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Palaeoclimatic con di tions in the Pol ish part of the High Tatra Moun tains dur ing the Last Gla cial Max i mum (LGM) were re con structed
based on the for mer gla cial to pog ra phy with the use of two in de pend ent gla cier-cli mate mod els. The ex tent of the palaeoglaciers was de -
ter mined us ing the gla cial-geomorphological re cord of ter mi nal and lat eral mo raines as well as trimlines. Two north-faced prom i nent
gla ciers were re con structed (Sucha Woda/Pańszczyca and Biała Woda) with their sur face ar eas as 15.2 and 40.3 km2, re spec tively. The
equi lib rium line al ti tudes (ELA) of these gla ciers were de ter mined at the level of 1460 and 1480 m a.s.l. Mod elled palaeoclimatic pa ram -
e ters show a mean sum mer tem per a ture of about 0.3°C and mean an nual pre cip i ta tion of around 580 mm at the equi lib rium line al ti tude of 
the for mer gla ciers. This means that the sum mer tem per a ture was lower by 10°C and pre cip i ta tion was lower by about 60% in re la tion to
the mod ern con di tions. The mean an nual tem per a ture was lower by at least 12°C. On the ba sis of palaeoclimatic data the mod ern snow -
line al ti tude was es tab lished at the level of 2450–2550 m a.s.l. This in di cates an ELA de pres sion of 1000–1100 metres. Re con structed cli -
ma tic pa ram e ters at the ELA and ab la tion gra di ents in di cate that both gla ciers were sim i lar to the mod ern gla ciers in Ca na dian Arc tic.
Such cli ma tic con di tions in Cen tral Eu rope in di cate a cold and dry cli mate char ac ter is tic of the sub arc tic zone. 
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INTRODUCTION

The Last Gla cial Max i mum (LGM) is de fined as the latest
time in ter val in Earth his tory, when gla ciers reached their max -
i mum vol ume. This is widely in ferred based on sea level min -
ima re cord across the globe (Lambeck et al., 2002). The first
pulse of the most re cent sea level low-stand is marked at around 
30 000 years ago and its max i mum oc curred be tween 26 500
and 19 000 years ago (Lambeck et al., 2002; Clark et al., 2009). 
The on set of this max i mum cor re sponds well with the time pe -
riod when al most all ice sheets at tained their max i mum ex tent.
At around 24 000 years ago the low est tem per a tures oc curred
dur ing Hein rich Event 2 (Stuiver and Grootes, 2000). This was
in ter preted based on Green land ice-core anal y sis and this ep i -
sode is de fined as Green land Stadial 3 (Lowe et al., 2008).  

The Tatra Moun tains are lo cated in the West ern
Carpathians, in the tran si tion zone be tween the Eu ro pean Alps
and the Bal kan orogens (Fig. 1). They are the high est mas sif of
the Carpathians and rise about 2000 metres above sur round ing
de pres sions, reach ing up to 2655 m a.s.l. (Gerlach). The Tatra

Moun tains are the north ern most Carpathic moun tain range gla -
ci ated dur ing the Pleis to cene. There fore, they are a sig nif i cant
area for the re con struc tion of palaeoclimatic con di tions in Cen -
tral Eu rope be tween the area for merly cov ered by the
Fennoscandian Ice Sheet and the moun tain ranges of South ern
Eu rope. 

Moun tain gla ciers are sen si tive in di ca tors of cli mate
changes. Their mass bal ance is strictly de ter mined by cli ma tic
con di tions. For mer gla cier ex tents marked by mo raines and
trimlines can re flect tem po ral fluc tu a tions of ac cu mu la tion and
ab la tion. For ma tion of prom i nent ter mi nal mo raines or gla cial
trimlines re quires gla cier ac tiv ity on av er age in a steady – state
con di tion for at least a few de cades. Hence, it is pos si ble to ob -
tain the an nual amount of pre cip i ta tion and the sum mer tem per -
a ture at the equi lib rium line al ti tude of sta ble gla ciers.

In this study we fo cus on the gla cial forms which give the
ba sis for re con struc tion of the gla ciers’ ge om e try. For this pur -
pose the dis tri bu tion of the most ex tended gla cial trimlines, lat -
eral mo raines and ter mi nal mo raines was used. 

The aim of this pa per is to re con struct cli ma tic con di tions in 
the High Tatra Moun tains dur ing the LGM, us ing a sim ple gla -



cier – cli mate model (Kull and Grosjean, 2000; Ivy-Ochs et al.,
2006) and a one-di men sional flow model (Sarikaya et al.,
2008, 2009). 

STUDY AREA

The Pol ish part of the High Tatra Moun tains con tains four
large north-faced val leys (Sucha Woda, Pańszczyca, Pięć
Stawów Polskich and Rybi Potok). They built two large
drain age bas ins: the Biała Woda drain age ba sin, which in part
is lo cated on Slo vak ter ri tory and the Sucha
Woda/Pańszczyca drain age ba sin (Fig. 2). In gen eral, the
north ern ex po sure of the study area per mit ted the ac cu mu la -
tion of large ice masses. Thus, gla cial cirques and troughs on
the north ern and north east ern slopes of the High Tatra Moun -
tains are the deep est in cised into the en tire mas sif. A pre dom i -
nant part of the study area is com posed of re sis tant
granodiorite. In the north, the gra nitic in tru sion is cov ered
with Me so zoic nappes which built the north ern most, lower
part of drain age bas ins (Bac-Moszaszwili et al., 1979). 

The very prom i nent gla cial re lief of the High Tatra Moun -
tains is an ef fect of gla cial ac tiv ity dur ing eight glaciations
(Lindner et al., 2003). How ever, the last gla cial cy cle (Marine
Iso tope Stage 2 – MIS 2) had a de ci sive in flu ence on for ma tion

and de vel op ment of gla cial forms.
The gla cial ero sional fea tures lo -
cated in the up per parts of gla cial
val leys were likely formed dur ing
the LGM and the Late Gla cial
(Makos, 2008, 2010). The low er -
most, well-pre served mo raines lo -
cated far downvalley were formed
dur ing the LGM also, as in ferred
from ex po sure dat ing (36Cl;
Dzierżek, 2009) and lu mi nes cence
dat ing (OSL; Baumgart-Kotarba and 
Kotarba, 2002). The tim ing of the
LGM in the High Tatra Moun tains is
lim ited to be tween 25 000 and 21
000 years ago. Mo raine de pos its
north of the LGM mo raines are con -
sid ered to be the rem nants of older
glaciations (Klimaszewski, 1988;
Baumgart- Kotarba and Kotarba,
1997) or older stadials of the last gla -
cial pe riod (Lindner, 1994; Lindner
et al., 2003; Dzierżek, 2009). Cur -
rently, the High Tatra Moun tains are
free of gla cial ice and only small pe -
ren nial snow patches or small
glacierets sup plied by av a lanches oc -
cupy north-faced niches or gla cial
cirques be low steep and high rock
walls (Gądek, 2008).

The mod ern snow line al ti tude
on the north ern slope of the Tatra

Moun tains has been es ti mated at be tween 2200 m a.s.l. (Hess,
1996) and 2500–2600 m a.s.l. (Zasadni and Kłapyta, 2009).
This dis crep ancy is an ef fect of dif fer ent cri te ria used in es ti -
ma tions. Ac cord ing to Hess (1965), even the lower lo ca tion of 
the snow line at an al ti tude of 2200 m a.s.l., well be low the
high est sum mits, does not al low the pro duc tion of gla ciers,
due to top o graphic con di tions. There is no place above the el -
e va tion of 2200 m a.s.l. suit able for lon ger ac cu mu la tion of
snow and ice. 

