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Figure�1:�General�global�temperature�and�precipitation�curves���note�variable�timescale.�(adapted�
from��Nesje�and�Dahl�(2000)).�
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Figure�2:�Occurrence�of�glaciation�in�Europe�through�the�Cenozoic�(Ehlers�and�Gibbard,�2007).�

0!0!
���
���	

��
 ���
 N���������&
  �((��M!
 ���
 ��#�
 0
*������
 &���#
 �(
 ��
 ��'
 �����'��%
 ���
 (��#���

��*�".
 ���
 �&���
 ��
 %������#
 ��'
 �����%������#
 #�����'
 ��
 �,��,�
 ��'
 ��((���'
 ��
 �

'�#������,�
A�&
#����
��
���#�
���
��#�
*������
&���#!
�����
 2;=B�.
)"
���#�
'�,���(�'
���

�����&
����
���
��(�����%
�&���#
��
���C�%�#
����'
)�
�M(�����'
)&
����%�#
��
���
�����O#

��)��
 ��'
 ���
 �M�#O
 �����������!
 $����-�,���
 �����
 ���)�����'
 �����T#
 �'��#
 ��'
 *�'�

���*
 *���
 (�(����
  $����-�,����.
 29>2"!
 ��
 �����
 ��)��T#
 ����%��%
 #��(�

 �����������&".
���
����
��
���
�����T#
�M�#
 �)������&"
�#
A���
�#
��T#
A�))��
�����'
��#
�M�#

 (����##���"
������
)���
���
�����
����%&
��(��
���*
���
#��
��A��'#
���
�����
��'
���

������'����
����%&
'�#���)�����!
��&#
��'
�����#
 29B="
A���
�)��
 ��
,����&
�����T#
��'

$����-�,���T#
 �'��#
 �)���
 :?
 &���#
 �����
 )&
 ����&<��%
 �����
 #�'�*���
 ����#
 ��'
 ���

#(������
 ����&#�#
 ��
 U2;�C,��������#
 �������!
 ��
 ����%�#
 ��
 �#�����*����
 (���*����#

�����
���
 ���
%������
 V(���C*�-��T
��
N���������&
 ���*���
 ����%�
�#
A�'��&
����(��'.

��A�,��.
��
 �#
�),���#
����
*��&
�����
��*(��M
������#
���������
��
��
'��������
#����#!

����������#
��
)��C%�����*����
�&���#.
��������
��'
,�������
����,��&.
���
��������
��
���'C
*�##�#.
 �������
 �����������
 ��'
 ,�����#
 ���'C)��-
 *������#*#
 #����'
 )�
 *�������'

 ��#G�
��'
����.
0111"!


�����%
���
(�#�
0!?
$&�#.
�)���
?1
%������W�����%������
�&���#
�������'.
A�����#
��
���

(�#�
 ;11
 -&�#
 �)���
 21
 �&���#
 ���
 -��A�!
 ��
 �&���#
 ���
 A���
 ,�#�)��
 ��
 �
 '��(C#��

�M&%��
�#���(�
�����'
���*
���
����������
��������
 ��%���
:"!



55





Figure�3:�Deep�sea� oxygen� isotope� record� from� the� equatorial�Atlantic.� Selected�marine� isotope�
stages�are�labelled.�(Fig.�from�Benn�and�Evans�(2010)�after�Bradley�(1999)).�
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Figure�4:�The�glacier�extent�in�the�Alps�at�the�end�of�the�last�iceage�(Würm�stadial,�LGM).�The�ice�
sheet� almost� reached� the� location�of� today’s�Munich�or�Milan.� Salzburg� and�Zurich� for� example�
were�covered�with�ice�(figure�from�Benn�and�Evans�(2010)�after�Ivy�Ochs�and�others�(2008)).�The�
black�rectangle�shows�the�approximate�extent�of�Figure�5.�
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Figure�5:�Terminal�moraine�structures�south�of�Lago�di�Garda,�which�is�marked�with�G.�The�wavy�
structures� near� the�white� arrows� are� associated�with� the� LGM� terminal�moraines� (image� from�
GoogleEarth).�The�approximate�location�of�this�figure's�extent�is�displayed�as�a�black�rectangle�in�
Figure�4.�
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Figure�6:�The� ice�streams� around� the� central�Austrian�Alps� at� the� time�of� the� LGM� (Van�Husen,�
1987).�
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Figure�7:�An�example�of�a�distinct�glacial�trimline�in�the�inner�Ötz�valley.�It�is�likely�that�this�trim�
line�stems�from�the�Egesen�stadial�(photo:�J.�Abermann,�July�2007).��
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Figure� 8:� Qualitative� summary� of� glacier� variations� and� climate� evolution� during� the� Younger�
Dryas�and�the�Holocene�(Figure�from�Ivy�Ochs�and�others�(2009)).�Glacier�advances�are�shown�as�
grey�areas.�Three�Holocene�warm�intervals�(Hwi)�are�indicated�with�orange�bars.�The�green�line�
indicates�variations�in�the�Kaunertal�timberline.�
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Figure�9:�Moraine�at�Rofenwiesen,�Ötztal�(photo:�J.�Abermann,�Sept�2009).�

����
�#
�,�'����
����
#*�����
%������#
��,�
�',����'
)��A���
=!:
��'
?!1
-�
)!(!
��#�

�������'
��
�#
���
#�C�����'
���*��#
�#���������.
A�����#
���%��
%������#
��*����'
#*���

 7�����#����%��.
 29;>.
 ���<���.
 29BB"!
 ��
 ?!2
 -�
 )!(!
 ��
 ���
 �M�#��'
 ��
 ��#��G���

 :01;*"
��
���
3�<���
��(#
�#
(��,��
)&
���
'�#��,��&
��
���
3�<���
���
$��
 7�����
��'

�����#.
 299>"!
 �*)������
 A�#
 ��%���
 ����
 ��'�&
 ���
 *�#�
 ��
 ���
 (����'
 �#
 #�,����

���'��%#
 ��
 A��'
 ��
 *��&
 ��������#
 ��
 ���
 ��#����
 ��(#
  ������##�
 ��'
 �����#.
 011?.

������##�
 ��'
���<���.
 0112"
 �#
A���
 �#
 ��
 ���
5�#����
��(#
  /�����
 ��'
�����#.
 011="

#��A!
��#
�),���#�&
��#�
�*(���#
���
����
����
%������#
A���
#*�����
����
��'�&
#�,����

��*�#
'����%
���#
(����'!



�����
:!:
-�
��*)������
*�,�'
'�A�
��
��A��
������'�#
A���
*���
��������
����������#

��
 %������
 �',����#
 ��'
 #������
 ����##���
 (����'#
 ������&
 ���'��%
 ��
 ���
 ���C�',����#

���*
 ���
 2>��
 ������&
 ��
 �����
 2;?1W=1
  ���,�.
 011>�.).
 ���,�
 ��'
 	A��#��.
 299>.

���<���#��
 ��'
 �����#.
 011?.
 ���<���.
 29B:"!
 7��A���
 :!1
 ��'
 0!:
 -�
 )!(!
 ��*����#

%������
�',����#
��,�
)���
��(����'
��
����������.
����
���
#�**���<�'
�#
���
#�C�����'

�I#�����C2
�#���������
 ������
��'
���*)����.
011?.
���<���
��'
7�����#����%��.
29B:.

H�����
 ��'
 �����#.
 29=="!
 ��*��
 ��������#
 ��
 	�����'�G���.
 	A��<�����'
  	����
 ��'

�����#.
 011?"
 �#
A���
 �#
 '��'����������%����
 ��,�#��%�����#
  �!%!
������##�
 ��'
�����#

 011?""
 ��'�����
�
(����'
A���
 ������
 ���
 ��,��
�����'
0!22
 C
2!B>
-�
)!(!
A���
%������#

(��)�)�&
 #*�����
 ����
 �����'
 2901
 ��
  ������##�
 ��'
 ���<���.
 0112.
 	���6�����
 ��'

/�����.
011>"!



1111



��
���
����&
*�'��,��
�
'�#�����
%������
�',����
�������'
��
���
��(#
��'
�#
#�**���<�'

�#
���
�I#������C0C�#���������
 �����'
=11
C
;11
��F
�!�!
���*)����
��'
$�#��
 299B"F

H�����
 29=1"
A���
*�M�*��
�M����#
��*�#�
�#
���%�
�#
��
�����
���C*�M�*�*
 ������##�

��'
���<���.
0112"!



���%�
 (���#
 ��
 ���
$�'��,��
A���
 ����������<�'
 )&
 �
 ��*(���)�&
 #*���
 %������
 �M����

��'
 ��
 �#
 )����,�'
 ����
 %������
 ��,��
A�#
 ����
 ��*(���)��
 ��
 ���
 ���
 ��
 ���
 ����
 01��

������&
 ��#G�
��'
����.
0111"!



0!=!
��
����
���
���

��
 ���%�#�
 ��#�������
 %������
 �����������#
 �������'
 '����%
 ���
 ���
 ����
 �#
 ���
 (����'

)��A���
���
*�'��,��
A��*
(����'
��'
���
A��*
(����'
#������%
��
���
���#�
����
��
���

01��
 ������&
  ���,�.
 011>�.)"!
 ��
 A�#
 ���#�
 �����'���'
 ����
 #���������
 ����������
 )&

 $�����#.
29:9"
A���
�M���#�,�
��#�����
�����
��
����
�#
��*(�����#�,��&
#�**���<�'

��
 ���,�.
011>�.)"!
���*�������&.
���
���
A�#
(�##�)�&
���%%���'
��'
(��*����&
'��,��
)&

�
 (�����%�'
 *���*�*
 ��
 #��#(��
 ����,��&
 ��'
 #����
 ���(��
 -��A�
 �#
 ���
 $���'��

$���*�*
)��A���
2=11
��'
2B11
��
��'
���
������
$���*�*
�����'
2;11
��
 �!%!

7���
 ��'
 �����#
  0111""!
 �''�������
 ������%
 �((���#
 ��
 ��,�
 )���
 '��,��
 )&

#�����#(�����
 ���'��%
 �����%�
 ,�������
 ����#��#
 #���
 �#
 �����%�
 ���
 ���(����
 ��

���&��(�����
 ��
 2=11
��
  ������
 ��'
�����#.
 0110"
 ��
 ���
�*)���
 ��
 2;2?
  ����

��'
��)��-.
2999"!
��
'���������
��
���
 ��
 ���*#
��
 �
 ���*����
 ,#!
 �
 %������C��#�������

�����(�
 �����'��%
 #(�����
 '�#���)�����.
 ��#��
 ��'
 ���*�������
 ��#
 �������&
 )���

'�#��##�'
���������&
)&
$�����A#
��'
7�����
 011?"!


��
*��&
(���#
��
���
A���'
%������#
�M(��'�'
��'
���������'
��
���%��
�M����#
����
���&

����(��'
��
���
��������#
)�����
��
�����
���#
%�������&
������
�����,��
 ���,�.
011>�.).

$�����A#
��'
7�����.
011?"!
��
#&�������<�����
��
 ���#�
�',����#
,����#
A�'��&
��'

��#
)���
��,�#��%���'
��
�
#*�����
#����
A�����
����(�
�((�#��%
��(���
��
	���'���,���

�����������#
 �!%!
��#G�
��'
����
 011:"F
��##)��*��
 0121""!
5�����#
���
*�M�*�*

�M����#
��
���
��(#
��,�
)���
������'
�����'
2=11W2=>1
��'
2;01W2;?1
��
���
��(#.
��

A�#
�����
��
���A�&
 2B?1.
2;B1C2;91"!




�������
�����������#
�������'
��
,�����#
#��(#
��'
��'
�����
���#�
*�M�*��
�M����#
��
���

����&
 2B��
 ������&!
 ��
 �M�����'����&
 %������
 ���%��
 �����'
 )�#�'
 ��
 ��#�������


1212



'���*���#.
*�(#
��'
*��#���*���#
�M�#�#
���
$��
'�
�����.
������.
���
A����
��
���#�
B

�',����#
����'
)�
'�����'
#����
2=11
 ��##)��*��
��'
�����#
 011B".
#��
��%���
21"!





