ntrol s 
th e re la ti onship b e tween a rea a nd \ 'o lull1 e a nd hen ce th e 
m ean depth I'CTS US \ 'o lull1 e re la ti o nship, \ \'hen n = 1, 
th e g lacier d epth is a consta nt fo r a ll \ 'o lumes , \I'hi c h is 
cl ea rl y unrea li sti c , :\ l o re reali sti c all y, as th e g lac ie r 
\ 'o lum e in creases fr o m ze ro, g lac ie r d epth should 
in c rease first quite ra pidly a nd th e n m ore slowl y , Thi s 
impli es n < 1; se nsible beha\ 'io ur is g i\ 'en by n in th e 
range 0, 6 0,8, 

Th e pa ra m e te r m d efines h o w th e representati\ 'e 
heig ht h* \ 'a ri es with g lac ier a rea , Th e mo\'ement o[ h* 
d e pe nds on th e £11 ti tudinal di stri bu ti o n of th e g lac ie r 
a rea a nd hOll' th a t cha nges with cha nging volume , 
C o nside r some examples lI'here th e surface slo pe of the 
g lac ie r is unifo rm , so tha t m go \ 'e rns th e rela tionship 
be tween th e m ea n g lac ier width a nd leng th, Th e n , 
wh en m = 1.0, rh e mean glacie r width is a consta nt [o r 
a ll vo lull1 es , An increase in a rea fo r a para llel-sid ed 
glac ie r will then o ccur through the extension o[ th e 
g lac ie r to lowe r a l ti tud es , Wh e n m = 2,0. th e m ean 
g lac ie r width in c reases in propo rti o n to its leng th , In 
thi s case, a para ll e l-sid ed g lac ier w o uld increase both in 
width a nd leng th v\'ith a n increase in a rea , Sin ce \ 'alley 
g lac ie rs have ge ne r a ll y \'ery steep sid es , a n a ppro pri a te 
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value for m fo r a g lacier with n ear-pa rallel sid es is a bout 
1.0 . For a steep-sided trian g ula r-sh aped g lac ie r , which 
fa ns out in a linear fas hion with d ecreasing a ltitud e, the 
appropria te value for m is a bo ut 2.0. A n on-uniform 
g lacier-surface profil e will m odify the a bove a ppropria te 
values for m . 

d . In ter p r etation of the res ponse-time expres sion 

Th e response tim e or a glacier (7) may be d efin ed as the 
e-folding tim e fo r th e volume of a glacier to adjust from 
a n initi a l equilibrium sta te to a n ew equilibrium sta te in 
response to a sm all step ch a n ge in mass b a lance (cf. 
J 6hannesson and others, 1989b) . First, we obser ve tha t 
th e T give n b y o ur Equa tion ( 12) is not a consta nt but is 
a fun ction of th e glacier yo1um e (V ). This is a direct 
consequence of th e non-linear equa tion for V which we 
have derived. A constant T can only ari se in the ideal 
case or a linear first-order sys tem with a pure expon ential 
so lution to the step -forcing case, and is clearly unlikely in 
th e case of complex sys tems like glaciers which va r y their 
geom etry with ch anging size. Secondl y, we o bserve tha t 
our expression fo r T contains th e ra ti o m/n which is the 
index governing the form of th e rela ti onship betw een the 
equilibrium g lac ier vo lume a nd climate. H en ce, T 

involves not only the curren t geometry of the glacier 
but a lso how th a t geometry will change with c ha nging 
clima te. 

J 6hannesson and others ( 1989a) and Pa terson (1994) 
have put forward th e foll owing expression for the response 
time 

(13) 

where H is the maximum thi ckness and - ET is the mass 
ba lance a t the terminu s. J n the case of ice caps and those 
glaciers whose la teral ex tension is constrained by ve ry 
steep sid es, our expression [or th e response time is similar 
to Equa tion ( J3 ) . T o show this, consider a glac ie r in its 
reference sta te, so th a t V = VB and A = A R. Our 
Equation (12) m ay then be written as . 

T = (DR / n )/(K /m) (14) 

where DB = VR / A R is th e m ean glacier d epth. First, 
because n is less th an 1.0 (a bo ut 0 .6- 0.8), DR/n is similar 
to the maximum thi ckness scale H. Secondl y, because 
hR/m is approximately the verti cal distan ce from the 
ELA (by d efiniti on coincident with hR) to the terminus 
and because th e remaining term in K , namely ((3 + a f ), 
is the mass-b a la nce gradi ent , it follows tha t (K /m ) is 
a pproxima tely equ al to -ET. 

As a consequence o[ our steady-state g lacier shape 
ass umption used in the deriva tion of our expression for 
the response time, Equa tion (12) probably som ewha t 
overes tim a tes th e true respon se time. In rea lity, because 
of th e delayed response of th e ice d ynamics, an increase/ 
d ec rease in tempera ture or accum ula ti on will initially 
increase/decrease th e slope o[ the glacier surface so tha t, 
given the a ltitudina l dependen ce o[ ablation a nd accum­
ula ti on, th e volume change will be has tened. Thi s also 
applies to Equa tion (13). 
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4. APPLICATION OF THE MODEL TO 
STORGLACIAREN 

a. Storglaciaren v olume from Inass-bala nce data 
over 1946-92 

Sto rg laciarcn is a sm a ll continental g lacier situ a ted in the 
T a rfa la region of the K ebnekaise mountains and covers 
a n a lti tude range be tween a bout 11 35 and 1720 m a.s .l. 
vVinter and summ e r ba lances on this glacier ha\·e b een 
m easured year-b y-year since 1946 (Fig. 2a, b), measure­
m ents th a t provid e th e longest direc t reco rd of g lacier 
mass balance in the world . These d a ta are regula rl y 
published by the U niversity of Stockholm (e.g. Bodin, 
1993) . The average net mass balan ce over 1946-92 was 
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Fig. 2. T ime series oJ (a) aCClImlllalion (win ter balance), 
(b) ablation ( the negative oJ lhe s:llInmer balance) and (c) 
nel mass-balance data Jor Storglaciiiren 1946- 92 ( Bodin, 
1993, updaled) . (d) Estimated volume changes fo r 
Storglaciiiren obtained from the net mass-balance data 
using Equation ( 15) and n = 0.7. 
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nega ti ve a nd the data display a n o\'e ra ll upwa rd trend 
from negati ve to slightl y p ositive values (Fig . 2c) . 