The pres ent-day cli ma tic con di tions in the Tatra Moun tains
are de ter mined by the prev a lent north west ern cir cu la tion and
trans port of hu mid, po lar air masses from the North At lan tic.
This gives the high est amounts of an nual pre cip i ta tion on the
north west ern slope of the mas sif while on the south ern side the
amount of to tal pre cip i ta tion is clearly lower (Niedźwiedź,
1992). This spa tial dis tri bu tion of pre cip i ta tion is also char ac -
ter is tic for other, E–W ori ented moun tain ous ar eas in Cen tral
Eu rope e.g., the Alps (Florineth and Schlüchter, 2000;
Kuhlemann et al., 2009). The mean an nual tem per a ture
changes along the ver ti cal pro file from 6°C at the foot of the
mas sif to –4°C at the high est peaks. The pre cip i ta tion gra di ent
is more com pli cated and its course along the ver ti cal pro file is
non-lin ear with a de creas ing trend above an al ti tude of 2000 m
a.s.l. dur ing the sum mer sea son (Hess, 1996). In win ter, pre cip -
i ta tion rises with el e va tion. In gen eral, wa ter-vapour con den sa -
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Fig. 1. Lo ca tion of the Tatra Moun tains



tion to tals also rise with el e va tion (Hess, 1996). The nat u ral
tim ber line lies at 1550 m a.s.l. (Obidowicz, 1996) on the north -
ern slope of the Tatra Moun tains on the op po site side this level
is placed 100 metres higher (Plesník, 1971). 

MATERIALS AND METHODS

RECONSTRUCTION 
OF THE GLACIER GEOMETRY

Map ping of gla cial forms was ap plied to re con struct the ge -
om e try of two gla ciers which oc cu pied the drain age bas ins of
Biała Woda and Sucha Woda/Pańszczyca. Field work and anal -
y sis of a dig i tal el e va tion model (DEM) of the study area al -
lowed the dis tinc tion of many gla cial fea tures that de ter mine
the lim its of gla cier thick ness and ex tent. The data ob tained
were sup ported by a wealth of ar chi val ma te ri als, es pe cially in
the case of the lo ca tion of ter mi nal and lat eral mo raines (e.g.,
Kliamszewski, 1988; Baumgart-Kotarba and Kotarba, 1997,
2001). These forms are ma jor in di ca tors of gla cier shape in an
ab la tion area. In or der to re con struct ge om e try of the gla cier
above the ELA in the ac cu mu la tion area, the lo ca tion of gla cial
trimlines was used. These data were pre vi ously in part pre -
sented by Makos (2008) and Makos and Nowacki (2009). The
term “trimline” re lates to a bound ary on the slope of gla cial
trough or gla cial cirque, be low which  there is ev i dence for gla -
cial ero sion such as pol ish, and above which the bed rock is
frost-weath ered and jag ged (Thorp, 1981; Ballantyne, 1997;

Kelly et al., 2004). It is as sumed that gla cial trimlines mark the
el e va tion of the for mer sur face of ac tive gla cier and hence, it
gives us in for ma tion about ice thick ness. The up per most
trimlines (gen er a tion I) are thought to have formed dur ing the
last max i mum ex tent of gla ciers in the Tatra Moun tains. Based
on dat ing of the north ern most ter mi nal mo raines (Dzierżek et
al., 1999; Dzierżek, 2009) in the Sucha Woda Val ley it was in -
ferred that gla ciers reached their last max i mum ex tent at least
about 21 000 years ago. The lat est ex po sure dat ing of abraded
bed rock be low gla cial trimlines sug gested that the gen er a tion I
sur face had been ex posed be tween 21 500 and 16 500 years ago 
(Makos, 2010). There fore, the on set of ice ac cu mu la tion in the
Tatra Moun tains dur ing the last cold stage oc curred no later
than 22 000 years ago. The ex po sure age of the most ex tended
mo raines and trimlines shows that both fea tures were formed
dur ing the same gla cial ep i sode, that of Ma rine Iso tope Stage 2
(MIS 2). Thus the ge om e try of LGM gla ciers has been re con -
structed based on the lo ca tion of max i mum ter mi nal and lat eral
mo raines and trimlines of gen er a tion I. This ice sur face ge om e -
try was con trolled by basal shear stress (tb) val ues along the
cen tre line of the gla cier. For most val ley gla ciers, the crit i cal
value of basal shear stress lies be tween 50 and 150 kPa (Pat er -
son, 1994).

EQUILIBRIUM LINE ALTITUDE (ELA)

The equi lib rium line altitude (ELA) is a bound ary be tween
the ac cu mu la tion zone and the ab la tion zone. This line con nects 
points where the mass bal ance of the gla cier equals zero. The
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Fig. 2. Lo ca tion of the study area

KW – Kasprowy Wierch, LS – Lomnicky Štit, Z – Zakopane; con tour line in ter val is 50 metres



sur face of the gla cier in the vi cin ity of the ELA is usu ally flat.
Above this bound ary the gla cier sur face is con cave while be -
low it is con vex due to the dif fer ent tra jec to ries of ice move -
ment. In the mid-lat i tude moun tain ranges the ELA of ten is lo -
cated at the al ti tude of the cli ma tic snow line (Jania, 1997).
Thus it is pos si ble to ob tain the al ti tude of the cli ma tic snow line 
from cal cu la tion of the av er age ELA of neigh bour ing gla ciers
in one moun tain range (Gross et al., 1977). The ELA is one of
the most im por tant fac tors for palaeoclimatic re con struc tions. 

The ELA of palaeoglaciers is de ter mined us ing dif fer ent
meth ods. The most pop u lar and widely used is the AAR (ac cu -
mu la tion area ra tio) method. The AAR de ter mines the re la tion
be tween the ac cu mu la tion area and the to tal sur face of the gla -
cier. Anal y ses of the ELA of mod ern gla ciers show that this re -
la tion is ap prox i mately 2:1. An AAR value of 0.65 has been
used for ELA re con struc tion in for merly gla ci ated ar eas (e.g.,
Por ter, 1975). Gross et al. (1977) in ferred that an AAR value of 
0.67 com prised the best fit  to the mod ern and Late Gla cial gla -
ciers in the Eu ro pean Alps. The most re cent re search on the
AAR of mod ern gla ciers al lowed de ter mi na tion of the de pend -
ence of the AAR on the to tal area of the gla cier (Kern and
László, 2010). The au thors cal cu lated that an AAR value of
0.44 ±0.04 is best ap plied to gla ciers with an area in the range
be tween 0.1–1 km2, 0.54 ±0.07 for gla ciers 1–4 km2 in size and
0.64 ±0.04 for gla ciers larger than 4 km2. These data are based
on cal cu la tion of the AAR on 46 mod ern gla ciers. Ac cord ing to 
Kern and László (2010), the re la tion be tween ac cu mu la tion
area and the sur face of the whole gla cier is op ti mally de scribed
by a log a rith mic func tion: 

ssAAR = 0.0648 lnS + 0.483 [1]

where: ssAAR – size spe cific steady state AAR and S – sur face of the gla -
cier. 

We used this equa tion to de ter mine the AAR of the gla ciers
re con structed in the Tatra Moun tains. 