Figure�10:�Fluctuations�of�Mer�de�Glace,�France,�during�and�after�the�LIA.�The�length�change�curve�
is�reconstructed�from�a�variety�of�sources�(Figure�from�Benn�and�Evans�(2010)�after�Nussbaumer�
and�others�(2007)).�
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Figure�11:�History�of�advance�and�retreating�periods�of�Vernagtferner,�Ötztal�Alps� including� the�
information�whether�the�advance�had�caused�the�damming�of�a�glacial�lake.�From�Nesje�and�Dahl�
after�Winkler�(1996).�
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Figure�12:�Gurgler�Ferner�(G,�F),�the�ice�dammed�lake�Gurgler�Eissee�(A)�and�Langtaler�Ferner�(B).�
Copper�plate�published�in�Walcher�(1773).�



Figure�13:�Lateral�LIA�moraine�of�Marzellferner,�Ötztal�Alps�(upper�arrow)�in�2010.�The�position�
of�the�lower�arrow�(2)�indicates�the�location�of�a�small�re�advance,�probably�around�1920�(photo:�
J.�Abermann,�Sep�2008).�
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Figure�14:�The�3rd�military�survey�from�1870,�example�in�the�Inner�Ötztal�with�e.g.�Niederjoch�,�
Marzell��Gurgler��and�Langtalerferner�(Fig.�from�http://www.tirol.gv.at/tiris).�
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Figure�15:�Evolution�of�Austria's�post�LIA�glacier�covered�area.�The�numbers� for�the�years�1850�
and� 1925� are� derived� from�moraines.� Length� change�measurements� indicate� no� overall� losses�
between� 1895� and� 1925.� The� values� for� 1969� and� 1998� are� the� results� of� the� two� complete�
Austrian� glacier� inventories� (c.f.� Gross� (1987),� Lambrecht� and� Kuhn� (2007),� Kuhn� and� others�
(2009)).�
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Figure�16:�Evolution�of�annual�mean�temperature�and�precipitation�in�Vent,�Ötztal,�including�the�
respective� 5� years�running� means.� Data� from� the� Institute� of� Meteorology� and� Geophysics;�
courtesy�F.�Pellet.�
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3.1.1.�VALLEY�GLACIERS�
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Figure�17:�Glacier� types� in�Austria:�a)�Valley�glacier,�e.g.�Langtaler�Ferner,�b)�cirque�glacier,�e.g.�
Mieminger� Schneeferner,� c)� regenerated� or� rejuvenated� glacier,� e.g.� Gepatschferner� western�
margin� over� Langtauferer� Ferner,� d)hanging� glacier,� e.g.� upper�part� of�Taschachferner� and�e)� a�
'plateau'�glacier,�e.g.�Gefrorene�Wand�Kees�(photos:�J.�Abermann,�Sep�2008).�

3.1.2.�CIRQUE�GLACIERS�

����
 ���
*��&
 ������
 %������#
 ��
 ���
��#����
��(#
 ��'
 ���&
 ���
)�
 '�,�'�'
 ����
 �A�

%���(#
 �����'��%
 ��
 �����
 %���#�#
 ��'
 ���#
 #��#���,��&!
 ��
 ���
 ���
 ���'
 ���&
 ���
 )�

��*����#
��
 ���%��
 ���
*�##�#
 ����
#����-
��
�
%������
�M����
�#
�
��#(��#�
 ��
���*���

����%�!
��
���#
��#�
���&
���
,��&
#��#���,�
��
���*����
����%�
��
����
���&
*�&
��(�'�&

'�#�((���
��'
�����*
 K���.
299?"!
��
#����'
%���(
��A�,��.
�A�#
 ��#
�M�#�����
��

��,���)��
 ��(�%��(���
 ���'�����#!
 ����*�������
 ��
 ���
 ������#
 �����#
*����&
 �����%�

�,�������#
����
����
�(
��
�
������
���#����
�M����
��'
,���*�
�,��&
A�����!
��#
-��'
��

������
 %������#
 �#
 *���
 ��##
 #��#���,�
 ��
 ��*(�������
 ����%�#
 )��
 *���
 #��#���,�
 ��

����%�#
��
(����(�������
��'
���#
�����#
'���������&
��
��
�*(�#�'
���*���
����%�
����


2121



,����&
 %������#
 '�
  K���.
 299?"!
 ��
 ���
 ��#�
 ��
 $��*��%��
 	�����������
 ���
 �M�*(��

 ��%���
 2B)".
 ���
 �M����
 ��#
 ���
 )���
 #�%���������&
 ���%��
 '����%
 ���
 ���
 '��
 ��

��(�%��(���
 ���#������#
 ��'
 ��
 ����&
 �)#��,�����
 '��#
 ���
 ��'�����
 ���%�
 ����%�#

��*(���'
��
��'�&
 K��%��.
2;90.
K���.
299:"!


3.1.3.�REGENERATED�GLACIERS�
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3.1.4.�HANGING�GLACIERS�
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3.1.5.�PLATEAU�LIKE�GLACIERS�
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Figure� 18:� Overview� of� the� glacier� cover� in� Austria� and� the�mountain� groups� as� referred� to� in�
Table�1�(Figure�from�Lambrecht�and�Kuhn�(2007)).�

Table� 1:� Acquisition� year� of� the� two� complete� glacier� inventories� according� to� the� mountain�
groups,�area�of�the�inventory�in�1998,�and�number�of�glaciers�in�each�mountain�group�sorted�by�
the�group's�size.�

mountain�group� year�inventory�I� year�inventory�II� area�1998� #�of�glaciers�
Ötztal� 1969� 1997� 155.53� 211�
Venediger� 1969� 1998� 81.01� 101�
Glockner� 1969� 1998� 59.84� 78�
Stubai� 1969� 1997� 53.00� 117�
Zillertal� 1969� 1999� 51.72� 136�
Silvretta� 1969� 2002� 20.33� 48�
Ankogel� 1969� 1998� 16.15� 52�
Sonnblick� 1969� 1998� 9.74� 31�
Granatspitz� 1969� 1998� 7.52� 31�
Dachstein� 1969� 2002� 5.83� 8�
Verwall� 2002� 5.08� 35�
Schober� 1998� 3.49� 26�
Rieserferner� 1998� 3.13� 10�
Hochkönig� 1969� 2002� 1.87� 3�
Rätikon� 1969� 1996� 1.60� 2�
Lechtal� 1996� 0.69� 14�
Deferegger� 1998� 0.43� 7�
Karnische� 0.18� 1�
Samnaun� 2002� 0.11� 3�
Allgäu� 2000� 0.09� 1�

2323





Figure�19:�Relative�contributions�of�individual�mountain�groups�to�the�total�Austrian�ice�cover.�
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Figure�20:�Glacier�characteristics�as�a�function�of�exposition:�a)�area�1969�and�1998,�b)�number�of�
glaciers�1998,�c)�mean�minimum,�maximum�and�median�elevation,�d)�volume�loss,�e)�relative�area�
loss�and�f)�mean�thickness�loss.�
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Figure�21:�a)�glacier�area�from�1969�and�1998�as�a�function�of�size�class�(left�axis,�bars);�number�of�
glaciers�in�a�size�class�(right�axis,�points).�b)�Mean�minimum,�maximum�and�median�elevation�as�a�
function�of�the�size�class.�
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Figure�22:�Relative�area�change�between�1969�and�1998�referring�to�the�area�of�1969�(left�axis,�
bars),�mean�thickness�change�(right�axis,�points).�
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Figures�



Figure� 1:� Glacier� cover� in� Austria� according� to� the� glacier� inventory� of� 1998� (black� outlines,�

Lambrecht�and�Kuhn�(2007))�and�an�ASTER�DEM�in�the�background�displaying�elevations�higher�

than� 2000� m� a.s.l.� in� colours.� This� figures� distinguishes� 5� areas� (A�E)� by� their� climatic� and�

topographic�settings.�Austria's�two�largest�glaciers,�Pasterze�(PAS)�and�Gepatschferner�(GEP)�are�

labelled�with�arrows�indicating�their�position.�
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�

Figure� 2:� a)� Mean� winter� precipitation� (1961�1990)� in� the� study� area� (background)� and� each�

glacier’s� median� elevation� (circles).� Precipitation� data� from� Efthymiadis� and� others� (2006).� b)�

Mean� summer� temperature� (1961�1990)� at� 2500� m� a.s.l.� derived� from� ERA40�reanalysis� data�

(background)�and�each�glacier's�minimum�elevation�(circles).�



Figure�3:�Mean�winter�precipitation�versus�a�glacier's�minimum�elevation,�each�point�representing�

one�glacier's�climatic�conditions.�The�size�of�the�circles�is�proportional�to�the�glacier's�area�and�the�

colour� code� is� a� measure� for� the� mean� summer� temperatures� at� 2500� m� a.s.l.� at� the� glacier's�

position.�Fig.�3a�shows�all�glaciers,�in�3b�to�3f�glaciers�are�divided�into�area�classes.�
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Figure�4:�a)�Relative�area�changes�and�b)�mean�thickness�changes�between�1969�and�1998.�The�

crosses�display�glacier�coordinates�of�glaciers�that�are�smaller�than�0.5�km².�The�ellipses�A,�B,�C,�D,�

E�show�areas�that�are�referred�to�in�the�text.��



Figure� 5:� Cumulative� anomalies� from� the� climatological� mean� (1961� �� 1990)� at� the� center� of�

regions� A,� B,� C,� D� and� E� (see� Fig.� 1).� 5a)� Cumulative� anomalies� of� winter� precipitation,� 5b)�

cumulative�summer�temperature�anomalies�at�2500�m�a.s.l..��
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Table�1:�Summary�of�relative�area�and�mean�thickness�change�for�glaciers�smaller�than�0.5�km²,�

glaciers�larger�than�0.5�km²�and�all�glaciers�in�the�areas�as�shown�in�Fig.�1�and�the�values�for�all�

glaciers�in�total.�

�� <0.5�km²� >0.5�km²� all�

region� �A�[%]� �z�[m]� �A�[%]� �z�[m]� �A�[%]� �z�[m]�

A� C0?!1
 C;!0 C20!; C9!B C2B!2 C9!0

B� C:?!>
 C;!B
 C22!B
 C21!2
 C2=!9
 C9!;

C� C:=!=
 C;!1
 C22!2
 C21!2
 C2=!=
 C9!B

D� C0=!?
 CB!?
 C20!0
 C22!>
 C2=!2
 C21!>

E� C00!0
 C=!B
 C9!?
 CB!1
 C20!1
 C=!9
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Abstract. The potential of high-resolution repeat DEMs
was investigated for glaciological applications including
periglacial features (e.g. rock glaciers). It was shown that
glacier boundaries can be delineated using airborne LIDAR-
DEMs as a primary data source and that information on de-
bris cover extent could be extracted using multi-temporal
DEMs. Problems and limitations are discussed, and accu-
racies quantified. Absolute deviations of airborne laser scan-
ning (ALS) derived glacier boundaries from ground-truthed
ones were below 4m for 80% of the ground-truthed values.
Overall, we estimated an accuracy of +/−1.5% of the glacier
area for glaciers larger than 1 km2. The errors in the case of
smaller glaciers did not exceed +/−5% of the glacier area.
The use of repeat DEMs in order to obtain information on
the extent, characteristics and activity of rock glaciers was
investigated and discussed based on examples.

1 Introduction

Glacial and periglacial environments have been changing
rapidly in the past decades (e.g., Dyurgerov and Meier, 2000;
Haeberli, 1999) as a result of climate change (e.g., Lemke et
al., 2007; Trenberth et al., 2007). Determination of their ac-
tual geometry is crucial to the monitoring process and for
understanding the short-term responses of their extent.
The mapping of glacier extent and volume changes us-

ing remote sensing techniques is a widely used and pow-
erful tool. Various studies show both the potential and the
limitations of using satellite data (e.g., Andreassen et al.,
2008; DeBeer and Sharp, 2007; Paul et al., 2007; Kääb et

Correspondence to: J. Abermann
(jakob.abermann@uibk.ac.at)

al., 2002), airborne techniques such as photogrammetry (e.g.,
Würländer et al., 2004; Patzelt, 1980) or LIDAR (light de-
tection and ranging, e.g., Geist and Stötter, 2007; Geist et
al., 2003; Favey et al., 2002; Baltsavias et al., 2001a). Auto-
matic or semi-automatic classification algorithms (Hendriks
and Pellikka, 2007; Höfle et al., 2007; Kodde et al., 2007;
Paul et al., 2002; Rott and Markl, 1999) are used to classify
glacier areas.
However, the mapping of debris-covered glacier areas

proves to be problematic in the case of both automatic and
manual methods (e.g., Knoll and Kerschner, 2009; Paul et
al., 2002; Hendriks and Pellikka, 2007). Fig. 1 illustrates the
problem of glacier boundary delineation of complex glacier
boundaries, addressed further on. Neither the highly resolved
orthophotograph (Fig. 1b: 0.5m spatial resolution) nor the
RGB-composite of a Landsat scene of the Hintereisferner
glacier margin (Fig. 1b: bands 4, 5 and 6 as proposed by Rott
and Markl, 1999) allow for definite detection of the glacier
boundary, including the debris-covered part of the glacier
tongue as demonstrated later. Furthermore, the automatic
mapping of small glaciers is difficult in particular from space
(e.g., Paul et al., 2002). Lambrecht and Kuhn (2007) showed
that 79% of all Austrian glaciers are smaller than 0.5 km2,
and 43% are smaller than 0.1 km2.
The main aim of this study is thus to investigate the po-

tential of a set of high-resolution DEMs to map glacier ex-
tents with sufficient accuracy, independent of their size and
debris cover. Accuracies are quantified and limitations dis-
cussed. Further, we highlight the potential of repeat DEMs
for interpretation of small-scale rock glacier surface eleva-
tion changes.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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Fig. 1. (a) The orthophotograph (0.5m spatial resolution) taken 2003, and (b) the Landsat 7 ETM+ scene (taken 10 September 2004) of the
area around Hintereisferner, with the channels 4, 5, 6H as an RGB-composite. The red rectangle indicates the extent of the close-up in the
upper left corner.