I n 19 79, th e surface a rea of Storg lac ia ren was 
measured as 3.1 x 106 1l1 ~ a nd its mean thi c kn ess es tim­
a ted as 99 m , giving a yo lum e es tim a te o f 3. I x 108 m 3 

(H olmlund a nd Eriksson , 1989). \Ve use these 1979 
es tima tes o f the volum e a nd a rea toge th er with the mass­
ba la nce d a ta to deri\'e the hi story ofSt org lacia ren vo lum e 
cha nges . Eq ua ti ons (I ) and (6) yield 

(15) 

where A R a nd VR are th e a rea a nd \'olum e in 1979. (:\fo te 
th at A n a nd Vn should be steady-sta te values; this is a 
reasona ble ass umption (H o lmlund , 1988 ) .) For n we use 
the ra nge 0 .6- 0.8. 

Integra ting Equa ti on ( 15 ) using a nnua l f3 da ta gives 
V(t ). O ver the short pe ri od considered here, these results 
arc \'inu a ll y independ ent o f n . R es ults fo r n = 0.7 (Fig . 

8 3 2d ) show tha t the \'o lume dec reased by 0 .45 x 10 m 
O\ 'e r 1946- 92 . The resu lts agree well with the shorter 
record of H olm lund ( 198 7) . 

h. Extension of the Tarfala teInperature record 

A long se ri es of tempe ra ture es tima tes re presenting 
ave rage "summer" Oun e- August) conditi ons O\'e r a 
la rge regio n of north ern F ennoscandi a has been deri\'ed 
by BrifTa a nd others ( 1990 , 1992 ). This reconstructi on is 
based o n well- replica ted ring-width a nd wood-d ensito­
metri c d a ta, precisely d a ted a nd a \'e raged to produ ce 
continuo us c hronologies ex tending from th e p resent bac k 
to before AD 500 . Th ese ch ro nologies bas icall y represen t 
cha nging summer wa rmth. Forma l regress io n ca libra ti on 
a nd ve rifica ti on procedures ha \'e demonstra ted th a t the 
reconstru c ted tempera ture se ries captures a bou t 50% of 
the \'ari a nce (a t both hig h a nd low frcquencies ) o f 
regiona l m ean north ern Fenn oscandi a n tempera tures 
(BrifTa a nd o thers, 1992 ) . 

Here, th e tree-rin g tempera ture reco rd was adjusted 
to have th e same mean a nd sta nda rd d eyi a tion as th e 
T a rfa la R esea rch Sta tion June- August m ea n temper­
ature reco rd OWl' their peri od of o\·e rla p. F ig ure 3 shows 
the adjusred proxy tempe ra tures a nd the T a rfa la records 
for the ove rl a p peri od , 1946- 80 . The correla ti on between 
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rh e t\\·o se ries is 0.76. T o fo rce th e glacier mod el, we use 
th e adjusted tree-ring reco rd fo r A D 500- 1945 a ttac hed to 

th e summel- T a rfa la tempera ture record ove r 1946- 92 . 

c. EstiInating the Inodel parameters and past 
accuInulation assuInptions 

\ \' e chose th e 1990 \'olume a nd a rea as our re!erence 
pa ra meters Vrr a nd An. This d oes not impl y th a t the mass 
bala nce in 1990 was necessaril y zero; in fac t, it was 
slightly positi ve . It ra ther impli es tha r VR a nd Arr a re the 
vo lume a nd a rea assoc ia ted with a zero mass ba la nce a t 
height hR' Th e \'a lues of VR a nd AR a re th en 3.04 
X 108 m3 a nd 3. 08 x 106 m2

, res pec tively. At equilibrium , 
the reference heig ht , hR' co in cides with th e height of the 
ELA. Since th e ner mass ba la nce a \'eraged oyer th e 
glac ier is the n ze ro, hT~ ca n bc estima ted from Schytt's 
( 198 1) rela ti o nship between th e a rea-a \'eraged ner mass 
ba la nce a nd th e height of th e ELA for Sto rg lac ia ren. 
Using da ra to 1992, the con-cl a ri o n coefTi cicn r between 
th e ELA a nd f3 is - 0.88 . R egr ss io n ana lysis then gi\'es 
th e height o f th e ELA whe n f3 = 0 as 1460 m. The 
co rres ponding es tima te of hR (whic h is measured from the 
top of th e glacier) is then 260111 . In the fin al a na lys is, we 
a ll ow for a n unce rtain ty in h ft o f ± 50 m. 

For th e purposes of this s tud y, we equa te th e model 
acc umul a tio n a nd a bl a ti on with th e fi xed-d a te winter and 
summer bala nce, a lthough th ey a re not prec ise ly the same 
thing (Pa terso n, 1994). This h a~ to be born e in mind in 
th e interpreta ti o n of th e res ults. Th e a lti tuclin a l g radi enrs 
o f acc umul a ti o n a nd a bl a ti o n , represe nted b y rh e 
pa rameters (3 a nd aC can th en be es tim a ted direc tl y 
from obse rved a ltiLUdi na l d a ta fo r Storglac iaren . W e use 
(3 = 0.005 ± 0 .002 yea r I and 0' = 0.5 ± 0.1 m yea r- I Cl, 
\\'ith f = 0.007°C m- 1 based o n O erl ema ns ( 1992 ) . The 
\'a lidity of th e chosen va lues fo r a is confirmcd by 
examining th e Lcmporal sum m er-ba la nce d a ta as des­
c ribed below . There is no equi\ 'a le nt check fo r (3. Since 
rh e altitudina l g radient of accumul a ti on/\\'inter ba la nce 
te nds to increase with increased acc umula ti on , we have 
used a la rger un ce rtainty for (3. 