PALAEOCLIMATIC RECONSTRUCTION

If the ge om e try of the palaeoglacier is re con structed it is
then pos si ble to make a palaeoclimatic re con struc tion with a
sim ple gla cier flow model and a gla cier-cli mate model. The re -
quired pa ram e ters of the gla cier (gla cier width, ice thick ness,
sur face slope) were taken from the a the GIS-based model of
the gla cier. Based on the to pog ra phy of the gla cier, the sen si tive 
glaciological pa ram e ters (ELA, basal shear stress) were ob -
tained. Then, the ice ve loc i ties in se lected cross-sec tions were
es ti mated. The ice ve loc ity is a sum of the basal slid ing ve loc ity
and the de for ma tion ve loc ity. Both were cal cu lated with the use 
of pa ram e ters for basal slid ing and ice de for ma tion af ter Budd
et al. (1979). For cal cu la tion of the mass bal ance of the gla cier
we used a sim ple gla cier flow model, which cal cu lates the net
ab la tion along the tongue of the gla cier be low the ELA. De tails
can be found in Ivy-Ochs et al. (2006) and Kerschner and
Ivy-Ochs (2008). First, the model cal cu lates ice-flux through
given cross-sec tions be tween the ELA and the end mo raine.
Then, the net ab la tion be tween two neigh bour ing cross-sec -
tions can be es ti mated. This is the re la tion be tween the ice-flux
dif fer ence and the sur face area of the gla cier be tween these
cross-sec tions. All nec es sary equa tions and vari ables are pre -
sented in Ta ble 1. 

The next step is cal cu la tion of the net ab la tion gra di ent

(¶a/¶z) which is an in put data to cal cu late an nual pre cip i ta tion
(P). This is then used to cal cu late sum mer tem per a ture (TS).

Palaeoclimatological in ter pre ta tion is based on the sta tis ti -
cal mod els which re late an nual pre cip i ta tion (ac cu mu la tion pa -
ram e ter) and sum mer tem per a ture (ab la tion pa ram e ter) at the
ELA of the for mer gla cier. Based on anal y sis of the re la tion of
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T a  b l e  1

Equa tions for the cal cu la tion of ice flow, mass flux and bal ance gra di ents
(cf. Kull and Grosjean, 2000; Ivy-Ochs et al., 2006)

Pa ram e ter Equa tions and vari ables

Basal shear stress – tb [kPa]

tb = rghFsina

r – den sity of ice (900 kgm–3)

g – ac cel er a tion due to grav ity (9.81 ms–2)

h – ice thick ness

a – sur face slope

F – shape fac tor for a chan nel with a par a bolic cross-sec tion
af ter Nye (1952), op tional

Av er age ice ve loc ity in cross-sec tion – U [ma–1]

U = Ud + Ub = fd tb
3 h + fb tb

3/h c

fd – pa ram e ter for ice de for ma tion (1.9 ´ 10–24Pa–3s–1)

fb – pa ram e ter for basal sliping (5.7 ´ 10–20Pa–3m2s–1)

both pa ram e ters af ter Budd et al. (1979)

c – cor rec tion fac tor for slid ing ve loc ity, op tional

Ice-flux through cross-sec tion – Q [m3a–1]
Q = UA

A – area of the cross-sec tion

Net ab la tion be tween neigh bour ing cross-sec tions – a [ma–1]
a = DQ/S

S – sur face area be tween neigh bour ing cross-sec tions



pre cip i ta tion and sum mer tem per a ture, Ohmura et al. (1992)
in ferred that:

P T TS S= + +9 296 6452 [2]

where: P – sum of win ter ac cu mu la tion and sum mer pre cip i ta tion and TS –
sum mer (June–Au gust) tem per a ture. 

Ivy-Ochs et al. (2006) re-ana lysed the data set of Ohmura et 
al. (1992) and pre sented the equa tion with TS as the de pend ent
vari able:

TS = 0.1815 P0.5–4.1 [3]

To ob tain the value of pre cip i ta tion, be ing an item of in put
data to equa tion [4], Ivy-Ochs et al. (2006) used:

P = –14 (¶a/¶z)2 – 381¶a/¶z – 321 [4]

This equa tion is an ef fect of anal y sis of ab la tion gra di ents
of mod ern gla ciers (Kuhn, 1984) and val ues of an nual pre cip i -
ta tion at their ELA’s (Ohmura et al., 1992). 

Ad di tion ally, we used the other, one-di men sional ice flow
model which cre ates a val ley gla cier along the flow line based
on equa tions of ice flow (Pat er son, 1994; Haeberli, 1996). The
mod el ling pro ce dure is de scribed in de tail in Sarikaya et al.
(2008). The mass bal ance of the gla cier, which de ter mines its
growth, is cal cu lated by us ing the ac cu mu la tion pre dicted by
snow fall which is as sumed as pre cip i ta tion oc cur ring be low
0°C and ab la tion of snow and ice with use of de gree day fac -
tors: 3 mm (wa ter equiv a lent)/day/°C for snow and 9 mm
(w.e.)/day/°C for ice (Braithwaite and Zhang, 2000). The
model as sumes no basal slid ing and ice is as sumed to be iso -
ther mal. The ice de for ma tion ve loc ity is cal cu lated with out a
val ley shape fac tor. The model al lows us to rec re ate a val ley
gla cier along the flow line as a func tion of pre scribed sur face
air tem per a ture and pre cip i ta tion. Start ing from the pres ent-day 
val ley to pog ra phy, the model cre ates a gla cier un til steady state
con di tions are at tained. The el e va tion of the point of zero mass
bal ance is the ELA of the gla cier. As in put data model re quires
the sur face to pog ra phy of the val ley, the spa tial dis tri bu tion of
monthly mean tem per a tures along the val ley and the an nual
pre cip i ta tion rates along the val ley. Sur face to pog ra phy was
ob tained from a dig i tal el e va tion model of the Tatra Moun tains. 
The me te o ro log i cal data for the time in ter val be tween 1960 and 
2010 were down loaded from the Global His tor i cal Cli ma tol -
ogy Net work. To cal cu late the tem per a ture gra di ent along the
ver ti cal pro file of the Tatra Moun tains, the data from me te o ro -
log i cal sta tions in Zakopane (844 m a.s.l.), Kasprowy Wierch
(1991 m a.s.l.) and Lomnicky Štit (2635 m a.s.l.) were used.
Ad di tion ally, the pre cip i ta tion val ues from Konček and Orlicz
(1974) and Trepińska (2010) were used to sup ple ment sev eral
gaps in the pre cip i ta tion re cord from the GHCN server. Fi nally, 
for the first model, the sum mer (JJA – June, July, August) tem -
per a ture gra di ent is 0.6°C/100 m. For the sec ond model this
gra di ent was cal cu lated for each month sep a rately and its value
is in the range be tween 0.33 and 0.67°C/100 m. Es ti ma tion of
the pre cip i ta tion gra di ent is more prob lem atic due to its

non-lin ear char ac ter. Gen er ally, to cal cu late the tem per a ture
and pre cip i ta tion change we used a pre cip i ta tion gra di ent of
64 mm/100 m based on data from Zakopane and Kasprowy
Wierch. The data set of Trepińska (2010) shows that the mean
pre cip i ta tion gra di ent along the ver ti cal pro file be tween 900
and 2600 m a.s.l. is 20 mm/100 m. On the other hand, con sid er -
ing val ues of wa ter-vapour con den sa tion to tals pre sented by
Hess (1996), the pre cip i ta tion gra di ent be tween Kasprowy
Wierch and Lomnicky Štit equals 64 mm/100 m. In ver sion of
the pre cip i ta tion gra di ent above 1900 m a.s.l. is an ef fect of the
data set from the Lomnicky Štit which is lo cated on the south -
ern side of the mas sif in the “pre cip i ta tion shadow”
(Niedźwiedź, 1992). On the north ern slopes of the Tatra Moun -
tains this in ver sion is ab sent, likely due to orographically-in -
duced pre cip i ta tion. 