Fig. 2. Aerial photographs of (a) Mittlerer Guslarferner (9 September 2008), (b) Hintereisferner (9 September 2008), (c) Rotmoos- and
Wasserfallferner (28 August 2009) and (e) Vernagtferner (28 August 2009). (d) is an oblique perspective of a SPOT-image of Reichenkar
rock glacier presented in Google Earth (Google Earth, 2009).

2 Test sites and data

Four glaciers and one rock glacier in the Ötztal Alps and the
neighboring part of the Stubai Alps (ca. 47◦ N, 11◦ E) were
chosen as test sites. Aerial photographs in Fig. 2 provide
a view of the individual study sites. Local climatic con-

ditions during the past four decades are described in Aber-
mann et al. (2009). To test the glacier boundary delineation
for a small, debris-free glacier, we chose Mittlerer Guslar-
ferner (Fig. 2a). Nearby Hintereisferner (Fig. 2b) has been
the object of extensive glaciological investigations over the
past decades. This has resulted in a large number of DEMs,

The Cryosphere, 4, 53–65, 2010 www.the-cryosphere.net/4/53/2010/
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Fig. 3. The study area: Glaciers in the Ötztal and Stubai Alps
(grey) with three reference glaciers (HE: Hintereisferner, MG: Mit-
tlerer Guslarferner, RW: Rotmoos- und Wasserfallferner) and one
rock glacier (red, RR: Reichenkar rock glacier). Ground truth has
been performed for the blue glaciers (GG: Großer Guslarferner, HJ:
Hochjochferner and VF: Vernagtferner) as well as Hintereisferner.

remote sensing data and ground truth. For this reason, Hin-
tereisferner was chosen for the investigation of the perfor-
mance of the data set on a debris-covered margin. Problems
with glacier boundary delineations in firn areas are high-
lighted, using Rotmoosferner as an example (Fig. 2c); and
ground truthing is demonstrated at Vernagtferner (Fig. 2e)
and was performed on three more glaciers. The thoroughly
investigated ice-cored Reichenkar rock glacier (Krainer et
al., 2002; Krainer and Mostler, 2000, Fig. 2d) is used as an
example to show potential applications for delineating rock
glacier extents. Figure 3 shows a map of the whole study
area with glaciers in the Ötztal and Stubai Alps (grey) and
the example glaciers (red).
For the purpose of ground control, geodetically measured

points are included. These were acquired with a theodolite
and an electro-optical rangefinder (Kern, DM501) achieving
an xyz-accuracy of less than 5 cm standard error (H. Schnei-
der, personal communication, 2009). The results of the
length change measurements are published annually by the
Austrian Alpine Club (issues up to and including 2003/2004
named “Mitteilungen des Österreichischen Alpenvereins”,
after 2004/2005 named “Bergauf”; Patzelt, 2005; Patzelt,
2006). Within the study area these comparably accurate
length change measurements were performed at the mar-
gins of Hintereisferner, Vernagtferner, Großer Guslarferner
and Hochjochferner, totalling 118 measured points compared

Table 1. Summary of technical specifications of the LIDAR acqui-
sition campaign of the regional government of Tyrol, 2006.

Sensor Optech ALTM3100

Laser Wavelength 1064 nm
Scan Frequency 33Hz
Scan angle +/−20◦
Point density Minimum: 1 point/4m2
Measurement frequency 71 kHz
Average flight height 1100m a.g.l.
Mode Last Pulse
Interpolation software SCOP++
Interpolation method Moving Planes
Horizontal accuracy +/−0.3m
Vertical accuracy +/−0.1m
Spatial resolution 1m

using an independent method. These glaciers are colored
blue in Fig. 3. We show the example of Vernagtferner in
Sect. 4.5. Coincidentally these ground-based measurements,
which were taken on 22 and 23 August 2006, deviate from
the LIDAR acquisition date (23 August 2006) by one day at
most.
DEMs with 10m spatial resolution acquired in 1997, and

high-resolution LIDAR-DEMs from 2006, were available for
all test sites. The DEMs from 1997 were acquired during the
compilation of the second Austrian glacier inventory using
digital photogrammetry (Kuhn et al., 2009; Lambrecht and
Kuhn, 2007; Würländer and Eder, 1998). The 2006 LIDAR-
DEMs were acquired by the regional government of Tyrol.
The technical specifications of this LIDAR acquisition cam-
paign are summarized in Table 1.
Another set of LIDAR-DEMs covers a study area around

Hintereisferner for which 14 DEMs were produced between
2001 and 2007. Relative horizontal accuracies are better than
1m and relative vertical accuracies better than 0.3m accord-
ing to Geist and Stötter (2007), where more technical speci-
fications of this acquisition campaign are described. For the
application of our method three survey flights were chosen
since they were acquired at a similar time of year (October
2001, 2004 and 2005) close to the minimum snow extent.
The example of Hintereisferner has been used to demon-

strate the applicability and potential of the repeat high-
resolution DEMs as shown in Fig. 1. The orthophotograph
(Fig. 1a) was acquired in the OMEGA project (e.g. Pel-
likka and Rees, 2009; Kuhn, 2007). The Landsat scene
was acquired on 10 September 2004 (path 193, row 27, id
LE71930272004254ASN01). Table 2 shows details on the
acquisition dates of all data used, its accuracies as well as
image and spatial resolution.

www.the-cryosphere.net/4/53/2010/ The Cryosphere, 4, 53–65, 2010
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Table 2. Summary of the acquisition dates as well as resolutions and accuracies of the data used in this study.

Source data Date Band Image DEM Horizontal Vertical
resolution [m] resolution [m] accuracy [m] accuracy [m]

Aerial photography 11 September 1997 1 10 1 0.7
LIDAR 11 October 2001 − 1 < 1 < 0.3
LIDAR 5 October 2004 − 1 < 1 < 0.3
LIDAR 12 October 2005 − 1 < 1 < 0.3
LIDAR 23 August 2006 − 1 0.3 0.1
Landsat 10 September 2004 4,5,6H 30 − ca. 30 −
Aerial photography 12 August 2003 0.5 − 1 −

Fig. 4. Workflow of the glacier mapping procedure with multi-
temporal (high-resolution) DEMs.

3 Methodology

Glacier boundary delineation was performed following the
schematic workflow as sketched in Fig. 4, where t1 is the
point in time of the first and t2 of the second DEM. To dis-
tinguish between glaciers and their surroundings, surface el-
evation changes between the two points in time were calcu-
lated. Investigating the course of surface elevation changes
provided information on the actual glacier boundary as well
as on debris-cover or dead-ice extent: a gradual increase of
surface elevation loss from the glacier margin at t1 upwards
indicated a debris-free glacier tongue with a maximal change
at the position of the glacier margin of t2.
A glacier with debris cover evolves differently from bare

ice due to the fact that thick debris cover reduces ablation
(Kirkbride and Warren, 1999). For this reason, elevation dif-
ferences between t1 and t2 are significantly smaller at the
debris-covered parts and show instant increase at the place

where debris cover meets bare ice. We used these differences
to gain information about the occurrence and, depending on
the time interval between the acquired DEMs, the extent of
debris cover. Examples of these cases will follow in Sect. 4.
Two relief-shaded representations of the high-resolution

DEM (in the following: shaded reliefs) at t2 with different
azimuth angles for illumination (315◦ and 135◦) were calcu-
lated to present optimal visualization of contrasts in different
aspects. Taking advantage of the already existing glacier in-
ventory from a previous date (Lambrecht and Kuhn, 2007),
we then undertook a qualitative analysis of the ways in which
ice thickness has evolved from the former glacier terminus
position upwards. Indicating the existence of former glacier
boundaries is not mandatory but it saves time, as these show
where to expect glacier-covered areas. Nevertheless, even if
a former data set of glacier boundaries is found to exist, it is
advisable to test this using a difference raster, in order to pre-
vent a glacier not captured in a previous study from escaping
capture in a new one.
If a gradual increase in ice thickness loss from the for-

mer glacier margin upwards was detected, we set the glacier
boundary directly by manually digitizing the strongest
roughness change in the shaded reliefs via visual inspection.
Upon detection of an abrupt increase in ice thickness loss,
shaded reliefs were used to establish the boundary between
bare ice and dead ice or debris-covered ice. The difference
raster helped to determine the extent of the debris-covered ar-
eas in cases where the temporal resolution was high enough
(e.g. 1 year). In cases where temporal resolution was lower
(e.g., years to decades), the potential glacier boundary could
be derived in areas where a significant thickness change had
occurred.
Surface elevation changes are much smaller in accumula-

tion zones of glaciers (Abermann et al., 2009). We therefore
could only partly take advantage of the difference raster for
boundary delineation and thus used the roughness changes in
the shaded reliefs. If they were not distinct enough, we used
orthophotographs to map the glacier extent in these areas.

The Cryosphere, 4, 53–65, 2010 www.the-cryosphere.net/4/53/2010/
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Fig. 5. Shaded reliefs of Mittlerer Guslarferner’s margin calculated out of the LIDAR-DEMs with (a) the original 1m and the resampled (b)
5m, (c) 20m and (d) 50m resolutions. The glacier margin of 1997 is dashed in all figures; the glacier margin of 2006 is not displayed in
order to show the distinct roughness differences between rock and ice objectively.

Fig. 6. Ice thickness changes between 2004 and 2005 using (a) 5m spatial resolution, (b) 20m resolution and (c) 50m resolution for the
tongue of Hintereisferner.

The influence of the spatial resolution of the DEM on
the quality of the glacier boundary delineation with high-
resolution DEMs as a main data source is highlighted in
Figs. 5 and 6. We calculated four shaded reliefs out of differ-
ently resampled DEMs (Fig. 5a–d) for a part of the margin
of Mittlerer Guslarferner. A qualitative analysis of surface
roughness differences is applicable for DEMs that exist at a
resolution better than 5m. One-meter DEMs are optimal and
allow the use of orthophotographs or any other additional
information for glaciers without debris cover to be omitted
(Fig. 5a). A spatial resolution of 20m or higher fails to re-
solve roughness changes adequately (Fig. 5c and d).
Figure 6 shows as an analogy the ice thickness changes

calculated from differently resampled DEMs at the margin
of Hintereisferner (same extent as in Fig. 1). The differ-
ences between the rocky surroundings, the debris-covered
part of the margin and the debris-free ice is visible up to
the 50m resolution. However, since the differences between
the surface characteristics are small (compare noise in rocky
surroundings with debris-covered part in Fig. 6b and c), no
significant conclusions can be drawn for spatial resolutions
larger than 5m. Thus the proposed method is limited to high-
resolution remote sensing data.

While investigating the potential of a sequence of high-
resolution DEMs for rock glacier monitoring we were lim-
ited to an example where a photogrammetric DEM of 1997
and the LIDAR-DEM of 2006 exist (Reichenkar rock glacier)
due to the lack of repeat LIDAR-DEMs. Surface elevation
changes were calculated and their distribution analyzed in
order to detect the margin of the rock glacier as well as the
results from small- and larger-scale dynamics.

4 Results

We now highlight the results of the glacier boundary delin-
eation, providing reference glaciers of different character-
istics as examples (see 4.1.–4.4). The course of elevation
changes from the former glacier boundary upwards is pre-
sented visually by profiles that are indicated on the maps and
displayed as inserted figures.

www.the-cryosphere.net/4/53/2010/ The Cryosphere, 4, 53–65, 2010
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Fig. 7. (a) Elevation change 1997–2006 with the glacier boundary of 1997 (dashed) on Mittlerer Guslarferner and a profile of surface
elevation changes inserted in the lower right corner. In (b) the shaded relief of the LIDAR-DEM 2006 is shown with the glacier boundary of
2006 (solid line). The same scene as in Fig. 5 is shown.