Our es tim a tio n of the \'al uc of th e reference p a ra meter 
Tn is based o n th e ava il a bl c tempora l summe r-ba la nce 
d ata for S torg lac iaren O\'er 1946 92 (Fig. 2b) . Us ing the 
summ er tempe ra lUre da ta fro m T a rfa la, the m ea n \'a lue 
o f th e es rim a ted summ er b a la n ce O\'e r 1946- 92 is 
d etermined by Tn a nd the stand a rd de\'iat ion by 0'. For 
0' = OA, 0.5, 0.6 m yea r I QC I, th e co rresponding va lues 
o f TR a re 1.6,2 .3, 2.8°C. Th ese va lu es of a gi\'e a bl a tion/ 
summer-bala nce sta nd ard d e\'i a ti o ns of 0.46, 0. 57, 0. 69 
m year I co mpa red with the o bsen "Cd \'a lu e of 0.50 
m yea r- I. Th e correla ti on coe ffi c ie nts bet\\·een th e es tim­
ated and obse rved a bl a ti ons a rc th en in th e ra nge 0.93-
0 .94. For Cn, sin ce no long- term nea rb y proxy d a ta are 
ava il a ble, we ass ume that the accumula ti on is m easured 
a t hR so th at C R = O. 

The a bsence o f long-term pas t acc umu la ti o n /win ter­
ba la nce da ta m eans tha r wc a re o nl y a ble to reconstruct 
the summ er te mpera ture-d epend ent part o f th e pas t 
g lacier-vo lu m e cha nges , DifTe re n t ass umptions can be 
m ade a bout th e pas r acc umu la ti o n (a t height hR), upon 
whi ch the reconstructi ons a re d e pend ent. Fo r exa mple, 
we can assume th a t rh e pas t acc umula ti on was temporall y 
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a constant or we can ass ume that there is some degree of 
d epend ence between th e winter ba la nce and summer 
temperature. The latter would occur if wa rm summers 
tend ed to be associa ted with \o\'a rm winters a nd \'ice ve rsa. 
Th ere is some evid ence for this in the observational d a ta; 
the correlatio n coeffi c ient be twee n T a rfala summer 
tempera ture a nd winter bala nce over 1946- 92 is - 0.40 
(slope - 0.1 44 m year- 10C- I, intercept 2.25 m yea r I) . This 
rela ti vely low correlation between 6.C a nd 6.T results in 
a la rge unce rtainty in the slope of the regression ; we 
th e refore ca lcula te reco nstruc ti o ns co rrespondin g to 
forc ings with (i) total independ ence between 6.C a nd 
6.T, (ii) some d ependence gO\'erned by a slope of - 0.14 
m yea r 1oC I, and (iii ) greater dep end ence gove rned by a 
slope of - 0.29 m year- 1oC- I

. I n each case, th e average 
mag ni tude of the past accumula ti on from AD 500 to 1946 
is adjusted , so that th e glacier-volume reconstru ction 
g ives th e correc t vo lume in 1946. 

The resulting pa rameter se ts we h ave chosen to u se in 
this analysis a re shown in T a ble I. Th e p a rameter se t S2 
uses our centra l estimates for a ll th e parameters. Th e se ts 
S I and S3 explore uncerta inties in th e rela tionship 
between 6.T a nd 6.C, using the different forc ings, S4 
a nd S5 give a range for m/n, S6 a nd S7 give a ra nge for 
hR, S8 and S9 give a ra nge for et (n o te th a t Tn has to be 
adjusted acco rding ly) a nd fina ll y SI 0 and S 11 g ive a 
ra nge for (3. 

d. TelIlperature sensitivity and res pons e-tilIle 
uncertainties 

The temperature sensiti vity of glaciers is a critica l iss ue in 
a ttempts to interpret past glacier cha nges in terms of 
climate and in trying to predict g lacier (a nd hence sea­
level ) res ponse to future climate change. Th e term , 
howeve r, is not well defin ed in th e literature, and there 
a re different ways in \ovhi ch a temperature sensiti vity m ay 
be d efin ed. One form of tempera ture sensitivity is th e 
mass-balance temperature sensiti vity . In the present 

development, this is th e pa ram eter et (m yea r OC I ) , 
which we ta ke as a consta nt. In th e pa laeoclima te 
contex t , the glacier-Iellgtft tempera ture sensiti\'ity would 
be far more rele\'ant. H e re, the nea rest we can ge t to thi s 
is the glacier-volume tempera ture sensiti vity, a se nsiti\'ity 
th a t is full y appropriate in the sea-level context. This may 
be d efin ed as (units, m3 °C- I or cm (sea-l eve l eq ui v,) °c I ) 

dV /d6.T where 6.T is th e change in temperature at a 
fix ed point rel at i\ e to some reference value. 

A littl e th ought will s h o\~' th a t thi s is not a n 
imm ed iately useful qua ntity. Glacier volume responds to 
climate in a way th at is modifi ed by glac ier d ynamics and 
dV / d6.T is /lot a fundam enta l constant of th e s),s tem ­
indeed dV / d6.T may be positi ve or nega tive (as will be 
shown in the nex t sec ti o n ) . The fund a m e ntal quantity 
that d ete rmines dV / d6.T ( through Eq ua tions (8) or ( I I )) 
is the equilibrium-volume temperature se nsi ti vi ty, d Veq / clL'lT. 