RESULTS AND DISCUSSION

RECONSTRUCTION 
OF THE GLACIER TOPOGRAPHY

In this study two large gla cial sys tems were re con structed
based on the spa tial dis tri bu tion of mo raine ridges and gla cial
trimlines (Fig. 3). The first gla cier fills the drain age ba sin of the
Sucha Woda/Pańszczyca, and the sec ond one oc cu pies the
drain age ba sin of the Biała Woda. The for mer con tains two gla -
ciers (the Sucha Woda Gla cier and the Pańszczyca Gla cier). In
the up per most cirques, the gla cial ice reached an el e va tion of
2150 m a.s.l. The gla cier ter mi nated at an el e va tion of 1100 m
a.s.l. where a very prom i nent ter mi nal mo raine was pro duced.
The shape of the whole gla cier in the ab la tion zone is pre cisely
de lin eated by ter mi nal and lat eral mo raines. The ac cu mu la tion
area is well con strained by the up per limit of gla cial trimlines.
The sur face area of the Sucha Woda/Pańszczyca Gla cier was
15.2 km2.

The gla cier fill ing the drain age ba sin of Biała Woda con -
tains the main Biała Woda Gla cier and four trib u tar ies (Żabi
Białczański Gla cier, Rybi Potok Gla cier, Roztoka Gla cier and
Waksmundzki Gla cier). In the ac cu mu la tion ar eas, the up per
limit of gla cial ice is con strained by gla cial trimlines reach ing
up to 2250 m a.s.l. The gla cier tongue is de lim ited by lat eral
mo raine ridges and the prom i nent ter mi nal mo raine on the Łysa 
Polana at an el e va tion of 950 m a.s.l. The sur face area of the
whole gla cier is 40.3 km2.

The to pog ra phy of both gla ciers was con trolled by val ues of 
the basal shear stress along the cen tre line. As the value of basal
shear stress is very sen si tive to changes of the ice slope and ice
thick ness, the to pog ra phy of the gla cier has to be con sis tent
with to pog ra phy of the val ley floor. This means that if the gla -
cier thick ness rises, its slope should de crease and vice versa.
Such con di tions are needed for typ i cal val ues of the basal shear
stress. These val ues are in the range be tween 40 and 85 kPa
along the tongues of the re con structed gla ciers. The stress rises
up to 100–120 kPa in side the gla cial cirques. The high est val -
ues of basal shear stress were ob tained be low high thresh olds
due to ris ing ice dis charge be low trib u tar ies. This pro cess was
de scribed in de tail by e.g., An der son et al. (2006), MacGregor
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et al. (2000, 2009). In creas ing ice dis charge causes more in ten -
sive ero sion of the val ley bot tom and thus overdeepening. The
overdeepening has been mea sured in the Biała Woda Val ley
with the use of seis mic re flec tion pro files (Baumgart-Kotarba
et al., 2008). There is from 30 to 140 metres of sed i ment infill
in the lower part of the val ley be tween the trib u tar ies of
Roztoka Val ley and Polana pod Wołoszynem. These find ings
are in ac cor dance with our re con struc tion of the to pog ra phy of
the par a bolic cross-sec tion of the Biała Woda Gla cier (Fig. 4).
Only cross-sec tion 3 shows al most 60 metres shal lower
overdeepening than that ob tained by seis mic re flec tion anal y -
sis. In fact, we do not know on what sur face the Biała Woda
Gla cier ad vanced dur ing the LGM. The pres ence of bed rock
140 metres be low the pres ent-day val ley floor in di cates that the 
Biała Woda Gla cier was over 300 m-thick be low the trib u tary

Waksmundzka Gla cier, the thick ness of which was only
50 metres in the zone of con flu ence. A few hun dred metres
down the Biała Woda Gla cier its thick ness was only 155 metres 
and overdeepening in re la tion to the pres ent-day to pog ra phy is
25 metres (Fig. 4). Be low the large trib u tary Roztoka Gla cier
the sed i ment infill reaches 50 metres thick ness at most. Ac cord -
ing to sim u la tions of gla cial val ley for ma tion (MacGregor et
al., 2000, 2009), the stron gest ero sion oc curs be low large trib u -
tar ies or many trib u tar ies where ice dis charge rises dra mat i -
cally. So, there are steep and high rocky steps form ing trough
heads, oc cur ring usu ally be low the trib u tar ies. There fore,
within the Biała Woda trough, the deep est overdeepenings
should oc cur be low the Roztoka and Rybi Potok val leys. The
overdeepening, how ever, is not only the depth of the sed i ment
infill in the Biała Woda Val ley but also a “hang ing val ley re -
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Fig. 3. Map of the LGM Gla cier in the study area

A – Biała Woda Gla cier, B – Rybi Potok Gla cier, C – Roztoka Gla cier, D – Sucha Woda Gla cier, E – Pańszczyca Gla cier, F – Waksmundzka
Gla cier; thick black lines mark po si tion of ter mi nal and lat eral mo raines (Klimaszewski, 1988; Baumgart-Kotarba and Kotarba, 1997, 2001);
thick grey lines mark po si tion of trimlines of gen er a tion I (Makos, 2008, 2010; Makos nad Nowacki, 2009); thin, dashed black lines mark the
course of flow line of the re con structed gla ciers; dot ted, black lines mark the po si tion of the ELA
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Fig. 4. Cross-sec tion of the lower part 
of the Biała Woda Gla cier

Solid lines rep re sent the pres ent-day to pog ra phy of
the val ley; dashed lines are the par a bolic cross-sec -
tions; num bers 1–5 re fer to the po si tion of the cross
pro files in Fig ure 5; sur face area of the cross-sec tion
are pre sented in the lower right

Fig. 5. Lon gi tu di nal pro files of the Biała Woda Gla cier along: A – Roztoka Val ley and B – Rybi Potok Val ley

The thick grey line marks the part of the Biała Woda Gla cier be low the con flu ence of the Roztoka Gla cier;
cross-sec tions (used in model 1) are marked with num bers 1 to 5



lief” (dif fer ence be tween the hang ing val ley floor el e va tion and 
the main trough floor el e va tion) ac cord ing to Brockle hurst et
al. (2008). Even in such a case the overdeepenings be low the
Roztoka and Rybi Potok val leys are both shal lower than that
be low the Waksumndzka Val ley ac cord ing to Baumgart-
 Kotarba et al. (2008). They in ferred gla cial trough over
300 metres deep at the Palenica Białczańska which is lo cated
nearly be low the out let of the small and thin LGM
Waksmundzka Gla cier. This means that the Biała Woda Gla -
cier thick ness was ris ing to wards the snout. There fore, we ex -
pect that at least a part of 140 metres-thick sed i ment infill re -
flects the trough depth from be fore the LGM. In our re con -
struc tion we as sumed 80 metres of sed i ment infill be low the
Waksmundzka Val ley.