4.1 Debris-free glacier tongue: the example of Mittlerer
Guslarferner

The small (0.5 km2) debris-free Mittlerer Guslarferner had
a gradual loss in ice thickness from the former glacier mar-
gin (B) upwards (Fig. 7a, same extent as Fig. 5). Between
B (glacier margin in 1997) and A (glacier margin in 2006),
absolute values of surface elevation changes increased gradu-
ally up to about 13m at A and decreased from A upwards, as
shown in the inserted profile. An optimal delineation of the
glacier extent was performed by following the pronounced
roughness changes in the shaded reliefs as shown in Fig. 7b.
Compare also Fig. 5, where the delineated glacier bound-
ary was not added and thus the roughness changes are more
clearly visible.

4.2 Accumulation zone: the example of Rotmoosferner

We achieved good results in large parts of the accumulation
area by qualitatively analyzing the roughness changes in the
shaded reliefs. In this way the glacier surface could be dis-
tinguished from its rocky surroundings. As suggested in UN-
ESCO (1970) as well as Paul et al. (2009), we included adja-
cent perennial snow-covered areas in the glacier surface area.
The acquisition dates of the LIDAR-DEMs (October and late
August, see Table 2) were optimal: they were close to the
minimum snow extent in the Alps when the surroundings of
the glaciers were likely to be snow-free. In some cases also
in the lower parts of the accumulation zone, our analysis of
surface elevation changes helped us to decide which areas
to include in the glacier extent. We also performed a qual-
itative analysis of aerial photographs which helped us reach
conclusions about the remaining somewhat ambiguous areas.
Fig. 8a provides an example of the firn area on Rotmoos-

ferner. It was not possible, by analyzing the shaded relief of
the DEM (black ellipse) alone, to tell whether it was partly
debris-covered ice or consisted only of rocks. Our analy-
sis of the surface elevation changes failed to yield a distinct
answer since surface elevation changes were very minimal
in this region. Fortunately, a qualitative comparison with
an aerial photograph taken by the regional government of
Tyrol in 2003 (TirisMaps, 2009) provided a strong indica-
tion. Crevasse patterns could be seen in this debris- or rock-
covered part of the glacier (Fig. 8b).

4.3 Debris-covered glacier margins: the example of
Hintereisferner

In cases where we identified an abrupt increase in elevation
loss around the former glacier boundary, we followed a dif-
ferent workflow from the one in Fig. 4. An example of this
is given in Fig. 9 for the margin of Hintereisferner (same
extent as in Fig. 6). Figure 9a shows the differences calcu-
lated between 2001 and 2005. As UNESCO (1970) as well
as Paul et al. (2009) suggested, adjacent debris-covered areas
and dead-ice bodies have to be included in glacier invento-
ries. In accordance with this, the areas in which a significant
elevation change had occurred were included in the so-called
“potential” glacier area (Fig. 9b). The significance of the
potential glacier area depends on the temporal resolution of
the multi-temporal DEMs. If the two DEMs used were ac-
quired at widely differing points in time (e.g. decades), and
if during this period a significant ice volume loss occurred,
it may well be that ice that was stored beneath the debris
cover was partly melted by the time of the second acquisi-
tion date. In such cases the additional use of multi-temporal
DEMs should provide a clue as to where ice could still exist

The Cryosphere, 4, 53–65, 2010 www.the-cryosphere.net/4/53/2010/
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Fig. 8. (a) Rotmoosferner’s firn area displayed as a shaded relief of the 2006 DEM with glacier margins of 1969 (blue), 1997 (orange) and
2006 (red) and the ambiguous area (black ellipse) as addressed in the text. (b) shows an aerial photograph of 2003.

Fig. 9. In (a) the ice thickness changes between 2001 and 2005 are shown together with the potential glacier boundary (grey). A profile of
surface elevation changes is inserted in the upper left corner. The calculated shaded relief from the 2005 DEM is shown in (b), including the
debris-cover/bare ice boundary. Indicator 1 marks gully-formation that is discussed in Sect. 5. In (c), DEM-differences between 2004 and
2005 allow for the detection of the glacier boundary 2005.

below the debris cover. If the interval between the two DEMs
is short (e.g. years, not decades), we conclude that in places
where an elevation change has occurred, it may be assumed
that there is still ice below. In our study area around Hin-
tereisferner we had the advantage of a very good temporal
resolution; therefore, the glacier extent could be determined
very precisely using two DEMs with a one-year time differ-
ence (Fig. 9c).
The surface elevation changes along the profile in Fig. 9a

allowed for a more detailed analysis comparing bare ice and
debris-covered areas. From the profile starting point until
C, absolute values of surface elevation changes increased
gradually (as compared to the example in Fig. 7) to more
than 20m, since this is the bare-ice region. C coincides

with the debris-cover/bare-ice boundary (Fig. 9b). Within
a short distance only, between C and D, surface elevation
changes decreased rapidly to around 10 m. This transition
between debris-free and debris-covered ice can follow a less-
pronounced shape, depending on the thickness of the debris
layer and the topography of the surroundings. A decrease in
thickness changes compared to the bare ice is to be expected.
The insulation of the debris between D and E thus reduced
ablation by about half for the example given. Thickness vari-
ations in the debris layer resulted in significant ablation vari-
ations on a smaller scale (e.g., meters to tens of meters). Be-
tween E and F the debris cover thickened and the transition
from debris-covered ice to ice-free surroundings took place.
F coincided with the potential glacier extent.

www.the-cryosphere.net/4/53/2010/ The Cryosphere, 4, 53–65, 2010
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Fig. 10. Reichenkar rock glacier at 47◦03′56′′ N, 11◦02′56′′ E: (a) shows an overview of the area around Reichenkar rock glacier with the
glacier boundary 1997 in blue and the rock glacier’s extent of 2006 in orange. Surface elevation changes are shown in a color scheme and the
elevation changes along the length profile (dashed in the map) are plotted in the inserted rectangle (upper left corner). The black rectangle
on the upper right marks the extent of (b) and (c). (b) shows surface elevation changes with the same color scheme as in (a) with 50%
transparency and the orthophotograph of 1997 below. (c) displays a shaded relief calculated from the LIDAR-DEM 2006.

4.4 Potential for rock glacier monitoring: Reichenkar
rock glacier

Another interesting mode of application of LIDAR and
multi-temporal DEMs is the mapping and monitoring of rock
glaciers (as mentioned in the literature, e.g. Kääb, 2008a).
Figure 10a shows Reichenkar rock glacier with the orthopho-
tograph of 1997 in the background and surface elevation
changes (1997–2006) in a color code. Over large parts of
the rock glacier a surface elevation loss occurred between
1997 and 2006 due to the comparably thick ice core of the
rock glacier (between 30 and 40m (Krainer et al., 2002) that
was gradually melting out. The most negative values were
in the uppermost part (upwards from G) where a rock-free
glacier (Reichenkarferner, blue line, Lambrecht and Kuhn,
2007) transforms into the rock glacier. The longitudinal pro-
file inserted in Fig. 10a reveals an interesting feature at mark-
ers H and I, where an elevation loss at H is followed by an el-
evation gain further downstream (I). This could be attributed
to the propagation of a ridge downwards, a small-scale phe-
nomenon connected with rock glacier elevation changes that
is also found in other studies (e.g. Kääb and Vollmer, 2000).
Even smaller-scale change patterns were found further down
the longitudinal profile, where a significant surface elevation
gain is visible at K (up to 8m; the close-up of this region
is found in Fig. 10b with a zoom into the profile inserted).
Hardly any change in elevation was observed upwards from

K (e.g. at J) indicating a compressive flow of the rock glacier
due to a change in surface slope from steeper (upwards from
K) to flatter (from K downwards) terrain. In this part of the
rock glacier, considerable velocities of up to 4ma−1 were
measured by Krainer andMostler (2006). A pronounced pos-
itive surface elevation change occurred at the rock glacier’s
snout with up to 10m surface elevation gain at L This ac-
companied an advance of the snout of about 25m in 9 years.
This result fits well to measured horizontal flow velocities
between 2.5 and 2.9ma−1 at the central part of the rock
glacier’s snout as measured by Krainer and Mostler (2006).
The distinct snout of the rock glacier can be delineated very
well manually following the pronounced roughness changes
of the shaded relief (Fig. 10c).

4.5 Accuracy and ground truth

The accuracy estimation of the proposed method was
achieved in different ways. Given that the method is based on
a manual delineation, we had to anticipate and deal with in-
terpretation errors. To this end, we first compared the results
obtained by two different parties for certain glaciers. The de-
viation was less than 1% of the total area. In addition, we
undertook random evaluations of some glaciers of different
size categories. This produced one maximum and one min-
imum extent by including/excluding each of the ambiguous
areas, respectively. The resulting glacier areas appear not to
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Fig. 11. The glacier margin of Vernagtferner with the LIDAR-
derived boundary (solid) and the geodetically measured one
(crosses).

have deviated from each other by more than +/−1.5% of the
total glacier-covered area for glaciers bigger than 1 km2, and
up to +/−5% for smaller glaciers.
Further to our application of this essentially qualitative

approach that allowed for estimation of a relative error in
the overall glacier area, we demonstrated a more quan-
titative one for all available geodetically measured (com-
bined laser ranger and theodolite) points. They were ac-
quired through the length-change measurement service of
the Austrian Alpine Club. Figure 11 shows the delineated
glacier boundary of Vernagtferner along with the geodeti-
cally measured points (crosses). Both the LIDAR-DEM and
the field measurements coincidentally derive from the same
date (22 August 2006).
By analogy, we implemented this data as ground truth

for 3 more glaciers (Großer Guslarferner, Hochjochferner
and Hintereisferner). This resulted in 118 measured points
with which to compare the LIDAR interpretation. Figure 12
shows the resultant cumulative relative occurrence of the in-
dividual point distances sorted according to their absolute de-
viation. This can be interpreted as the relative occurrence of
measured spots that lie closer to the reference measurement
(geodetically) than the respective distance plotted at the y-
axes (e.g., 85% of all reference points are within 4m dis-
tance of the margin derived in this paper, or 95% within 8m).
However, while these values are valid for glaciers of differ-
ent size categories, their impact on the overall area accuracy
depends on the size of the glacier itself.

Fig. 12. Absolute deviations of the glacier boundary delineation
performed in this study from the geodetically measured margin and
their cumulative relative occurrences.

5 Discussion

Figure 13 provides an overview of the spatial resolution and
the vertical accuracy of DEMs typically used in glaciology.
It also shows the orders of magnitude of the typical mean an-
nual thickness loss of all Austrian glaciers in the last decade
(Abermann et al., 2009; Kuhn et al., 2009; and Lambrecht
and Kuhn, 2007), of the typical ice thickness loss at debris-
free as well as debris-covered parts of Hintereisferner be-
tween 2001 and 2005, and of the ice thickness loss at the
debris-free margin of Hintereisferner between 1953 and 2003
(Fischer et al., accepted) on the right side of the figure. The
remote sensing data outside the rectangular box (orthopho-
tographs and Landsat data) do not include topographic infor-
mation. References for the individual data sets are given in
brackets. The applicability of ice thickness changes for the
detection of glacier boundaries depends on the magnitude of
elevation change (time difference, climate signal) compared
to the root sum square of the vertical accuracies of the DEMs
applied. The use of LIDAR-DEMs together with DEM 1997
is thus a comparatively accurate option in terms of both the
achieved horizontal resolution and the vertical accuracies.
Compared to other data sets used for glacier boundary de-

lineation, the proposed sets have the advantage of enabling
the debris-covered and dead-ice areas to be delineated as
well. This had been pointed out, e.g., by Hendriks and Pel-
likka (2007), as a major disadvantage of multi-spectral meth-
ods. Knoll and Kerschner (2009), who worked with LIDAR
but did not have multi-temporal DEMs, also addressed this
problem.
In order to make use of this advantage, it is worth men-

tioning the order of magnitude that these surface elevation
changes must have in order to be able to definitely distinguish
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Fig. 13. Schematic distribution of spatial resolution vs. vertical accuracy of commonly used remote sensing data. Orthophotographs and
Landsat-scenes do not include vertical information. Typical overall mean annual ice thickness change in Austria’s glaciers, values of ice
thickness change on debris-free and debris-covered parts of Hintereisferner’s glacier margin (2001–2005) along with Hintereisferner’s ice
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Table 3. Accuracy of the DEM-differences for the examples provided in the paper.