To inves tiga te the dv"q/dL'lT sensiti\ 'ity, we exa min e 
hO\v v"q "ari es with summ er tempe ra ture fa r the 
parameter \'alues chosen for Storglaciaren. These pa ra ­
meter se ts a re denoted S I- SI I and a re ta bulated in T able 
I , toge ther with th e con-es ponding glacier-response time 
a t th e reference volume, The vari a ti o n o f Veq with 
summ er temperature and the res pon se tim e, which is 
dep endent on \'olum e, are important because together 
they d e te rmine the o\'erall response of the g lacier volum e 
to temperature cha nge ( throug h Equation ( 11 )) . 

\Ve illustrate the results in Figure 4a and b for three 
values of th e altitudinal accumulation gradi ent, (3, 
denoted by parameter se ts SIO, S2 a nd S 11. For a la rger 
(3, Fig ure 4a shows that dVeq/dL'lT is smaller and Fig ure 
4b sh ows that the response time is shorte r. Other effec ts, 
not shown in Figure 4, a rc as follows: (1) The effec t of' the 
ra nge of forcing options, S I and S3, on dVeq / clL'lT is 
similar to th a t for (3; th e stronger the rela tionship between 
6.T a nd 6.C the la rger is dVeq / cl6.T, However, th is set 
does not a ffect the response time. (2) Th e range of\'alu es 
of m/n, d enoted by p a ra m eter se ts S4 and S5, has a 
slig h tl y la rger effec t com pared to SI 0 a nd S 11 , sma ll er 

T able I. Glacier-model jJarameter values lIsedJor the reconstructioll oJ Stol'glaciiiren .1D500- J992. The remaill ing rejermce 
jJarameters are VR = 3.04 x 108 m 3 , An = 3.08 x 100 m2. Also shown are the assumed mean accumuLation over 
AD 500- J946 and the model-derived value oJ the rejerence state resjJonse time (Tn ) 

SI 
S2 
S3 

S4 
S5 

S6 
S7 

S8 
S9 

SIO 
Sll 
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Forcing 
olJtion 

(i) 
(ii ) 
(iii ) 

(ii) 
(ii ) 

(ii ) 
(ii ) 

(ii ) 
(ii ) 

(ii ) 
(ii ) 

111 n h * R 

rn 

1.1 0 .7 263 
1.1 0.7 263 
1.1 0.7 263 

1. 2 0.6 263 
1.0 0.8 263 

1.1 0.7 213 
1.1 0.7 3 13 

1.1 0.7 263 
1.1 0.7 263 

1.1 0.7 263 
1.1 0.7 263 

et TR (3 Past 6.C TR 

m year I 0C I °c - I - I yea r m yea r yea r 

0.5 2.3 0.005 1.83 70 
0.5 2.3 0.005 l.84 70 
0.5 2.3 0.005 l.85 70 

0.5 2.3 0.005 1.75 89 
0.5 2.3 0.005 l. 94 56 

0.5 2.3 0.005 l.77 87 
0.5 2.3 0.005 1.91 59 

0 .4 1.6 0.005 1.78 77 
0.6 2.9 0.005 1.87 65 

0.5 2.3 0 .003 1.76 92 
0.5 2.3 0.007 1.92 57 
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Fig . 4. (a) PIaL q/lhe eqllilibriulII t'olllme eI/Jlessed as 
lI,-(JVR versus 6.T. T he t'allle of tlte reference tem/Jeratllre 
Tn is set so tha t O!6.T relJlesenLs Lite ablatioll . T he lines 
wOllld cross at V / Vn = l Jor/orcillg oplioll (i). ( b) Plot 
oJ the res/JolIse time . T, verslls glacier volume. Both show 
wulls Jar a range oJ values Jar (3. lIiz. 0.003 (dot ted). 
0.005 (solid), 0.007 ( dashed) )wlr I (i .e. /Jarameter sets 
S IO. 2 and 11 il1 T able 1). 

m/n gl\·ing sm a ller d ll,-q/d6.T a nd shorter res p onse 
times . (3) DifTe rent \ 'a lm's of hR' represc l1led by S6 and 
S7 , havc a slightly sma ll er effec t th a n SI O and Sl l , la rge r 
hR (lower a ltitud e) impl ying sm a ll er dll,-q/d6.T a ncl 
shon er response times. (4) F in a ll y, th e sma ll un certa inl y 
ra nge for the pa ra meter a , represented by S8 a nd S9 
(no te a lso the differe!1l \'a lues fo r Tn ) gi\'e a smalle r ra nge, 
la rge r a gi\ 'ing a la rge r d '!"q/d6.T but shorter res po nse 
tim es. 

e. The reconstruction over 1946-92 

\\'e now examine th e a bil it y o[ th e model to reconstruct 
the obsen Td volum e O\'e r 1946-92 . For eac h pa ra m e ter 
se t, we ha\'e run th e model from .\D 500, adjusting th e 
ave rage acc umu lation O\'e r .\D 500 to 1946, so tha t th e 
co rrec t glac ier vo lume is a tta in ed in 1946. Th e res ulting 
values for th e a \'e rage pas t accumu la ti on a re g i\ 'en in 
T a ble I. Th e va lu es, whi ch ra nge from 1. 75 to 1.94 
m yea r 1, a rc high er than the mean \'a lue for 1946- 92 or 
I .43 m year 1 but well with in th e range. Us ing th ese 
\ 'alues for pas t acc umu la ti on, a nd th e obsen 'ed acc umul­
a tion data ove r 1946- 92. toge th e r with the tempe ra ture-