EQUILIBRIUM LINE ALTITUDE

As the ge om e try of the gla cier is well-known, we can ap ply
an AAR method for cal cu la tion of the ELA. The ac cu mu la tion
area ra tio was de ter mined sep a rately for both gla ciers us ing a
new method out lined by Kern and László (2010). As the ex act
sur face of gla ciers is cal cu lated, the size-spe cific steady-state
AAR’s of Sucha Woda/Pańszczyca Gla cier and Biała Woda
Gla cier are 0.65 and 0.72 re spec tively. The lat ter value, how -
ever, is slightly higher than that rec om mended by Kern and
László (2010) for gla ciers larger than 4 km2 (0.64 ±0.04). Their 
equa tion [1] is based on the anal y sis of much smaller gla ciers
than the Biała Woda Gla cier. The ana lysed set of Kern and
László (2010) con sists of only one gla cier with an AAR larger
than 0.7 and this is the White Gla cier (35.8 km2) from Ca na dian 
Arc tic. Hence, we ob tained a rel a tive large value of AAR of the 
Biała Woda Gla cier of which the sur face area is around 40 km2. 
In the palaeoclimatic re con struc tions the ELA of ad ja cent gla -
ciers should be es ti mated us ing the same AAR value. Thus, we
de cided to re con struct the equi lib rium lines of both gla ciers us -
ing a more typ i cal and widely used value of 0.65 (e.g., Por ter,
1975). The ELA of the Sucha Woda/Pańszczyca Gla cier is then 
at 1460 m a.s.l. and the ELA of the Biała Woda Gla cier is at
1480 m a.s.l. This con sis tency of ob tained re sults may pro vide
ev i dence that both gla ciers ex isted in sim i lar cli ma tic con di -
tions. It has to be con sid ered, how ever, that com pli cated gla cial 
sys tems which con sist of sev eral trib u tary gla ciers have dif fer -

ent top o graphic/cli ma tic con di tions in each val ley. In ad di tion
the in flu ence of avalanching, and de bris cover on ac cu mu la tion 
and ab la tion should be con sid ered. How ever, due to lack of
knowl edge con cern ing the in flu ence of avalanching and de bris
cover on palaeoglaciers, it is as sumed that re con structed gla -
ciers were snow-fed and clean. Thus, the ELA’s ob tained have
to be treated as min i mum val ues. The ELA’s ob tained are
100–150 metres lower than his tor i cal data ob tained by Lucerna
(1908), Partsch (1923) and Halicki (1930). This dis crep ancy is
an ef fect of the dif fer ent meth od ol o gies used. For mer meth ods
(e.g., “cirque-floor”, “MELM”, “Höffer”) are highly im pre cise
and de pend ent on sur round ing to pog ra phy. They usu ally give
much higher re sults than sta tis ti cal es ti ma tions e.g., the AAR
method (see Gądek, 1998, ta ble 12). The geomorphological ev -
i dence in the Sucha Woda Val ley and the Pańszczyca Val ley
in di cates a higher lo ca tion of the ELA based on the MELM
(max i mum el e va tion lat eral mo raines) method. There are lat -
eral mo raines at el e va tions of 1550 and 1650 m a.s.l. in the
Sucha Woda Val ley and Pańszczyca Val ley re spec tively. This
is much higher than the AAR ELA (1460 m a.s.l.). The MELM
method, how ever, can give false re sults for many rea sons. One
is that, when gla cier melt ing is slow, con tin u ous sup ply of de -
bris can re sult in the in cre men tal de po si tion of lat eral mo raines
in an upslope di rec tion, there fore over print ing ear lier land -
forms with mo raines as so ci ated with higher ELA (Benn and
Ev ans, 1998; Benn and Lehmkuhl, 2000). Baumgart-Kotarba
and Kotarba (2001), how ever, sug gest the ELA of the Sucha
Woda/Pańszczyca Gla cier at 1400 m a.s.l. based on lo ca tion of
the lat eral mo raine (right hand side) at the Polana pod
Wołoszynem. The dis crep ancy be tween the el e va tion of lat eral
mo raines on both sides of the Sucha Woda/Pańszczyca Gla cier
reaches about 250 metres. There can be a num ber of rea sons for 
this (see Benn and Lehmkuhl, 2000). There are many un cer -
tain ties as so ci ated with the MELM method and so, we de cided
to use ELA val ues ob tained us ing the AAR method.

CLIMATE RECONSTRUCTION

The mor phol ogy and to pog ra phy of the Biała Woda Gla cier
are well-known (Ta ble 2), and the to pog ra phy of the Biała Woda 
Val ley is not com pli cated es pe cially in its low er most part, be low
the con flu ence with the Roztoka Gla cier. Ad di tion ally, an al most 
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T a  b l e  2

Pa ram e ters of the lower part of the Biała Woda Gla cier

Cross-sec tion
Width

[m]
Thick ness

[m]
Sur face slope

[deg]
Shape fac tor

Basal shear stress
[kPa]

1   730 105 5.2  0.78 65

2 1050 155 3.4  0.77 63

3 1200 230 3.3  0.68 80

4 1170 250 3.15 0.66 80

5 1440 270 3    0.69 85



per fect par a bolic cross-sec tion of the val ley along the dis tance
de scribed makes the Biała Woda Gla cier use ful for
palaeoclimatic re con struc tion by us ing the gla cier-cli mate
model. The ice thick ness was mea sured in par a bolic cross-sec -
tions which are a few tens of metres deeper than the pres ent-day
val ley due to sed i ment infill (Fig. 4). The overdeepening of the
val ley along the gla cier tongue is from 20 to 80 m. The bal ance
gra di ent was cal cu lated for the low est 300 metres of the gla cier
tongue. The length of this sec tion is 4300 metres (Fig. 5A, B).
The up per most cross-sec tion for ice-flux cal cu la tion is lo cated at 
an el e va tion of 1250 m a.s.l. All other cross-sec tions were sit u -
ated be low, ev ery 50 metres down the
gla cier. 

The ice-flux and thus, the net ab la -
tion val ues de pend greatly on ice ve loc -
ity. There fore, some sce nar ios for dif fer -
ent con tri bu tions of slid ing ve loc ity
were as sumed. The first sce nario as -
sumes the basal slid ing ve loc ity and ice
de for ma tion ve loc ity both cal cu lated
with the shape fac tor of the val ley
cross-sec tion (F). Re main ing sce nar ios
as sume a shape fac tor (F) for ice de for -
ma tion and con tri bu tion of 50, 60 and
70% of slid ing in the to tal ve loc ity. The
re sults ob tained for all sce nar ios are
shown in Ta ble 3 and Fig ure 6.

The first sce nario 1 is char ac ter ized
by the low est limit of the re sults ob -
tained. Ice ve loc i ties were cal cu lated
with a shape fac tor which fi nally re -
sulted in rel a tively slow ice move ment
(15 m/a). The slid ing ve loc ity is about
30% of the to tal ve loc ity in this case.
This, in con se quence, caused the low est
value of the bal ance gra di ent within the
whole data set (–2.6 kg/m2/m). Sce nar -
ios 2, 3 and 4 gave slightly higher val ues

of the to tal ve loc i ties (20, 26 and 34 m/a re spec tively), due to
the slid ing con tri bu tion as sumed (50–70%). The bal ance gra di -
ents of these three sce nar ios are in the range be tween –3.9 and
–6.6 kg/m2/m. The bal ance gra di ent in sce nario 1 in di cates
lower ab la tion and thus lower ac cu mu la tion in re la tion to re -
main ing sce nar ios. The lower ac cu mu la tion means a lower pre -
cip i ta tion sum and hence lower tem per a ture at the ELA. Sce -
nario 1 is there fore much dryer and colder than the re main ing
three. Its bal ance gra di ent is very sim i lar to the White Gla cier
(Ca na dian Arc tic) and the Gschnitz Gla cier (Old est Dryas al -
pine gla cier – 70% slid ing sce nario; Ivy-Ochs et al., 2006).
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T a  b l e  3

Palaeoclimatic char ac ter is tics of the Last Gla cial Max i mum
in the Pol ish part of the High Tatra Moun tains

Per cent slid ing used
Sce nario 1

(Ub + Ud)

Sce nario 2

50%

Sce nario 3

60%

Sce nario 4

70%

Mean ice ve loc ity across cross-sec tion 5
[m/a] 15 20 26 34

Ab la tion gra di ent 
(be tween cross-sec tion 5 and gla cier ter mi nus)
[kg/m2/m]