DEM1 εDEM1 [m] DEM2 εDEM2 [m] �t ε�z [m]

Ex. Guslarferner (Fig. 6) DEM 1997 +/−0.7 LIDAR 2006 +/−0.3 9 yrs +/−0.8
Ex. Hintereisferner (Fig. 10a) LIDAR 2001 +/−0.1 LIDAR 2005 +/−0.1 4 yrs +/−0.1
Ex. Hintereisferner (Fig. 10c) LIDAR 2004 +/−0.1 LIDAR 2005 +/−0.1 1 yr +/−0.2
Ex. Reichenkar rock glacier (Fig. 14) DEM 1997 +/−0.7 LIDAR 2006 +/−0.3 9 yrs +/−0.8

them from noise introduced by errors in the DEMs. Applying
the law of error propagation according to Etzelmüller (2000),
the error from the DEM differences (ε�z) is the root of the
sum of square errors of the individual DEMs (εDEM1 and
εDEM2),

ε�z =
√

ε2DEM1+ε2DEM2. (1)

For the data sets presented in this study, values of ε�z are
summarized in Table 3. For DEM combinations using other
data sets ε�z can be estimated with the vertical accuracies as
shown in Fig. 13.

Processes resulting in surface elevation change on ice-free
terrain (such as denudation, washout, rockfall or gully for-
mation) could also be misinterpreted as glacier-induced ele-
vation change should they reach the typical orders of magni-
tude of the latter. Hallet et al. (1996) report “effective rates
of glacial erosion” in the Swiss Alps to be around 1mm/a.
Wittmann et al. (2007) quantify “denudation rates” at about
0.9± 0.3 mm/a, the same as for the Swiss Alps. Since
they are far smaller than typical elevation changes caused by
icemelt, these processes can be neglected, even if only ele-
vation changes within one year are considered (e.g., Fig. 9c,
cf. typical rates of surface elevation change, Fig. 13). Gully
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formation along lateral moraines shortly after glacier reces-
sion can exceed these values, from typically 23mm/a (Bal-
lantyne, 2002) to 151mm/a (Curry et al., 2005) on different
Alpine sites. The maximum values found by Schiefer and
Gilbert (2007) at 1.5m/a can be taken as an extreme case
of non-glacier-related elevation change. While such forma-
tions are visible in a shaded relief of the DEM (Fig. 9b, in-
dicator 1) they do not coincide with strong elevation change,
which means that they were formed before 2001. Had they
been formed between the DEMs studied, their longitudinal
shape would have been visible in the DEM differences. This
is one more reason why we applied the method manually, ex-
cluding such structures from the resulting glacier area. Rock-
slides can also cause considerable surface lowering, which
might be misinterpreted as glacier area. But they invariably
appear with a significant mass gain at the lower section of the
rockslide and can thus be distinguished easily.
Another advantage of the glacier boundary delineation

with very high resolution DEMs is the ability to implicitly
derive volume changes also for very small glaciers, where
many other remote sensing data sets fail, simply due to
their large spatial resolution or considerable vertical errors
(cf. Figs. 5, 6 and 13).
To minimize errors due to interpretation of surface eleva-

tion changes introduced by seasonal snow cover we mainly
incorporated information from DEM differencing to the ab-
lation areas. In these parts of the glacier fresh snow cover is
not significant at the data acquisition dates (late summer or
early autumn) compared to the strong elevation changes due
to negative mass balances of the last years.
A major disadvantage of the method proposed is the con-

siderable manual digitization effort that is necessary for the
derivation of glacier boundaries, requiring between 0.5 and
2 h per glacier, depending on its complexity and size.

6 Conclusions

The inclusion of multi-temporal DEMs with a relative verti-
cal accuracy significantly better than the ice thickness change
over the investigated period improves the accuracy of glacier
boundary mapping. This method is well suited to study areas
with a comparably small extent, where an accurate knowl-
edge of glacier area and volume change is needed, since
it requires considerable manual digitization. One great ad-
vantage compared with other techniques for glacier bound-
ary delineation is the high degree of accuracy achieved for
the delineation of small glaciers (e.g., < 0.5 km2). Combin-
ing this with additional information such as multi-temporal
DEMs and orthophotographs or other remote sensing data
further improves the result. A broader application of the de-
veloped method was performed by Abermann et al. (2009):
a regional update of an existing glacier inventory was un-
dertaken. In addition, a new inventory is planned for other
regions in Austria based on this methodology. Geophysical

investigations of dead-ice regions could provide further in-
sight into, and better ground truth, regarding these areas. It
may well be an interesting topic for future study.
The better the vertical accuracy and the horizontal reso-

lution of the DEMs, the shorter is the time period between
the acquisition of the DEMs that is needed to obtain statis-
tically significant elevation changes. When applied to the
climatic conditions of glaciers closer to a steady state, this
mapping procedure would be less successful as surface ele-
vation changes would also be smaller. The accuracy of the
glacier boundary delineation has proven higher in areas with
large elevation change, i.e., low elevations and bare ice.
A sequence of multi-temporal airborne LIDAR-DEMs

also covering rock glaciers will enhance the importance of
this application for conducting studies on detailed elevation
changes in creeping permafrost, including the implication of
volume changes.
The use of multi-temporal DEMs will be of significant im-

portance for future glaciological applications. The number of
accurate high-resolution DEMs is increasing with both air-
borne and satellite data. The predicted future climate change
(Trenberth et al., 2007) will result in continuing glacier vol-
ume and area loss. For this reason this method may be ex-
tended further and it is planned to make use of the infor-
mation from high-resolution surface elevation changes to de-
velop a semi-automatic glacier boundary delineation algo-
rithm.
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Abstract. In this study we apply a simple and reliable
method to derive recent changes in glacier area and volume
by taking advantage of high resolution LIDAR (light detec-
tion and ranging) DEMs (digital elevation models) from the
year 2006. Together with two existing glacier inventories
(1969 and 1997) the new dataset enables us to quantify area
and volume changes over the past 37 years at three dates.
This has been done for 81 glaciers (116 km2) in the Ötztal
Alps which accounts for almost one third of Austria’s glacier
extent. Glacier area and volume have reduced drastically
with significant differences within the individual size classes.
Between 1997 and 2006 an overall area loss of 10.5 km2 or
8.2% occurred. Volume has reduced by 1.0 km3 which ac-
counts for a mean thickness change of−8.2m. The availabil-
ity of three comparable inventories allows a comprehensive
size and altitude dependent analysis of glacier changes but
lacks a high temporal resolution. For the comparison of rates
of changes between the two different periods (1969 to 1997
with 1997 to 2006) we propose two approaches in this study:
a) to estimate mean overall rates of changes (including a pe-
riod of advance) and b) to extract periods of net-retreat by
using additional information (length change and mass bal-
ance measurements). Analysis of the resulting acceleration
factors reveals that the retreat of volume and mean thickness
changes has accelerated significantly more than that of area
changes.

1 Introduction

For the past decades a general glacier mass and area loss
has been observed all over the world with few exceptions
(e.g. Lemke et al., 2007; Oerlemans, 2005; Dyurgerov and

Correspondence to: J. Abermann
(jakob.abermann@uibk.ac.at)

Meier, 2000; Haeberli, 1999) and especially in the Alps
(Lambrecht and Kuhn, 2007; Citterio et al., 2007; Kääb et
al., 2002). In order to document the glacier extent, various
national glacier inventories have been produced using dif-
ferent remote sensing techniques, such as photogrammetry
(e.g. Kuhn et al., 2009; Lambrecht and Kuhn, 2007; Schnei-
der et al., 2007), satellite data (e.g. Paul et al., 2002a; An-
dreassen et al., 2008) or LIDAR (e.g. Knoll and Kerschner,
2009). In Austria, two complete glacier inventories exist on
the basis of analogue (1969) and digital (1998) airborne pho-
togrammetry, respectively. The first one (1969) was com-
piled by Patzelt (1980) and Groß (1987) and later digitised
during the compilation of the second Austrian inventory (data
acquisition: 1996 to 2002). The data acquisition year of
the second inventory for the Ötztal Alps was 1997 (Kuhn et
al., 2009; Lambrecht and Kuhn, 2007). Paul (2002b) inves-
tigated glacier changes of sub-regions of Tyrolean glaciers
with Landsat data. Detailed maps of selected glaciers in the
study area were produced between 1969 and 1997 (e.g. Hin-
tereisferner: Kuhn, 1979, or Vernagtferner: Heipke et al.,
1994; Endres, 2001).
The strong area and volume loss of the last decade raised

interest in an updated glacier inventory. Based on LIDAR-
DEMs this was developed for the glaciologically well inves-
tigated southern part of the Austrian Ötztal Alps and is pre-
sented in this study. Besides forming an important source for
the determination of glacier extent as its main purpose, pe-
riodically updated glacier boundaries are a necessary input
for accurate mass balance studies (e.g. Elsberg et al., 2001;
Fischer et al., 2009) and modelling of the future glacier ex-
tent. A sequence of glacier inventories allows for the quan-
tification of the accelerated glacier change in the context of a
changing climate.
Our first aim in this study is thus to present area and vol-

ume changes that occurred in the Ötztal Alps during the last
decades, derived from LIDAR-DEMs in combination with
former inventories. We also include size as well as altitude
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Fig. 1. Study area Ötztal Alps (grey: glacier extent 1997 of the
glaciers in the Ötztal Alps that have not been updated in our study,
red: updated glacier extent 2006, dashed: glaciers with length
measurement records in the study area, black rectangle: extent of
Fig. 6). HEF, KWF and VF refer to three glaciers with mass balance
records (Hintereisferner, Kesselwandferner and Vernagtferner). The
valley station Vent, where the climate data from Fig. 2 derives from,
is indicated by a black circle.

dependent trend considerations. Secondly, we derive overall
acceleration trends of glacier changes by comparing mean
annual area and volume changes between the two periods
investigated (1969–1997 and 1997–2006). To estimate the
acceleration of retreat we propose the use of additional in-
formation to extract periods of net-retreat (length change and
mass balance measurements).

2 Study area

The Ötztal Alps are located in a central-alpine dry region at
around 47◦ N and 11◦ E (Fliri, 1975). Their Austrian part is
situated on the northern slope of the main alpine divide. Fig-
ure 1 shows the study area with the glacier extent of all Aus-
trian Ötztal glaciers in 1997 (grey) and all updated glaciers in
2006 (red). In total, 81 glaciers of all size and aspect classes
were remeasured, chosen simply by the extent of the DEM
used and covering all well studied glaciers in this area. This
new inventory accounts for 84% of the glacier area in this
mountain range (1997: 151 km2) and represents approx. 27%
of the whole Austrian glacier area (1998: 470 km2).
Figure 2 shows the climatic conditions of the study area at

the example of the valley station Vent at 1900m a.s.l. (data
from the Institute of Meteorology and Geophysics, Univer-
sity of Innsbruck). In the period 1997–2006, annual precip-
itation showed an interannual variation between ca. 500mm
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Fig. 2. Annual precipitation sums (blue bars) and winter – (Decem-
ber, January, February; grey), annual mean – (green) and summer
air temperature evolution (June, July, August; red) for the period
1969–2006.

and 1000mm with a mean of 660mm and a standard varia-
tion of 119mm. A sequence of positive precipitation anoma-
lies occurred in the mid-1970s followed by relatively aver-
age 1980s and 1990s. Around 2000 there were some strongly
positive precipitation anomalies followed by drier years since
2003.
Winter temperatures (DJF) show a larger inter-annual vari-

ability (standard deviation: 1.3◦C) than mean annual (stan-
dard deviation: 0.6◦C) and summer temperatures (JJA, (stan-
dard deviation: 0.9◦C) but no significant trend. A tempera-
ture increase was observed in the summer temperatures: the
extraordinarily hot summer of 2003 marked the maximum of
the period studied. The annual average temperature during
the 37 years is 1.7◦C.