Ra/Jer and others: Glacier change ill northerll Sweden from 11 D 500 

depend ent a bla ti on thro ughout , the g lac ier \'olume ove r 
1946- 92 is almos t exac t ly reproduced (Fig. 5a ). Thi s is 
simply because the mass-balance da ta a re then acc ura tely 
reproduced. (When the obse r\'Cd acc umula ti on da ta a r e 
used th e !3(hR - h*) te rm is omitted , since the da ta a re 
alread y the required a r ea ave rages. ) 

S in ce [o r th e p as t we onl y h ave th e summ e r­
tempera ture data, it is interes ting to see how well th e 
model can perform with out the recent acc umul a ti on d a ta . 
Figure 5b shows th e results using th e three [oreing 
op ti ons: (i) t1C ind epend elll of 6.T, (ii ) so me depen­
dence govern ed by a slo pe of - 0. 14m yea r 1 oC 1, a nd (iii ) 
grea ter d ependence gO\'e rn ed by a slo pe o[ - 0.29 m year 
1 oC 1 (i .e . paramete r se ts SI - 3 (see sec tion 4c)) . The 
res ults sho\\' th a t onl y a bout a qua rte r of the obse rved 
decl ining glacier- \'o lu me trend ca n b e ex pl ained by th e 
wa rm tempera tures a nd associated hig h a bla ti on which is 
evid ent bet\\'een 1946 a nd the earl y 1960s (Figs 2b a nd 
3). The res ults indi ca te th a t th e major pa rt of the declin e 
in volum e was du e to redu ced acc umula ti on/winte r 
ba la nce O\'er a pp rox im a tely 1946- 89. Figure 2a sh ows 
th a t g rea ter acc umu la ti o n has been o bse r\'ed in th e lllost 
recent yea rs and our adjusted pas t acc umul a ti ons indi ca te 
th a t hig her acc umul a ti o n was also present for at leas t a 
[ew d ecades or so pri o r to 1946. I t is a lso e\'id en t fro m 
Fig ure 5 b that th e stro nge r the rela tio nship between 6.C 
and 6.T th e large r th e a mplitude of th e glacier-volum e 
va ri a tions bu t th e d eclin ing trend is not ma teri a ll y 
affec ted. 

In conclusion, we ha ve shown th a t OHr 1946- 92 
cha nges ill acc um ul a ti o n had an impo rta nt inOuence o n 
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Fig. 5. (a) Observed (/hick) al/d reconstructed I'olllme Jar 
SloTglaciiiren lIsing the forcing ojJtions rejJresented ~)) 

jJarameter sets SJ- 3 (see T able I), includillg observed 
acclllllulatiou over 1946 92. ( The three reconstructions are 
indistingllishable.) (b) Same as ( a) bllt elcluding 
observed accumulation over 1946- 92. Forcing olJlion (i) 
dOlled. ( ii) solid. (iii ) dashed. T he recollstrllctiollS 
commenced iu .11) 500. 
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glacier yolum e. Whether ch a nges in accumula ti on are 
eq ua ll y importan t on lon ger time-sca les cannot be 
determin ed fro m this ana lys is but, since we onl y have a 
pas t summ er- temperature record for ma king th e reco n­
struc ti on, th e possible con comitant effec ts o f acc umul­
a tion changes should be born e in mind when com pari sons 
a re mad e w i th o ther proxy ev idence. 

5. A 1493 YEAR HISTORY OF STORGLACIAREN 

We take th e g lacier-\'olume reconstruction using para­
meter se t S2 as our centra l es tim ate. T o indi ca te the range 
of uncerta inty, we also carry out a se t of runs with the 
oth er pa ra m eter settings, as shown in T a ble I . In 
addition , we use three diffe rent sta rting values (dis­
cussed below) g iving a to ta l of 33 runs. I n a ll ras('s , th e 
model was fo rced with the composite reconstructed! 
obse rved summer-tempera ture record . T he temperature 
fo rcing and the range of resp o nses are shown in Figure 6 
and the results are di sc ussed in detail below. 
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Fig. 6. (a) Extended T a/fala tempera/lire series based Oil 

the northern Fellllosralldian temjJerature reconstructioll oJ 
Briffa and others ( 1992). Although the model is Jorred 
with annual data, we show the da ta smoothed to emplzasi<.e 
< 25 year and < 200 year fluctuations . (b) Glacier 
reconstrllction from .ID 500 with three allemative initial 
volumes . (c) Glacier reconstructions from IJD 500. The 
thick line uses parameter set S2 in Table 1. A lso shown is 
the range obtained using Sl - Jl with three alternative 
starting volumes (33 runs) . 

a. COlIlparis on with a previous reconstruction 

We begin by comparing reconstructed d a ta fro m 1878 
with the reco nstruction of H o lmlund ( 1987 ) . H olmlund 
es tim a ted cha nges in th e vo l ume of Storglacia ren back to 
1878 by regressing the mass- ba la nce da ta aga inst summer 
temperatures a t Kares ua ndo. Here, we compare our 
glacier reco nstructions with H olmlund 's cumula ti ve mass­
balance ch a nge es timates . 

Th e co rrelation coeffi c ient betwee n the ex tended 
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T a rfala tempera tu re series and the K ares ua nd o d a ta for 
June- August OH r 1860- 1992 is 0.80 and we find th a t 
g lacier reconstr uctions using a tempera tu re se ri es for 
K ares uando extend ed back to AD 500 arc not sig nifi cantl y 
different fro m th ose using th e ex tend ed T arfa la se ries. \ Ve 
a re therefore just ifi ed in compa ring our reconstructions 
with Holm lund 's direc tl y, as shown in Figure 7. 

1750 1800 1850 1900 1950 20CO 

Fig. 7. Reconstructed volumes from 1700 lIsing parameter 
sets as in Figure 6c . The triangles are taken from the 
regression-based recollstruction if H olmllllld ( 1988) . 