–2.6 –3.9 –4.9 –6.6

P at ELA (1480 m a.s.l.) 
[mm/a] 580 970 1230 1590

DP at ELA (1480 m a.s.l.) 
[%]

–60% –34% –16% +8%

T  JJA at ELA (1480 m a.s.l.) 
[°C]  0.3 1.5 2.3 3.1

DT JJA at ELA (1480 m a.s.l.) 
[°C]

–10.0 –8.8 –8.0 –7.2

Fig. 6. Net ab la tion gra di ents of the Biała Woda Gla cier

Num bers in brack ets re fer to sce nar ios dis cussed in the text; net ab la tion gra di ents
for mod ern gla ciers from Kuhn (1984); net ab la tion gra di ents

for Gschnitz Gla cier from Ivy-Ochs et al. (2006)



It shows that sce nario 1 in di cates a rather cold and dry cli mate
with sum mer tem per a ture at the ELA of around 0.3°C and pre -
cip i ta tion at a level of 580 mm. Pres ent-day cli ma tic con di tions
at the 1480 m a.s.l. (LGM ELA) were es ti mated with the use of
a tem per a ture lapse rate of 0.6°C/100 m and a pre cip i ta tion
lapse rate of 64 mm/100 m. This means that cur rent mean sum -
mer tem per a ture at the LGM ELA level is 10.3°C and the an -
nual pre cip i ta tion sum is 1470 mm. Hence, sce nario 1 in di cates
sum mer tem per a ture de pres sion of 10°C and pre cip i ta tion low -
er ing of 60% in re la tion to mod ern con di tions.  Sce nar ios 2, 3
and 4 are clearly warmer and wet ter. Sum mer tem per a tures at
the ELA os cil late be tween 1.5–3.1°C and pre cip i ta tion to tals at
the ELA  are be tween 970 and 1580  mm. Sce nario 2 has a bal -
ance gra di ent com pa ra ble with the Gschnitz Gla cier (80% slid -
ing; Ivy-Ochs et al., 2006). The sum mer tem per a ture de crease
reached 8.8°C and pre cip i ta tion was 66% of pres ent-day val -
ues. The bal ance gra di ent of sce nario 3 is sim i lar to that of the
Tsentralnyy Tuyuksu Gla cier (Tian Shan). It gives a sum mer
tem per a ture de pres sion of 8°C and an nual pre cip i ta tion low er -
ing of 16% in re la tion to mod ern con di tions. The wet ter sce -
nario 4 shows that the bal ance gra di ent of the Biała Woda Gla -
cier was higher than that of the Tsentralnyy Tuyuksu Gla cier
but still lower than the cur rent bal ance gra di ent of
Hintereisferner (Cen tral Alps). The pre cip i ta tion sum at the
ELA was 8% higher than pres ent-day val ues and the sum mer
tem per a ture de crease reached 7.2°C. 

The one-di men sional flow model (Sarikaya et al., 2008)
re quires a sim ple to pog ra phy of the whole val ley and es pe -
cially a non-com pli cated mor phol ogy of the ac cu mu la tion
area. The Biała Woda Gla cier was sup plied from sev eral
sources, each of which was a sep a rate val ley gla cier with an
ex panded head wa ters area. Thus, it was dif fi cult to ap ply the
model of Sarikaya et al. (2008) in the case of such a com plex
gla cial sys tem. The Sucha Woda/Pańszczyca Gla cier, how -
ever, gave the op por tu nity to use this model due to the rel a tive 
sim plic ity of the val ley mor phol ogy, par tic u larly above the
ELA. The Sucha Woda Gla cier and the Pańszczyca Gla cier
both con nect to each other at an el e va tion of 1300 m a.s.l.,
about 200 metres above the ter mi nal mo raine. This con flu -
ence likely caused over 1.5 km fur ther ex tent of the gla cier
tongue (Fig. 3). There fore, both gla ciers were mod elled sep a -
rately to ob tain cli ma tic con di tions in which both gla ciers
reach the con flu ence zone. The length of the Sucha Woda
Gla cier flow line be tween the headwall and the zone of con -
flu ence is 7100 metres. The cor re spond ing dis tance of the
Pańszczyca Gla cier is 6000 metres long. The model pro duces
the gla cier along the flow line based on sim u la tion of tem per -
a ture de crease and pre cip i ta tion changes in re la tion to mod ern 
val ues (Fig. 7). The mod elled Sucha Woda Gla cier reached
the con flu ence zone by a tem per a ture de crease of be tween 7

and 14°C (Fig. 8A). The pre cip i ta tion sum was then 80%
higher and 80% lower re spec tively. The mod elled Pańszczyca 
Gla cier reached the con flu ence zone with ex actly the same
con di tions as the Sucha Woda Gla cier (Fig. 8). 

The mod elled cli ma tic con di tions show a sig nif i cant dis -
crep ancy. Thus, it is nec es sary to com pare the re sults ob tained
with proxy data, es pe cially these based on pol len anal y ses.
There are no such data avail able in the Tatra Moun tains. How -

ever, we can use in for ma tion about LGM cli ma tic con di tions in 
Cen tral and South ern Po land (high lands). Ac cord ing to
Manikowska (1995) the apo gee of cold ness dur ing the en tire
Vistulian Gla ci ation took place be tween 20–14 ka BP. In
South ern Po land the av er age an nual tem per a ture was lower
than –7°C and the mean tem per a ture of July was a few de grees
lower than 10°C (Jersak et al., 1992). So, if the tem per a ture in
July at an el e va tion of 300 m a.s.l. was about 6–7°C than the
tem per a ture at the ELA in the Tatra Moun tains would have
been about 0°C us ing the tem per a ture lapse rate of
0.6°C/100 m. These data are in agree ment with those pre sented
by Wu et al. (2007). They in di cated that in Eu rope the an nual
win ter tem per a ture de crease was be tween 10 and 17°C. Sum -
mer tem per a tures were 6–12°C lower than to day. The mean an -
nual tem per a ture de pres sion, how ever, was at a level of
10–14°C. Kuhlemann et al. (2008) es ti mated the LGM sum mer 
tem per a ture de pres sion in the Med i ter ra nean Ba sin. In the Pyr -
e nees and Alps this de pres sion reached 10–12°C.

These data sug gest rather cold and dry sce nar ios. Ac cord -
ing to the cli ma tic data pre sented by Jersak et al. (1992), the ex -
pected sum mer tem per a ture at the ELALGM should be about

0°C. Thus, we in ferred sce nario 1 from model 1 as the most re -
al is tic. In this case, the sum mer tem per a ture in the Tatra Moun -

tains would be some 10°C lower than to day and the an nual pre -
cip i ta tion sum was about 40% of pres ent-day val ues. These
data sug gest that the Biała Woda Gla cier ex isted in a sub arc tic
cli mate re gime with low pre cip i ta tion val ues and slightly pos i -
tive sum mer tem per a tures at the ELA. Sce nario 1 as sumes both
the slid ing ve loc ity and ice de for ma tion ve loc ity cal cu lated
with use of the val ley shape fac tor. There is no con tri bu tion of
slid ing as sumed. The re la tion of the slid ing ve loc ity to the to tal
ve loc ity in the sce nario 1 is about 30%. This is in ac cor dance
with data pre sented by Gądek (1998) which in di cate that for
gla ciers some 200 m-thick this re la tion is less than 0.5. The
mean thick ness of the low est 300 m of the Biała Woda Gla cier
is 200 m. 