3 Data

3.1 Glacier inventory data

Two existing inventories were used for the determination
of area and volume changes of the past four decades. The
first one was established using aerial photographs from the
year 1969 (Patzelt, 1980; Groß, 1987) and was digitized later
on (Lambrecht and Kuhn, 2007). In the years 1996–2002 a
new inventory was produced by means of digital photogram-
metry. The results for all Austrian glaciers were then tem-
porally homogenized for the year 1998 (Kuhn et al., 2009;
Lambrecht and Kuhn, 2007). The DEMs of the Ötztal Alps
for the second inventory have been acquired on the basis of
orthophotos (acquisition date: 11 September 1997), therefore
we refer to this date further on. The vertical accuracy of these
DEMs in general is better than ±1.9m, according to Lam-
brecht and Kuhn (2007) and better than ±0.71m according
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to Würlander and Eder (1998). Only in extreme cases can
errors exceed this value (Abermann et al., 2007).
Several studies show that LIDAR or ALS (airborne laser

scanning) is a powerful tool to generate DEMs from glacier
covered as well as glacier-free areas (e.g. Kennett and Eiken,
1997; Baltsavias et al., 2001; Geist et al., 2005; Geist and
Stötter, 2007; Kodde et al., 2007). The DEMs of 2006 were
acquired by high resolution airborne LIDAR undertaken by
the Regional Government of Tyrol between 23 August 2006
and 9 September 2006 with vertical errors of ±0.1m. The
acquisition dates make them closely comparable with the
data of 11 September 1997 both being around the date of
minimum snow extent. Details about the technical specifica-
tions of the DEMs used including general remarks on glacier
boundary delineation from DEMs are summarized in Aber-
mann et al. (2009).

3.2 Glacier length change measurements

Variations of glacier lengths are determined annually by the
length change measurement service of the Austrian Alpine
club for a large number of glaciers with the results pub-
lished annually in the club’s magazine (until 2003/2004:
e.g. Patzelt, 2005; from 2004/2005: e.g. Patzelt, 2006).
Within the study area length change measurements have
been performed annually on 16 glaciers since 1969. Glacier
names, size and location of these glaciers are summarized in
Table 1.

3.3 Mass balance measurements

To estimate annual averages of volume and mean thickness
changes between the inventories we used the temporal course
of the available mass balance series. On three glaciers within
the study area direct mass balance measurements are per-
formed annually. They are performed by the Institute of
Meteorology and Geophysics, University of Innsbruck, on
Hintereis- and Kesselwandferner (Fischer and Markl, 2009;
Kuhn et al., 1999). On Vernagtferner the Commission for
Glaciology, Bavarian Academy of Sciences and Humanities,
performed the measurements (Glaciology, 20091).

4 Methods

4.1 Area and volume changes

Abermann et al. (2009) proposed a method to delineate
glacier boundaries by using hillshades of high-resolution
DEMs as a primary data source and including information
of multi-temporal DEMs as well as orthophotos to increase
accuracies in ambiguous areas. Applying this method, we
updated the glacier boundaries of 2006 on the basis of the
inventory from 1997.

1Available at: http://www.glaciology.de/.

Table 1. Name, area and coordinates of the glaciers for which an-
nual length change measurements are available for the whole inves-
tigation period (1969–2006).

Name area 2006 lon lat
[km2] [◦ E] [◦ N]

Diemferner 2.34 11.07 46.83
Gaißbergferner 1.03 11.02 46.78
Gepatschferner 16.62 10.95 46.81
Großer Guslarferner 1.40 10.91 46.79
Hintereisferner 7.49 10.86 46.77
Hochjochferner 6.07 10.82 46.79
Kesselwandferner 3.82 10.76 46.80
Langtalerferner 2.62 10.79 46.84
Mutmalferner 0.56 10.80 46.85
Niederjochferner 1.87 10.82 46.88
Rettenbachferner 1.48 10.88 46.88
Rofenkarferner 1.14 10.93 46.93
Sexegertenferner 1.96 10.76 46.85
Taschachferner E 5.71 10.71 46.85
Vernagtferner 8.32 10.85 46.90
Weißseeferner 2.59 10.80 46.89

We kept ice divides constant during the delineation since
they have not significantly changed over the past 40 years
compared to the strong changes in the ablation area and thus
played a somewhat negligible role in our considerations. Fur-
thermore, we address overall changes in ice cover rather than
changes of individual glaciers, therefore a shift of an ice di-
vide does not change the results. We also remained consis-
tent with the former inventories by including dead ice bodies
and debris-covered areas to the glacier area. If it was not pos-
sible to decide whether adjoining snow and firn areas cover
ice or rocks, we included them to the glacier area as proposed
in UNESCO (1970) and Paul et al. (2009). The resulting
glacier masks were identified according to the nomenclature
of 1969 which is based on a systematic numbering within
drainage areas. Thus, glaciers have not been relabelled, even
if they have disintegrated since the last inventory.
For the calculation of volume changes we first resampled

all DEMs to the same cell size (5×5m). This is done to avoid
errors introduced by interpolation. Then we subtracted one
DEM from the other and multiplied the elevation difference
per cell with the cell size (5×5m) to obtain volume changes.
The calculation of the mean thickness change has been

performed by dividing the total volume change by a mean
area for the respective period, which gives

� z1969−1997 = �V1969−1997
0.5 · (A1969 + A1997)

(1)

for the period 1969–1997, or

�z1997−2006 = �V1997−2006
0.5 · (A1997 + A2006)

(2)

for the period 1997–2006.
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Abermann et al. (2009) estimated the standard error of the
applied method to be ±1.5% of the total area for glaciers
larger than 1 km2 and up to ±5% for smaller glaciers.
Ground truthing of selected glaciers reveals absolute hori-
zontal deviations of less than 4 m for 80% of the sample
(Abermann et al., 2009).

4.2 Estimating acceleration trends

It is challenging to compare different periods with differing
glacier changes. Whereas the first period contains a signifi-
cant glacier advance, followed by a strong retreat, the second
mainly consists of strong negative area and volume changes.
We propose two ways of drawing a comparison between the
two periods: in Sect. 4.2.1. we derive overall acceleration
factors on the basis of the whole investigation periods, in
Sect. 4.2.2. we undertake a temporal reduction to obtain ac-
celeration factors of periods of net-retreat only.

4.2.1 Overall acceleration factors: area, volume and
mean thickness changes

As a first step we introduce overall rates of changes
where we divide the overall area/volume loss by the over-
all time period between the inventories for both periods
(e.g. �t69−97=28 years, �t97−06=9 years). Out of these rates
of changes we are able to derive the following acceleration
factors:

FA overall =
�A97−06

�t97−06 overall
�A69−97

�t69−97 overall

, (3)

FA% overall =
�A%97−06

�t97−06 overall
�A%69−97

�t69−97 overall

, (4)

FV overall =
�V97−06

�t97−06 overall
�V69−97

�t69−97 overall

, (5)

Fz overall =
�z97−06

�t97−06 overall
�z69−97

�t69−97 overall

. (6)

4.2.2 Temporally reduced acceleration factors:

Area changes

Area and volume reduction of the first period has occurred
only during a part of the overall time period due to the signif-
icant glacier advance around 1980 (Patzelt, 1985). Therefore
we decided to perform a temporal reduction on the basis of
length change measurements for acceleration factors related
to area changes (FA retr, FA% retr) and of mass balance mea-
surements for acceleration factors related to volume changes
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Fig. 3. Cumulative length change for all glaciers that cover the
entire period (crosses) and the arithmetic mean over these curves
(solid). Arrow 1 indicates the derived onset of the advance period
(1976), arrow 2 the state where the same cumulative length as in 1
has been reached again (1989).

(FV retr, Fz retr). In contrast to the above factors (Eqs. 3 to 6)
that we interpret as describing altered glacier evolution, the
temporally reduced factors are intended to reveal information
on accelerated glacier retreat, as described below.
All length change measurements within the study area

which cover the whole investigation period (16 glaciers, for
details see Table 1) are plotted in Fig. 3. The solid line shows
their arithmetic mean. Individual glaciers respond very dif-
ferently to climatic condition change: some, which have re-
sponded with a decreased rate of negative length change,
have shown continuous retreat since 1969; others, which
have advanced significantly, had not reached their initial state
before 2003. Kuhn et al. (1985), using two glaciers within
the study area as examples, examined the different glacier
behaviour that results from different glacier characteristics
(e.g. area-elevation distribution, vertical balance profile or
aspect). As the sign of length change correlates well with the
sign of area change, we used the temporal course of the arith-
metic mean to define the mean onset of the general glacier
advance (1976, indicator 1 in Fig. 3). Furthermore, we de-
fined the year in which the same length as recorded at the
beginning of the advance was reached again (1989, indica-
tor 2). The observed length change between 1969 and 1997
thus occurred within 15 years in two phases (1969–1976 and
1989–1997). To estimate the mean annual area loss in the
period between the first two inventories (�A/�t69−97 retr)
we therefore divided the absolute area changes by 15 which
is the number of years with net length (and probably area)
reduction.
For the period 1997–2006 a continuous length reduc-

tion occurred. Therefore we derived estimates for mean
annual area change by dividing the overall changes by 9
(�A/�t97−06 retr).
Changes in length and area are not to be compared be-

tween two different periods directly since they do not refer
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to the same absolute length/area. For this reason we assess
relative area changes by subtracting the average annual area
change value (�A/�t69−97 retr and �A/�t97−06 retr) from
the initial glacier area for each time-step (year). In this way
we can calculate a mean annual percental area change, refer-
ring to a shrunken absolute value for each year. This has been
performed with all individual size classes during both investi-
gated periods again considering the same periods of net-area
loss and results in �A%/�t97−06 retr and �A%/�t69−97 retr.
Out of these rates of net-retreat we were now able

to calculate FA retr and FA% retr, analogously to Eqs. (3)
and (4) but with a reduced �t for the period 1969–1997
(�t97−06 retr=15 years).

Volume and mean thickness changes

Figure 4 shows the temporal evolution of the cumulative
mean specific mass balance of three glaciers within the study
area and their arithmetic mean. To estimate average annual
volume and mean thickness change values we extracted the
year of the onset of mean mass gain (1973, indicator 3 in
Fig. 4). The gain in mass during the positive mass balance
years had been lost by 1985, after several years of negative
mass balances (indicator 4), which leads to a �t97−06 retr
of 16 years (16 out of 28 years contributed to the observed
volume loss). For the second period (1997–2006), one year
(2001) showed a positive sum of specific mass balance which
leads to a �t97−06 retr of 8 years and analogously to Eq. (5)
we calculated FV retr. Since the mean thickness change is
directly connected with the volume loss (Eq. 1), we used
the same lengths of intervals to derive mean annual values
of �z/�t69−97 retr and �z/�t97−06 retr, and consequently
Fz retr.

5 Results

Glacier area, all other glacier inventory attributes, abso-
lute and relative area changes, as well as absolute volume
and mean thickness changes were determined and calcu-
lated for each individual glacier within the study area for
the year 2006 (81 glaciers, 116 km2). Three out of originally
84 glaciers (1997) in the study area shrank in size from the
smallest class in 1997 (between 0.01 km2 and 0.1 km2) be-
low the minimum size of 0.01 km2 in 2006 to be accounted
for as a glacier (UNESCO, 1970; Paul et al., 2009).
Figure 5a shows the area-altitude distribution of all up-

dated glaciers for 1969, 1997 and 2006. Areas with the
largest ice cover are between 3100 and 3200m a.s.l. The
minimum altitude of ice cover rose from 2060m a.s.l. to
2120m a.s.l. between 1969 and 2006. It is worth noting that
the elevation of maximum ice-cover for the study area, as
shown in Fig. 5a, is about 200m higher (approx. 3200m)
than of all Austrian glaciers (Lambrecht and Kuhn, 2007,
Fig. 3). This is due to the central-alpine dry climate of the
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Fig. 4. Cumulative mean specific mass balance of the glaciers Hin-
tereisferner, Kesselwandferner and Vernagtferner and their mean
refering to 1969. It is pure coincidence that the cumulative balance
values of the mean and of Vernagtferner follow almost exactly the
same temporal course. Arrow 3 indicates the year when an overall
mass gain starts (1973) and by the year 1985 (arrow 4), the same
volume was reached again.

Ötztal Alps as well as the relatively large areas that are avail-
able for potential glaciation in these high altitudes.
The absolute area changes (Fig. 5b) show that for both pe-

riods the strongest area loss occurred at about 3000m a.s.l.
There are, however, some significant differences consider-
ing the distribution over the entire altitude range. Up to ap-
proximately 2900m a.s.l. both periods show similar values of
absolute area changes, while in higher elevations the area re-
duction is about one third weaker for the period 1997–2006
than for 1969–1997. This means that for lower elevations the
absolute area change within the last decade is similar to that
of the 28 years before.
Figure 5c shows the vertical distribution of relative area

changes that occurred in the respective period. The solid
line (1969–1997) refers to the absolute value of 1969, the
dashed line to the absolute value of 1997. Thus, the same rel-
ative change (%-value) reflects a larger absolute change for
the second period because the reference value is smaller al-
ready. The lowest elevation band has disappeared (−100%),
and up to an elevation of about 3000m relative changes in
the second period are more negative than in the first period
with a reversing sign above. Above 3650m positive relative
area changes occur, although this fact should not be over-
interpreted since it represents only a very small area (about
1 ha at elevations higher than 3650m).
Figure 6a shows an example of area changes for Rotmoos-

and Wasserfallferner in the southern Ötztal Alps. The glacier
boundaries of the three dates (1969, 1997 and 2006) are plot-
ted over the hillshade. Large rock outcrops developed on
Rotmoosferner between 1997 and 2006. In 2005 the two
glaciers separated, a phenomenon that is observed on various
alpine glaciers during the glacier retreat of the past decades
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Fig. 5. Area-altitude distribution in 50m-intervals of all updated
glaciers for 1969, 1997 and 2006 (a) and absolute area changes of
the 50m-intervals for the periods 1969–1997 and 1997–2006 (b).
Figure 5c shows the vertical distribution of relative area changes
referring to 1969 (solid) and to 1997 (dashed).