There a re differences between our tempera ture-based 
reconstruction a nd tha t of H olmlund (1987) bo th before 
19 10 and after 1946 which wc seek to explain . For the 
period 1910--46 bo th the K a resua ndo summ er- tem per­
a ture seri es a nd the ex tend ed T arfa la record have an 
increasing linea r trend in temper ature of a bout 0.03°C 
yea r I bu t afte r 1946 there a re su btle differences be tween 
the se ries. For 1946- 92, the K a resuando seri es has a sma ll 
positi \'e trend o f 0.003°C year- I, whereas the T arfala 
series has a nega tive trend of - 0.02°C year- I (see Figure 3 
a nd the attend a n t dec rease in a bl a ti on shown in Figure 
2 b). From co mpa risons of reconstructi ons using our 
model fo rced with both series, we fin d tha t this trend 
difference can onl y expla in a small part of the difference 
be tween our reconstruction a nd H olmlund 's over 1946-
92. T he main reason fo r the difference is th a t H o lmlund 
chose hi s regre sion constants rela ting mass ba la nce to 
summer temperature so as to reproduce the pred om ­
inantly negative mass balance over 1946- 92 (Fig. 2c), 
assuming consta nt accumul a ti on . H owe\'e r, ou r ev.id ence 
sugges ts th a t th e nega tive mass ba lance over thi s period 
was not primarily a resul t of warm tempera tu res but ra ther 
a resul t of rela tively low accumulation (see sec tio n 4e). 

The agreem ent between our reconstruction a nd tha t 
ofHolmlund ove r 1910-46 must th erefore be th e result of 
compensa ting inOu ences. For exam ple, the difference 
which is expected in the tempera ture forcing could be 
compensa ted b y th e fac t th a t H olmlund ass um ed 
co nstant acc umul ation, whereas wc ass um e higher 
acc umula tion before 1946 . In addition, the differences 
in the method s used to account for changes in th e glacier 
a rea are likely to have some effect. 

The sun1.mer te mpera ture trends O\ 'er th e period 
1878-19 10 a re - 0.025°C yea r I fo r the extend ed T arfala 
series and - 0.0 18°C yea r- I for the K ares uando se ri es . In 
addi tion to the acc umulation assumptions, this difference 
may be a facto r causing the two reconstructions to dive rge 
again before 19 10. However, a n important fac to r must 
a lso be th at, in the real wo rld , the glac ier vo lume is 
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influenced by the climate history (a utomaticall y inc lud ed 
in o ur mod el) a nd not just by the contempora neo us 
clim a te (as H olmlund 's reconstruc tions ass ume). Since it 
is the clim a te hi story which d e termines the glacie r area 
a nd \'o lume, it is therefore only possible to recons truct 
g lac ie r cha nges forward in time. This fact is clearl y 
d em onstrated below where we consider the effec t of 
choos ing different sta rting \'olum es in AD 500. 

h. Sensitivity to initial glacier volulDe 

To reconstruct the g lacier \'olume ove r AD500- 1992, the 
initi a l glac ier \'o lum e. 11500 , must hc assigned a va lue . \ \'e 
ta ke as a central value 2.0 x 108 m 3

, chosen on th e bas is 
o f a n ind ependen t, unpublished reconstruction of summ er 
temperatures over th e period from AD 1 (fo r a mean June 
a nd Ju ly season based so lely on ri ng-wid th d a ta ) . These 
ea rli e r temperature es tima tes indicate di stinc tl y \\'arm 
conditions be tween a bout AD 350 a nd 500 (pa rti c u la rl y 
during th e two decad es before 500 ) . This stron gly sugges ts 
a V;;oo estimate be low prese nt-day leve ls. T o rep resent the 
uncerta inty assoc iated ,,·ith th e choice of sta rtin g vo lum e, 
we a lso co nsid e r V500 va lues of 1.0 x 108 m 3 a nd 
3.0 x 108 m3. Th e res ults ( Fig . 6b ) show th a t th e 
influence of the initi a l \'olume g radu a lly diminishes a nd 
becomes negli gib le after a period oC a bout 200 yea rs. 

c. COlDparison with historical and geolDorph­
ological evidence 

Fig ure 6c illust rates o ur reconstructed histo ry of Storglac­
ia r e n vo lume ove r th e pe riod AD500- 1992. Th e 
" un ce rta int y" band rep resents th e ra nge of resu lts 
produ ced by a ll of the 33 indi\' idu a l mod e l run s 
desc ribed in T a b le I (SI - SI I, each with three sta rting 
\·o lum es ). The following di scussion relates to the S2 
reconstruction as indica ted by th e bo ld line. Again , we 
stress that these results refl ec t the temperature-depen­
d ence in cha nging glacier \ olum e an d it should be borne 
in mi nd th a t ou r results for th e post -1 946 per iod 
e mphas ize th e importa nce of' accumulation . T empera­
ture varia bilit y di splays much g rea ter spatia l coherence 
than precipitatio n so that differences in glacier res po nse 
w i th in a reg ion a rc likely to be du e to loca lized 
prec ip ita ti on a no m a li es . Specific g lacier d yna mics a rc of 
co urse a lso impo rta nt. 

A bod y of hi sto rica l evidence has established th a t 
candinavi a n g lac ie rs in genera l reached ve ry advanced 

positions in the 18th century (in som e cases th eir m os t 
a d va nced pos itio ns fo r the \\'ho le post-g lacial peri od ) 
( Eid e, 1955; K a rlc n , 1988; ~ [ atthews , 199 1; Bic ke rt o n 
and ~Ia tthews, 1993) . r-, [a ny so u th ern glaciers have 
re trea ted , with minor re-ad\'ance: , ever since. Oth ers in 
north ern Scandinavia , in clud ing Storglaciaren, show a 
m ajo r rc-advance a t th e beginning o f th e 20th century. 
Some northern Swedish glaciers e \ 'en a tta ined th e ir 
m ax imum Neoglacia l pos itions a t thi s time (e.g . R abots 
G lacier a round 19 16; K a rlCn , 1973 ) . Th e Storglac ia ren 
terminus in 19 16 was nea rl y as advanced as it was in th e 
first half of the 18th cen tury (K a rle n , 1973). 