Con sid er ing the tem per a ture data pre sented by Wu et al.
(2007) we can state the re sults from model 2 more pre cisely.
The LGM mean an nual tem per a ture de crease of 10–14°C al -
lows us to in fer that pre cip i ta tion was then low ered by be tween
30 and 80% re spec tively. How ever, ac cord ing to the
palaeoclimatic data from the high lands of South ern Po land
(Jersak et al., 1992) we can in fer an an nual tem per a ture de -
crease of more than 10°C. If the pre cip i ta tion data ob tained in
the model 1 are cor rect then the most re al is tic sce nario in
model 2 will be the one with a 12°C an nual tem per a ture de -
crease and with 60% pre cip i ta tion low er ing. This sce nario gave 
also the zero mass bal ance at the al ti tude of 1455 m a.s.l. which
is al most iden ti cal with the AAR ELA of Sucha
Woda/Pańszczyca Gla cier. 

Ad di tion ally, we tested if our man ual re con struc tion of the
SuchaWoda/Pańszczyca Gla cier was con cor dant with the gla -
cier pro file ob tained in model 2. We com pared gla cier pro files
along the centrelines (Fig. 7). For the Sucha Woda Gla cier we
ob tained al most iden ti cal pro files of the gla cier sur face in both
re con struc tions. The Pańszczyca Gla cier, how ever, has shown
al most 100 metres dis crep ancy of ice thick ness in the ab la tion
area, near to and be low the ELA (Fig. 7B). In our opin ion this is 
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an ef fect of the to pog ra phy of the Pańszczyca Val ley which is
shal low and very wide. Fur ther more, it is nec es sary to em pha -
size that model 2 as sumes a pres ent-day to pog ra phy of the val -
ley. Thus, the model does not take into ac count sed i ment infill
in the gla cial trough which is com posed of ground mo raine ma -
te rial in the lower part of the val ley es pe cially (Klimaszewski,
1988). The thick ness of the val ley infill, how ever, is not
known. There fore, the man ual re con struc tion based on
geomorphological ev i dence can give dif fer ent re sults (a lower
thick ness) than that com puted by model 2. Ad di tion ally,
model 2 cal cu lates the ice ve loc ity with out basal slid ing and
basal shear stress and thus, ice de for ma tion ve loc ity are cal cu -
lated with out a shape fac tor for the val ley cross-sec tion. How -
ever, con sid er ing the mod elled ice thick ness in the ac cu mu la -
tion area which is al most con sis tent with that re con structed us -
ing the geomorphological ev i dence (Fig. 7B), the dis crep ancy
of the to pog ra phy of both re con struc tions is an ef fect of the
sed i ment infill in the lower part of the gla cial trough. The lack
of dif fer ence be tween both to pog ra phies above ELA can be ev -
i dence that there is no sig nif i cant sed i ment infill and that ab -
sence of ice slid ing in es ti ma tions is in some de gree com pen -
sated by the value of the basal shear stress cal cu lated with out
the val ley shape fac tor. 

AN ATTEMPT TO ASSESS THE ELA
DEPRESSION DURING THE LGM

Con sid er ing the fact that in mid-lat i tude moun tains the
ELA of gla ciers oc curs at the snow line (Jania, 1997), it can be
as sumed that the LGM snow line of re con structed gla ciers was
lo cated at an el e va tion of 1460–1480 m a.s.l. The mod ern cli -
ma tic snow line can be cal cu lated based on mod elled cli ma tic
pa ram e ters from the LGM (Fig. 9). If the LGM sum mer tem -
per a ture and an nual pre cip i ta tion low er ing in re la tion to the
mod ern val ues are known, then it is pos si ble to ob tain the mod -
ern snow line al ti tude us ing this value as a vari able in the fol -
low ing for mula:

DTS = (mSL – ELALGM) DT/DH + 

+ [(mSL – hms) DP/DH + (Pms – PLGM]/350

[5]

where: DTS – LGM sum mer tem per a ture de crease in re la tion to the mod ern

value (10°C); mSL – mod ern al ti tude of snow line; ELALGM – LGM equi lib -

rium line al ti tude (1480 m a.s.l.); DT/DH – tem per a ture gra di ent (0.6°C/100 
m); hms – el e va tion of me te o ro log i cal sta tion (Kasprowy Wierch – 1991 m

a.s.l.); DP/DH – pre cip i ta tion gra di ent (1–20 mm/100 m, 2–64 mm/100 m
de pend ing on the me te o ro log i cal data set used); Pms – mean an nual pre cip i -
ta tion at the level of the me te o ro log i cal sta tion; PLGM – pre cip i ta tion at the
ELA dur ing the LGM (580 mm)
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Fig. 7. Lon gi tu di nal pro files of the Sucha Woda Gla cier (A) and Pańszczyca Gla cier (B)

 Thick grey line marks the com mon part of the Sucha Woda and Pańszczyca gla ciers; 
grey dot ted line is the pro file of the Sucha Woda Gla cier pro duced with the use of model 2



The cal cu la tion is ad di tion ally based on the as sump tion of
Ohmura et al. (1992) that changes of the ELA are strictly re -
lated to the fluc tu a tions of tem per a ture and pre cip i ta tion at the
gla cier and 1°C of tem per a ture in crease is fully com pen sated
by 350 mm higher an nual pre cip i ta tion. When sce nario 1 is

con sid ered (DTS – 10°C and PLGM – 580 mm), the mod ern
snow line is lo cated at an el e va tion of 2550 m a.s.l. (pre cip i ta -
tion gra di ent 20 mm/100 m) or 2450 m a.s.l. (pre cip i ta tion gra -
di ent 64 mm/100 m). The val ues ob tained are com pa ra ble with

data pre vi ously pre sented by Zasadni and Kłapyta (2009).
Thus, the ELA de pres sion in the Tatra Moun tains dur ing the
LGM reached about 1000–1100 metres. Sim i lar val ues of the
ELA (mSL – ELALGM) are ob served across many moun tains
ranges in Eu rope (Kuhlemann et al., 2009). Higher val ues of
ELA de pres sion (1500 m) oc curred mainly in ar eas which were 
af fected by po lar air masses and then by cy clones fol low ing the
tracks re con structed by Kuhlemann et al. (2009) in the Med i -
ter ra nean Ba sin. 
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Fig. 9. Graphic pre sen ta tion of the mod ern snow line for mula 5

The sum mer tem per a ture de crease is vari able de pend ing on the mod ern snow line al ti tude. The for mula
first as sumes the ELA de pres sion and cal cu lates the tem per a ture de pres sion us ing an as sumed tem per a -
ture lapse rate. Then the pre cip i ta tion change be tween the mod ern snow line and the ELALGM is cal cu lated
us ing the re con structed pre cip i ta tion sum at the  ELALGM and an as sumed pre cip i ta tion gra di ent. The pre -
cip i ta tion change is then re cal cu lated into the tem per a ture change us ing the as sump tion of Ohmura et al.
(1992) that a tem per a ture in crease of 1°C at the ELA of the gla cier is fully com pen sated by 350 mm
higher pre cip i ta tion

Fig. 8. Mod elled length of the Sucha Woda Gla cier (A) and Pańszczyca Gla cier (B) dur ing the LGM as a func tion of tem per a ture
and pre cip i ta tion changes from those of to day

The thick line shows the pos si ble range of re con structed cli ma tic con di tions best fit ted to pre cip i ta tion changes ob tained in model 1;
the dashed line (0 km) rep re sents gla cier in cep tion



LGM CLIMATIC CONDITIONS IN THE HIGH 
TATRA MOUNTAINS COMPARED 

TO OTHER MOUNTAINS IN EUROPE

Pleis to cene glaciations af fected many moun tain ranges
across all of Eu rope. The geomorphological im print of gla cial
ac tiv ity is well-de vel oped in the Eu ro pean Alps (e.g., Ivy-Ochs 
et al., 2008, 2009), the South ern Carpathians (Reuther et al.,
2007), the Pindus Moun tains – Greece (Hughes et al., 2006),
the Kaçkar Moun tains – East ern Tur key (Akçar et al., 2008),
Mount Sandiras (Sarikaya et al., 2008) and Uludag Mt. (Zahno
et al., 2010) in West ern Tur key.