(e.g. Knoll and Kerschner, 2009; Paul et al., 2004). Elevation
changes between 1997 and 2006 are plotted in Fig. 6b. An
interesting detail is the slightly positive thickness change on
Wasserfallferner, indicating the contrast of a glacier with a
“healthy” accumulation zone (WFF) to a valley glacier with
a relatively thick glacier tongue (RMF). Such a behaviour is
also supported by other studies (e.g. Paul and Haeberli, 2008;
Pelto, 2006). One possible reason could be that the posi-
tive precipitation anomalies of the early 2000s (Fig. 2) have

caused this slight gain in surface elevation of this relatively
high situated glacier.
The quantitative results for area, volume and mean thick-

ness changes are summarized in Table 2. For this purpose
the glaciers are divided into size classes based on their area
in 2006. An overall absolute area change of −17.6 km2 be-
tween 1969 and 1997 and −10.5 km2 for 1997–2006 has
been derived. This corresponds to a relative area change
of −12.2% for 1969–1997 (referring to 1969) and −8.3%
for 1997–2006 (referring to 1997). The respective values
for the volume changes for these periods are −1.3 km3 and
−1.0 km3 and −9.5m and −8.2m for the mean thickness
changes. In general our results are similar but slightly more
negative than the values that are derived by Knoll and Ker-
schner (2009) for the South Tyrolean glaciers (mean thick-
ness change 1997–2006: −7.0m). In the period 1969–1997
the relative area loss decreases with increasing glacier size
as plotted in Fig. 7. The largest values are observed for
the smallest class (<0.1 km2, −52.2%). The second pe-
riod shows the strongest relative area losses for glaciers that
are between 0.1 and 0.5 km2 in area (−16.5%). Very small
glaciers (<0.1 km2) still lost a considerable fraction of their
area in the second period (−11.8%) but the rates of changes
have decelerated compared to the first period, where 52.2%
of the overall area were lost. Changes in this size class in
neighbouring South Tyrol are slightly less negative (−7.7%
between 1997 and 2006 according to Knoll and Kerschner,
2009).
The twomethods of comparing the rates of glacier changes

of the two periods are quantitatively summarized in Tables 3
and 4. A direct comparison of the acceleration factors as de-
rived by two different methods is plotted in Fig. 8a and b.
The bars represent the respective factors and their distribu-
tion throughout the size-classes. These factors allow for in-
vestigation of glacier area and volume evolution within size
classes and permit trends in absolute area change with rela-
tive, volume and mean thickness changes to be contrasted.
An acceleration factor larger than 1 means that mean an-
nual changes have increased, comparing the second period
with the first period. Considering the overall periods (includ-
ing the period of advance), acceleration factors vary between
0.34 (FA overall for the smallest class) and 3.94 (Fz overall for
glaciers between 0.5 km2 and 1 km2). Acceleration factors
for the overall periods and the sum of all size classes lie be-
tween 1.86 for absolute area (FA overall) and 2.67 (Fz overall)
for mean thickness changes.
For a quantitative interpretation of the individual acceler-

ation factors we focus on the ones derived for periods of net-
retreat in the following. The general distribution over the
size classes however, is very similar for both applied meth-
ods, with the major difference being their differing absolute
values (cf. Fig. 8a and b).

FA retr shows that the mean absolute annual area changes
remained the same during the periods of retreat 1997 to 2006
compared with 1969 to 1997. Only in the three largest classes
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Fig. 6. Rotmoosferner (RMF), Wasserfallferner (WFF) and their surrounding glaciers: Hillshade and glacier boundary 1969, 1997 and 2006
(a); glacier boundaries as well as thickness change 1997–2006 (b).

Table 2. Summary of glacier covered area of each size class (1969, 1997 and 2006), absolute and relative area changes, volume and mean
thickness changes for the periods (1969–1997 and 1997–2006).

Class Count 06 A 69 A 97 A 06 �A 69–97 �A 97–06 �V 69–97 �V 97–06 �z69−97 �z97−06
[km2] [km2] [km2] [km2] [km2] % [km2] % [*106 m3] [*106 m3] [m] [m]

10–20 1 18.0 17.2 16.6 −0.8 −4.4 −0.5 −3.1 −129 −78 −7.4 −4.6
5–10 7 64.5 57.8 53.2 −6.7 −10.4 −4.6 −8.0 −688 −554 −11.2 −10.0
1–5 15 38.7 34.3 31.3 −4.4 −11.4 −3.0 −8.7 −331 −239 −9.1 −7.3
0.5–1 11 10.1 8.2 7.3 −1.8 −18.2 −0.9 −10.9 −57 −61 −6.2 −7.8
0.1–0.5 25 10.1 7.8 6.5 −2.4 −23.3 −1.3 −16.5 −63 −52 −7.0 −7.4
0.01–0.1 22 2.8 1.4 1.2 −1.5 −52.2 −0.2 −11.8 −19 −7 −9.3 −5.1
All 81 144.2 126.6 116.1 −17.6 −12.2 −10.5 −8.3 −1286 −990 −9.5 −8.2
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Fig. 7. Relative area changes for the period 1969–1997 (blue) and
1997–2006 (orange) for the individual size classes.

(>5 km2) an acceleration of 13 to 15% (FA retr=1.13 to 1.15)
occurred. This means that for large glaciers the absolute
area loss is slightly stronger in the time period 1997 to 2006
than for the 15 years with net area reduction (within a to-
tal of 28 years) before. The very small glaciers have decel-
erated significantly in terms of mean absolute annual area
changes (FA retr=0.18). We point out that a direct compar-
ison of absolute values of area changes is doubtful. Their
relative impact on overall glacier changes depends on the ab-
solute glacier extent they refer to, which may have changed
between the two periods.
Therefore we propose the use of relative area changes

(FA% retr) in order to enable a comparison between time pe-
riods and also between size classes. In contrast to absolute
area changes (FA retr=1.00) that did not accelerate, the mean
annual relative area change increased by about 10% between
the two periods (FA% retr=1.11) due to the reduced remain-
ing area. The lowest values of FA% retr are observed for the
smallest glaciers (FA% retr=0.29). The strongest increase in
relative annual glacier area loss (FA% retr=1.27) occurs for
the glaciers between 5 and 10 km2 in size.
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Table 3. Mean rates of changes referring to the overall periods and referring to reduced periods of net-retreat for absolute and relative area
changes. Note, that the rates of changes are displayed in ha/a whereas absolute areas (Table 2) are given in km2.

Class �A/�t �A/�t FA overall �A/�t �A/�t FA retr �A%/�t �A%/�t FA% overall �A%/�t �A%/�t FA% retr

6997 overall 9706 overall 6997 retr 9706 retr 6997 overall 9706 overall 6997 retr 9706 retr

[km2] [ha/a] [ha/a] [ha/a] [ha/a] [%/a] [%/a] [%/a] [%/a]

10–20 −2.8 −6.0 2.10 −5.3 −6.0 1.13 0.16 0.35 2.26 −0.30 −0.35 1.17
5–10 −23.9 −51.6 2.15 −44.7 −51.6 1.15 0.38 0.93 2.45 −0.73 −0.93 1.27
1–5 −15.8 −33.3 2.11 −29.4 −33.3 1.13 0.42 1.01 2.43 −0.80 −1.01 1.26
0.5–1 −6.6 −10.0 1.53 −12.2 −10.0 0.82 0.69 1.28 1.85 −1.33 −1.28 0.96
0.1–0.5 −8.4 −14.2 1.68 −15.7 −14.2 0.90 0.91 1.98 2.17 −1.76 −1.98 1.13
0.01–0.1 −5.3 −1.8 0.34 −9.8 −1.8 0.18 2.51 1.39 0.55 −4.79 −1.39 0.29
All −62.8 −116.8 1.86 −117.2 −116.8 1.00 0.45 0.96 2.14 −0.86 −0.96 1.11

Table 4. Mean rates of changes referring to the overall periods and referring to reduced periods of net-retreat for absolute volume and mean
thickness changes.

Class �V/�t �V/�t FV overall �V/�t �V/�t FV retr �z/�t �z/�t Fz overall �z/�t �z/�t Fz retr

69–97 overall 97–06 overall 69–97 retr 97–06 retr 69–97 overall 97–06 overall 69–97 retr 97–06 retr

[km2] [*106 m3/a] [*106 m3/a] [*106 m3/a] [*106 m3/a] [m/a] [m/a] [m/a] [m/a]

10–20 −5 −9 1.87 −8 −10 1.20 −0.3 −0.5 1.95 −0.5 −0.6 1.25
5–10 −25 −62 2.51 −43 −69 1.61 −0.4 −1.1 2.76 −0.8 −1.3 1.78
1–5 −12 −27 2.24 −21 −30 1.44 −0.3 −0.8 2.50 −0.6 −0.9 1.60
0.5–1 −2 −7 3.35 −4 −8 2.16 −0.2 −0.9 3.94 −0.4 −1.0 2.53
0.1–0.5 −2 −6 2.61 −4 −7 1.68 −0.2 −0.8 3.27 −0.5 −0.9 2.10
0.01–0.1 −1 −1 1.04 −1 −1 0.67 −0.3 −0.6 1.70 −0.6 −0.6 1.09

All −46 −109 2.38 −80 −124 1.54 −0.3 −0.9 2.67 −0.6 −1.0 1.72
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Fig. 8. Acceleration factors referring to mean annual area (absolute and relative) as well as volume and mean thickness changes. In (a),
no temporal reduction has been performed, the overall area change has been divided by the time between the inventories. In (b) periods of
net-retreat are extracted as explained in Sect. 4.2.

The mean annual ice volume losses have increased by
more than 50% (FV retr=1.54), while the mean annual thick-
ness reductions by more than 70% (Fz retr=1.72). Analysing
the different size classes reveals that the strongest changes
occurred for glaciers between 0.5 and 1 km2, where the mean
annual volume change as well as the mean annual thick-
ness change more than doubled (FV retr=2.16, Fz retr=2.53)
compared to the period of net-retreating within 1969–1997.
Again, glaciers of the smallest size class show a decrease in
mean annual volume changes compared to the earlier period
(FV retr=0.67). This is in line with trends in area changes that
have been highlighted earlier.