Th ese d a tes ag ree well with th e timing of the 
maximum glacie r volume a tta ined in our Storglacia ren 
mod el res ults be tween a bout 1650 and 1750 a nd with the 

Ra/JeY alld others: Glacier c/ulIlge ill lIorthem Sweden from .. If) 500 

subsequ e nt declining volume trend , es pec ia lly since o ne 
mig ht expec t a phase difference between \'olume and 
length c ha nge. Our resu lts a lso show a recurrence of 
increas ing glacier volum e starting in 1860 a nd culmin at­
ing in a 20th century \ 'o lum e peak at a bo ut 191 5, again in 
good agreement with th e histori ca l ev id e nce. Howeve r, 
the diffe re nce in glacie r \'o lume between the first ha lf o f 
the 18th century and 19 15 is la rger th a n sugges ted by the 
mora in e ev id ence. C h anges in acc umul at ion co uld 
accou nt fo r this disp arity. For exa mpl e, O\'er the co ld 
period fro m abo ut 1570 to 1740, the m ea n acc umula ti o n 
used to produce ou r S2 reconstructi on is 8% higher th a n 
the assumed mean ( 1.84 m )'ea r I) over AD 500- 1946 du e 
to th e ill\'e rse relationship be tween summ e r tempera ture 
and accum ulation (i.e. forc ing opt ion (ii ) in Table I) . If, 
instead of this hi gh acc umula ti on o \'Cr 1570 1750, \\'e 
ass ume a m ea n va lue sim ila r to tha t observed O\'er 1946-
1992 (viz. 1.43 m yea r I) th e maximum \ 'o lume attained 
in th e 18 th cen tury is simila r to th a t reached aro und 
191 5. 

Th e re has bee n som e d ispute a bout the timing of th e 
onse t of the major g lacia l expansion that c ulminated in 
the mid 18th century. Th e tree-ring-based temperature 
reco nstru c ti on shows a n abrupt a nd prec ipitous fall 
occ urring a round 1570 . Starting from this date, th e 
mod e lled ice vo lum e rises dramatica lly from a \'alue 
a round 2.9 x 108 m3 to a peak of about 5.0 x 108 m 3 

a round 1650, an increase o f 2. 1 x 108 m :l in o nl y 80 vears . 
Thesc res u lts support a la te 16th cen tury d ate for th e 
comm e nce ment of thi s phase of Scandinavian glacial 
expa nsio n , as proposed by Hoel and \\'ercnski old (1962 ) 
for Nor\\'ay . Ho\l'(,\,c r , c hanges in acc umula ti on may 
have m od ifi ed th e res po nse for Storglac iare n. 

Fo r th e earli er pa rt o f th e record , K a rlcn ( 1988 ) dre\-\­
attention to a range of radiocarbon , li c h e nometri c and 
lac us trin e ev idence from d ifferent Scandinavian so urces, 
a ll o r which indica te gene ra l glacier advances belll'een 
abo ut AD 550 and 970 . Our results indi ca te th a t ice 
vo lum es were a bo\'e present-day leve ls from a ro und AI) 560 
to 770 a nd AD 790 to 960, with local ice-\ 'olume max im a 
occurring a round ,\ D 670 a nd 870. The pea k in AD670 is 
th e second hi ghest vo lume achieved in th e 1483 year 
recons truction. 

\ Ve a lso reco ns tru c t a long period of meltin g 
beginn ing a bout A D 8 70 in response to anomalous ly 
warm temperatures which began at around this tim e . 
The wa rmth persisted until abo ut 1100 by which time th e 
vo lum e is es tim ated to h ave fa ll en to a ro und 2. 1 x l OB 
m3

, abo ut two-thirds of its current \'o lume. This is th e 
smalles t \ 'o lume at ta in ed in the 1+93 yea rs modell ed. 
Cooler co nditi ons return ed in th e first ha lf of the 12th 
century, a rres ting th e decl ine. Gi \'C n th e lac k of kn ow­
lecl ge a bo ut acc umu la ti o n , e\'en sma ll e r \ 'o lumcs may 
have occurred at th a t tim e but exper ime nt ing with 
reduced acc umu la tion o ur model res u lts suggest th a t it 
would h a ve req uired a d ec rease in th e m ean acc umu l­
a ti on o f a t leas t 90% below the assumed \ 'a l LI e , for many 
preceding d ecades, to have resulted in th e d isa ppearance 
orthe g lac ie r. Thus, o ur resu lts accord with e \·id ence th a t 
Storg lac ia ren has ex isted continuously for at least 2000 
years (i. e . I+C da ted CO2 in term inus ice m eas ured by 
Delllo n a nd cited by K a rl e n ( 1973)) . 