Al pine gla ciers reached their max i mum ex tent dur ing the
global Last Gla cial Max i mum (MIS 2; Ivy-Ochs et al., 2008).
Gla ciers on the south ern side of the mas sif pro duced the most
ex tended mo raines dur ing two ad vances: an older one be tween
26.5–23 ka ago and a youn ger one be tween 24 and 21 ka ago
(Monegato, 2007). As in ferred from ex po sure ages of boul ders
on the north ern Al pine fore land, the Piedmont lobe of the
Rhone Gla cier reached a max i mum be tween 21 and 19.1 ka
ago (Ivy-Ochs et al., 2004). The ELA de pres sion in re la tion to
mod ern con di tions reached 1400–1800 metres (Reuther, 2007;
Ivy-Ochs et al., 2008). Florineth and Schlüchter (2000) sug -
gested a pre dom i nance of south erly cir cu la tion in the Alps dur -
ing the LGM. This was an ef fect of mi gra tion of the po lar fronts 
to the lat i tude of South ern France, which led to dom i na tion of
mois ture trans port south of the Alps. Such cir cu la tion likely
caused a dry and cold cli mate in Cen tral Eu rope and much wet -
ter con di tions in the Med i ter ra nean area. This is sup ported by
palaeoclimatic data from Tur key and Greece. In the Pindus
Moun tains the max i mum ex tent of gla ciers oc curred sev eral
thou sand years ear lier than in the Alps. Dat ing of al lu vial units
gave ages of 28.2–24.3 ka (Hughes and Wood ward, 2008).
Hughes et al. (2003, 2006) sug gested that the Late Pleis to cene
gla cial stage was cold and hu mid with an nual tem per a tures
8–9°C lower than to day and a higher pre cip i ta tion by about
10%. The LGM ad vances in the moun tains of Anatolia oc -
curred in gen eral be tween 23 000 and 19 000 years ago
(Sarikaya et al., 2008, 2009), cor re lat ing well with the global
LGM. Palaeoclimatic in ter pre ta tions, how ever, show an an nual 
tem per a ture low er ing of about 8–11°C and an an nual pre cip i ta -
tion to tal up to 90% higher than to day on Mount Sandiras
(Sarikaya et al., 2008), and sim i lar to mod ern val ues (20%
higher or 25% lower) on Mount Erciyes (Sarikaya et al., 2009). 
In north east ern Tur key, gla ciers ad vanced on to Kaçkar Moun -
tain around 26 000 years ago (Akçar et al., 2007, 2008) while
in north west ern Tur key, the LGM ad vance oc curred no later
than 20.3 ±1.5 ka ago (Zahno et al., 2010). The ELALGM de -
pres sion in Cen tral Tur key was about 900 metres (Sarikaya et
al., 2009). Reuther et al. (2007) fo cused on the gla cial chro nol -
ogy of the Retezat Moun tains (South ern Carpathians). These
au thors in ferred that the Late Würmian ad vance was asyn -
chron ous to the global cli mate re cord and the max i mum ad -
vance (M1) of gla ciers had oc curred well be fore global LGM.
The LGM mo raines were prob a bly over rid den by a fur ther ad -
vance. The ELA de pres sion in the Retezat Moun tains was es -
tab lished be tween 1175 metres dur ing the max i mum ad vance
and 1130 metres dur ing the Late Gla cial. The au thors in ferred

more gla cier-friendly con di tions dur ing the Early Würm
(MIS 4) than dur ing MIS 2. These find ings are in gen eral
agree ment with those from Pindus Moun tains (Hughes et al.,
2006) but they in di cate a sig nif i cant dis crep ancy with the
palaeoclimatic re con struc tions from Anatolia – in par tic u lar,
with the tim ing of gla cial ep i sodes.

Lu mi nes cence dat ing (Baumgart-Kotarba and Kotarba,
2002) and 36Cl ex po sure dat ing (Dzierżek, 2009) of mo raine
de pos its in the Sucha Woda and Biała Woda val leys as well as 
36Cl ex po sure dat ing of ero sional fea tures in the head wa ters of 
the Pięć Stawów Polskich Val ley and the Rybi Potok Val ley
(Makos, 2010) sug gest that gla ciers in the Pol ish part of the
High Tatra Moun tains reached their last max i mum ex tent be -
tween 25 000 and 21 000 years ago. This tim ing is in good
agree ment with the global LGM (26 500–19 000 years ago –
Clark et al., 2009) and with the max i mum ex tent of gla ciers in
the Eu ro pean Alps and in Anatolia. Palaeoclimatic re con -
struc tion us ing two in de pend ent mod els re veals a sum mer
tem per a ture de crease of about 10°C and a pre cip i ta tion de -
crease of 60% dur ing the LGM. Such a re duc tion of an nual
pre cip i ta tion to tals means that an nual tem per a ture was low -
ered by at least 12°C in re la tion to mod ern con di tions. Re con -
structed cli ma tic pa ram e ters in di cate that ELALGM de pres sion
was at the level of 1000–1100 metres in re la tion to the mod ern 
snow line al ti tude. That val ues are very sim i lar to those ob -
tained in the South ern Carpathians for the pre-LGM ad vance
and for the Old est Dryas (Reuther et al., 2007), but they are
clearly lower than the ELA de pres sion in the North ern Alps,
Pyr e nees and Dinarides (Kuhlemann et al., 2009). As was
sug gested, the south erly at mo spheric cir cu la tion over Eu rope
dur ing the LGM pro duced wet ter con di tions in the mar i time
Alps and Med i ter ra nean and in creased arid ity in the cen tral
part of the con ti nent (Florineth and Schlüchter, 2000;
Kuhlemann et al., 2008, 2009). 

CONCLUSIONS

Gla ciers in the High Tatra Moun tains of South ern Po land
formed dur ing the LGM un der a cold and dry cli mate. The re -
sults ob tained in di cate a de crease of sum mer tem per a ture of
10°C and a pre cip i ta tion low er ing of 60% in re la tion to mod -
ern con di tions. Mean an nual tem per a ture was than de pressed
by at least 12°C. Re con structed cli ma tic pa ram e ters for the
LGM in the Tatra Moun tains re sem ble those oc cur ring cur -
rently at the gla ciers of the sub arc tic cli mate zone. These data
find con fir ma tion in pol len-based tem per a ture re con struc tion
in Cen tral and East ern Eu rope pre sented by e.g., Kageyama et
al. (2006) and Wu et al. (2007). The ELA de pres sion in the
Tatra Moun tains at the LGM reached a value of
1000–1100 metres which is a com pa ra ble re sult to those from
other moun tain ranges in Eu rope (Kuhlemann et al., 2008,
2009). The vi cin ity of the south ern mar gin of Fennoscandian
Ice Sheet which oc cu pied al most half of the ter ri tory of Po -
land sug gests cold and dry, arc tic cli ma tic con di tions in the
Tatra Moun tains. Rel a tively low val ues of the an nual pre cip i -
ta tion in the Tatra Moun tains at the LGM (580 mm) in com -
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par i son with al most dou bled pre cip i ta tion amounts re con -
structed in west ern Tur key, as well as lower val ues of ELA
de pres sion eastwards from the Alps may re flect in creas ing
continentality of the cli mate north-east of the Alps. 
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