6 Discussion and conclusion

A reliable and sufficiently accurate method has been ap-
plied to derive recent glacier area and volume changes in the
Ötztal Alps out of two existing glacier inventories as well
as high-resolution LIDAR-DEMs. An important prerequisite
is the application of consistent methods and decision rules
(e.g. concerning ice divides, debris-covered areas, snow and
ambiguous areas), in order to create comparable inventories.
Absolute as well as relative glacier area losses have in-

creased stronger at low elevations than at high elevation
(Fig. 5b). This may be due to changes in energy balance
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(e.g. air temperature, albedo) and in the fraction of solid pre-
cipitation of the overall precipitation that have a stronger ef-
fect on glacier changes at low elevations since these regions
are generally closer to melting conditions. Furthermore, ice
motion slowed down significantly during recent years, which
subsequently reduces dynamic ice supply to glacier tongues
(e.g. Abermann et al., 2007).
Additional information such as annual length change and

mass balance measurements has been used to derive esti-
mates for acceleration factors of net area and volume loss.
They have been compared with factors that would result if
no temporal reduction is performed. Both methods follow a
similar trend over the size classes with much higher values
when considering the whole period (including the advance).
The relative distribution over all size classes is not signif-
icantly affected by the temporal reduction but the absolute
values of the factors. Their absolute value though has a dif-
ferent meaning: we interpret the overall acceleration factors
as describing altered glacier behaviour in general, whereas
the temporally reduced factors are intended to reveal infor-
mation on an accelerated glacier retreat.
The limited number of glaciers for which additional infor-

mation (length change and mass balance measurements) ex-
ists and thus the unequal distribution over the size classes of
continuously measured glaciers allows only generalised esti-
mates for the individual periods, but no year-by-year analy-
sis of glacier retreat. Therefore no annual area and volume
changes for a selected year can be calculated for the entire
inventory: rather longer-term trends (e.g. decadal means of
annual changes) were compared.
Length and area changes are linked but do not necessarily

follow exactly the same pattern. It depends on the topogra-
phy of the individual glacier how length and area respond to
a climatic change but the sign of this evolution is likely to
be the same. Since we only extract the temporal evolution
of the length change and relate them qualitatively to the ob-
served area change we feel confident enough to do so.
The fact that for the smallest class (<0.1 km2) retreat

has decelerated in terms of area change suggests that these
glaciers are now in a state closer to equilibrium than in the
previous period. Differences in area change between the two
periods are very large in this class (Table 1, Figs. 7 and 8)
therefore we draw this conclusion even though interpretation
uncertainties are larger for small glaciers.
Comparison of acceleration factors reveals that those con-

nected with volume changes (FV retr, Fz retr) are signifi-
cantly larger than those connected with area changes (FA retr,
FA% retr). This means that mean annual volume and mean
thickness changes have increased more than mean annual
area changes across all size classes compared to the respec-
tive values for the period 1969–1997. Taking an extensive
data set of ice thickness measurements in the study area into
consideration we found that the larger valley glaciers still
have a considerable ice thickness at low elevations (a typi-
cal value for glaciers within the study area between 1 and

5 km2 is 60m at the tongue around 2700m a.s.l., and up
to 150m for larger glaciers; Span et al., 2005; Fischer et
al., 2007). This geometric arrangement results in the fact
that mean annual volume or mean thickness changes (thick
glacier tongues melt down) increase strongly while mean an-
nual area changes do not increase significantly. This particu-
larly affects the size class of glaciers between 0.5 and 1 km2
where the mean relative annual area change did not change
(FA% retr=0.96) but the mean annual volume change as well
as the mean annual thickness change more than doubled
(FV retr=2.16, Fz retr=2.53). Also the two smallest classes
show larger differences between the factors connected with
area and the ones connected with volume changes. It can be
anticipated that this trend may reverse as soon as the tongues
become thin enough to melt away and lose large areas within
a few years without losing a lot of volume. This point in time
is individual for each glacier and should be evaluated further
together with ice volume data and an energy balance model.
A future application of this dataset could be to compare

geodetically derived cumulative mass balances with glacio-
logically measured ones and assess the possible causes for
these differences. Furthermore, this dataset is planned to be
extended for other glacier-covered areas in the eastern Alps
and will thus allow to extract regional differences of glacier
reaction to a changing climate.
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Eder, K., Würländer, R., and Rentsch, H.: Digital photogramme-
try for the new glacier inventory of Austria, IAPRS International
Archives of Photogrammetry and Remote Sensing, 33, 1–15,
2000.

Elsberg, D. H., Harrison, W. J., Echelmeyer, K. A., and Krimmel,
R. M.: Quantifying the effect of climate and surface change on
glacier mass balance, J. Glaciol., 47(159), 649–658, 2001.

Endres, J.: Farborthophotokarte “Vernagtferner 1999” aus
Amateur-Luftbildern, Master thesis, Technical University of Mu-
nich, Munich, 2001.

Fischer, A., Span, N., Kuhn, M., Butschek, M.: Radarmessun-
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Towards a third Austrian glacier inventory: First results and a climatic interpretation
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1�MOTIVATION
�strong glacier area and volume changes observed in the Alps and in large parts of the world in the past decades
�Two complete glacier inventories exist in Austria
�2006: LIDAR�Data – Database for a new inventory

*jakob.abermann@uibk.ac.at
2�Institute�of�Meteorology�and�Geophysics,�University�of�Innsbruck

4�RESULTS
�Stubai: mainly small glaciers
�Ötztal: glaciers >5km² make more than 50% of total area (Fig.5)
�Median elevation of glacier cover about 250 m higher in Ötztal than

RESEARCH TASKS:
�Quantification of the accelerated glacier retreat
�Investigation of two adjacent mountain groups

•Similar but not same climate
•Different glacier characteristics/topography

�Extract regional differences of glacier mass changes and link them to

Stubai (Fig. 6)
�Maximal absolute area changes coincide with maximal glacier cover
�Ötztal: below 2800 m same absolute glacier area between 1997 and
2006 as in 28 years before, above: much stronger changes between
1969 and 1997
�Stubai: generally stronger changes between 1969 and 1997 than 1997
– 2006 (Fig.7)

HEF2�STUDY�AREA
�Austrian Alps, central Europe (Fig. 1)
�Glacier distribution: 470 km² (1998), approx. 900 glaciers (2000 to 3800m
a.s.l.)
�Ötztal and Stubai Alps : 2006: 165 km² (~40% of Austrian glacier cover)

Fig. 1: Study area: Ötztal glaciers (blue) and Stubai
glaciers (red). The location of Hintereisferner (HEF, Fig. 2)
is marked with a red arrow.

Extract regional differences of glacier mass changes and link them to
climate data?

( g )
Fig. 5: number of glaciers in the respective mountain group
(bars, left axis). Cumulative area (lines, right axis).

[m]

Fig. 2: Data example: glacier inventory HEF. Glacier boundaries: 1969 (blue), 1997 (red), 2006 (orange)
as well as thickness changes 1997 – 2006 (left). Aerial photograph from September 2008 (right).

�z [m] 1969-1997 1997-2006
Stubai -8.2 -5.3
Ötztal -8.3 -7.2

�Differences reflected in mean thickness change (Tab. 1):
�First period: similar changes
�S d i d i h i Ö l h S b i

Fig. 6: Area�elevation distribution of all glaciers in the Stubai Alps and
the Ötztal Alps at three dates (1969, 1997 and 2006).

Fig. 7: Absolute area changes between 1969 and 1997 (solid line) and
1997�2006 (dashed line) for Stubai (red) and Ötztal (blue).

3�DATA�AND�METHODS
I)Glacier inventories:
�2 complete glacier inventories (1969(1) and 1998(2), e.g.Fig.2)
�2006 LIDAR�survey

�cell�size: 1m
�Accuracies: +/�0.3 horizontal; +/�0.1 vertical

Öt ta 8 3
Fig. 3: Workflow of the glacier mapping procedure with
multitemporal (high�resolution) DEMs.

5�CLIMATIC�CONSIDERATIONS
�South�North�gradient�of�glacier�changes�explainable??
�Temperature�evolution�similar�(ERA40,�weather�stations)
�cumulative�deviations�from�mean�precipitation�show�(Fig.�8):

• Similar�anomalies�until�~1990

�Second period: stronger negative changes in Ötztal than Stubai Tab. 1: Mean thickness changes between 1969 and
1997 and 1997�2006 for Stubai (red) and Ötztal
(blue).

�Glacier boundary delineation including multi�temporal DEM
information (Fig. 3 and 4)(3)

�DEMs
��V

II)Climate data
�ERA40 reanalysis data, 6�hourly (4)

�gridded precipitation dataset, monthly (5)

6�CONCLUSIONS�AND�OUTLOOK

• Stronger�positive�anomalies�of�gridpoint�Stubai�since�then

�Glacier�inventory�studies�with�LIDAR�DEMs
�Regional�differences�of�glacier�changes�significant�– different�topography
�Further�spatial�analysis�(other�regions,�larger�scale)�planned
�

Fig. 4: The glacier margin of Vernagtferner with the LIDAR�derived
Fi 8 C l ti li f i t i it ti

g p p , y
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�Investigations�of�changed�synoptic�patternsboundary (solid) and the geodetically measured one (crosses). The
GPS�survey of the glacier boundary for ground�truthing.

Fig. 8: Cumulative anomalies of mean winter precipitation
for a gridpoint in Stubai (red) and Ötztal (blue).
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INTRODUCTION
We compare the evolution of glacier area and volume changes along the alpine main ridge inWe compare the evolution of glacier area and volume changes along the alpine main ridge in
the Ötztal Alps and Texel group using glacier inventory data from 1997 and 2006 and the
reconstructed Little Ice Age (LIA) extent (approx. 1850).

STUDY�AREA
The southern Ötztal Alps and the Texel Group are
situated around 47°N and 11°E (Fig. 1) along the
border of Austria and Italy. Annual precipitation is
rather low with typical values of about 700 mm/a in
1900 m a.s.l. Glaciers on the northern slope reach
down to 2100 m and on the southern slope to 2400

Figure 1: The study area Ötztal Alps and Texel Group. Glaciers north (blue) and south (red) of the
mail alpine divide.

p
m.

DATA
The 1997 glacier inventories were compiled with
digital photogrammetry, while Airborne Laser
Scanning (ALS) were used for the inventory for 2006
(Fig. 2). The LIA extent was drawn with the help of
moraines, trimlines and historical maps (see Knoll
and Kerschner (2009), Gross (1987)).

Figure 2: Rotmoosferner and its surrounding glaciers with the
hillshade of the DEM and glacier boundaries for 1969, 1997 and
2006.

a b

RESULTS
Area loss on the southern side was more pronounced than on the northern side. Between the LIA and 1997, mean thickness change (volume change divided by a
mean area of the period) was larger in the north than in the south, while it was larger in the south between 1997 and 2006 (Tab. 1 and Fig. 4a). For the 1997 to

Relative area change [%] mean thickness change [m]

N S N S

1850 - 1997 -37.3 -61.8 -48.1 -30.2

1997 - 2006 -8.3 -12.9 -8.2 -9.0

Figure 3: Kreuzferner and Hochjochferner, September 2008.

Table 1: Relative glacier area and mean thickness changes for 1850 – 1997 and 1997 – 2006 for the
northern (N) and southern (S) part of the study area.

Figure 4 a and b: Relative area changes (a) and mean thickness changes (b) for the period 1997 � 2006. Note, that there are no glaciers larger than 5 km²
in South Tyrol.

mean area of the period) was larger in the north than in the south, while it was larger in the south between 1997 and 2006 (Tab. 1 and Fig. 4a). For the 1997 to
2006 period, South�Tyrolean glaciers showed a larger relative area change except for the class of 1�5 km2. Very small glaciers show the largest differences. Mean
thickness change is larger in the south than in the north for 1997 – 2006 (Fig. 4b).

Figure 6: Matscherferner with Weißkugel. Gepatschferner‘s large ice�plateau is
visible in the background

DISCUSSION�AND�CONCLUSIONS
The pronounced relative area loss in the south relative to the north since the LIA is a consequence of the area�altitude distribution of the mountain ranges and
hence the glacier covered areas (Fig. 5). The northern parts show larger areas at higher elevations than the south. Due to glacier dynamics, this leads to larger

d thi k i t l ltit d d i th LIA Thi l i th t d ti i i thi k b t LIA d 1997 i th th Additi ll

Figure 5: Area – Altitude distribution of the drainage area as a whole (solid), the
glacier covered area for the LIA�maximum (dashed) and 2006 (dotted).

Figure 7: Temperature deviation of the period 1997 – 2006 and the climatological mean
(1961 � 1990) [°C] for selected weather stations north (blue) and south (red) of the main
divide.
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and thicker ice masses at lower altitudes during the LIA. This explains the stronger reduction in ice thickness between LIA and 1997 in the north. Additionally,
volume change is limited through the initial ice thickness. The larger and thicker glaciers in the north allow a stronger thickness loss.
For the 1997 � 2006 period, stronger area and thickness changes in the south may be due to climatological factors (Fig. 7). Precipitation data from the HISTALP
database (Auer et al., 2005) show generally slightly higher winter precipitation in the north but no significant changes in the precipitation pattern (not shown).
The summer temperature rise of the last decade was clearly higher in the south at selected weather stations (Fig. 7).
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Figure� B1:� Waxeggkees� and� Berlinerhuette,� Zillertal� Alps,� Austria� as� painted� by� E.T.� Compton�
(Brandes� and� Brandes,� 2007)� probably� around� 1900� and� photographed� in� August� 2009� (lower�
part;�photo:�J.�Abermann).�
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Figure�B2:�Gepatschferner�as�painted�by�F.�Thurner� in�1938�(upper�part),�and�photographed�on�
23/07/�2009�(lower�part,�photo:�J.�Abermann).�
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Figure�B4:�The�Panorama�of�Kreuzspitze�as�painted�in�1869�by�C.�Jordan�and�G.�Engelhardt�(upper�
part).�The�digital�processing�of�the�original�was�done�by�N.�Span.�The�original�is�at�University�
Library�Innsbruck.�The�comparison�panorama�was�made�on�23/9/2010�(lower�part,�photo:�J.�
Abermann).�
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