E\ 'en though the second ha lf of the 12th centurY was 
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rela ti vely warm, this wa rmth produced onl y a minor 
suppression in the gener a l ice expansion that occurred 
through th e 12lh and 13th centuries . This expansion 
continued , with minor flu c tuations, in response to a 
period of generall y cool conditions until the \'olume 
reached a peak in the seco nd ha lf of th e 13 th century and 
again in the 1350s. Th e reconstructed vo l ume at those 
limes is similar to tha t [or 19 15. In teres ti ngly, K.a rl en 
( 1988 ) noted histori ca l a nd lacuslrine evidence \\'hich 
implies th e culminati on of a genera l g lacier advance 
between 1350 and 1400, th o ugh the histo rica l e\·id ence 
(Eid f', 1955 ) has been dispu ted (Gro\ 'e, 1985, 1988). 

d. Dis cussion relevant to clitnate and/or g lacier 
recons truction 

Our results illustra te th e diffi culti es in th e clim a ti c 
interpreta tion of glacia l mora ine data. First, it is clearly 
important to account fo r lags in the glacier response to 
climate. On ave rage , th e lag betwee n the filt ered 
tempera ture forcing and our reconstru cted glacier res­
ponse for SLOrglac ia ren is about 40 yea rs (slight ly grea ter 
than half the glacier-model response tim e) . A deta iled 
examina tion of the tempera ture forcing and glac ier­
model results shows th a t th e lags \'a ry and d epend in a 
complex way on the hi story of th e forcing over a range of 
time-scales . Secondl y, it is clear tha t th e timing and 
magnitude of the temperature forcing canno t be deduced 
on th e basis of morain e stra tigraphic evidence alone . 
Thirdly, the relatively lo ng g lacier-response times and the 
limita tions of tradition a l d a ting techniqu es mean that 
important temperature osci ll at ions occurring on tim e­
scales of less th an a cen tury a re \'irtuall y u ndetec table b y 
tradition a l moraine da ting. Finally, cha nges in accum u­
la ti on have a signifi cant effee l. 

Th e lack of any ob,·ious decadal response and th e 
varia ble lags for the cen tury time-sca le response mean 
th at th e concept of a g lacier-volume tempera ture 
sensitivity is of limited valu e. Although our results show 
that, in general, the g lacie r-\'olume cha nges mirror th e 
tempera ture changes, beca usc of the long response time, 
the magnitude ofdV j dl::,.T is varia ble a nd though usua lly 
nega tive it is even on occas ion positive. As noted in th e 
pre\'ious sec ti on, the m or e fundam en ta l qua ntity is the 
equilibrium volume tempera ture sensitivity, dVcqjd6T. 
Thi s qu a ntity ca nn o t b e est imated direc tl y from 
dV j d6T. It can only be obtained from glacier-\'olume 
data with a model and eve n then it is depend ent on th e 
accumulation. 

6. CONCLUSIONS 

A simple geometri c mod el of changing glac ier volume has 
been derived. The mod el equations may be exp ressed in 
terms of the equilibrium glacier \'olume a nd a response 
tim e. W e show tha t th e expression for the la tter is simila r 
to one previously deri ved by j 6hannesson and othe rs 
( 1989a) a nd Pa te!'son ( 1994). 

We have applied th e glacier model to Storglacia ren. 
Using d a ta from T arfal a R esea rch Station over 1946- 92, 
th e summer temperature forcing has been ex tend ed back 
to AD 500, based on a tree-ring-deri ved series for north ern 
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Fennoscandia (BriITa and others, 1990, 1992) . \Ve ha\'e 
had to make som e ass umptions about pas t accumulation 
forcing. 

For a ra nge o f forcing opti ons a nd parameter se ttings, 
we have adjusted the ave rage past acc umula tion so that, 
s ta rtin g in AD 500 , th e corr ec t glac ier vo lum e is 
reconstructed a t the sta rt of the observa tion a l record in 
1946. An importa nt result of our a nalys is is th a t pre-1 946 
acc umulation must have been substanti all y hig her th an 
th e mcan over 1946- 92 and m ore in line with the higher 
values observed since 1989. Given the higher pre-1946 
accumula tion, th e accumula ti on between 1946 and 1989 
was relat ive ly low. We show th a t it is thi s low 
accumula ti on w hich was th e primary ca use of the 
reduction in vo lume of' Storglacia ren O\'er thi s peri od 
ra th er th a n warm tem peratu res as was prev iousl y 
supposed. 

Our recons truction of a high g lacier \'o lume a round 
1916 agrees w ell with th e previous reconstru c tion of 
Holmlund (1987 ) which is backed up by photogra phic 
evidence. H owever, we a rgue th a t thi s agreement IS 111 

pan a result of compensa ting influences . 
Th e maximum glacier vo lum e atta ined 111 our 1493 

year reconstruc tion occurs between 1650 and 1750. This 
agrees with th e historica l ev idence that Scandina\'ian 
glaciers in gen era l reached very ad vanced pos i tions in th e 
18th cen tury . H owever, in order to fi t in with th e ll10ra ine 
d a ta which show tha t the vo l ume of Storglac iaren in th e 
18th century was not much larger th an a round 19 16 
(K arl en, 1973) , acc umula tion in the cold period between 
1580 and 1740 ll1ust have been fairl y low, perhaps similar 
to tha t observed over 1946-92. Thus, our resu lts support 
Holmlund 's (in press ) sugges ti on th a t during cold periods 
of the Holocen e the precipitation ra te tcnded to be low. 

The sma llest ice \'o lull1 e in our reconstruction was 
at tained in about 11 00 . Even ta king in to account possibl e 
acc umula ti o n cha nges, our results accord with evidence 
that Storglaciaren did not disappear at this tim e (K arl en, 
1973 ). 

Our mod el c learl y demonstra tes the diffi culty in direc t 
interpreta tion of glacier-ll1ovem ent evidence in terms of 
past climates. Because of th e g lacier-response time, the 
g lacier acts as a non-linear low-pass filter. This also 
introduces a lag between clima te forcing a nd glacier 
response which itself depends on the previous clima te 
hi story. 

We have a rgued and d em onstra ted that vo lum e 
sensitivity to temperature change, dV j d6T, can be 
misleading a nd tha t a more fund amental sensiti vity is 
the equilibrium volume sensiti v ity, dVeqjd~T. H owever, 
both are e!lec ted by accumul a tion. 

The present work shows the importance of accumul­
a tion changes a nd lays the found a tion for studies of pas t 
precipita ti o n a nd for at tempts to reconst ruc t glac ier 
behaviour in northern F ennoscandia during the last 
7000 years. 
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