
����������

�����������	
��
�

� � � �+�

� �
������������	�
�����	� ��������������� ���	
� 

!"#"$%&� '
� ()*�+�,-.&/��012� 3454�
��6�78�����
9:�;� �<�	=

>&?&@ : ���� ����� !"#"$%&� A�BC� ()*
Key words: sea level, glacier fluctuation, inventory, mass balance, model

+� ��	

D��� �������E�������� F�
�� GHI�������	=J ��EKL&M
N� O3PQ�Q����� R���	���
STU2V��W4��	XYE= 2Z2�IP�
�[�2�VN�Q\]� D���������
�J �^_�`V�	��Nab�c��= �d
VN� Meier F+32.�  � 

e E 2

��	e�!f�
�
����� 3454���I+�gE�,-.&
/�h"V������ ij�8��	Z��
��01�	����� 3�����9:�;�
 �<�	= �O� �dVNkl�mn�o#$

 pq%�&'�rstu&* RE= vw�
x%&"y"@z({�������|�}~�
��	)�I�Q
�� Science�G ���2
��	IF*��Ekstrom et al., ,**0; Monaghan

et al., ,**0; Rignot and Kanagaratnam, ,**0;

Velicogna and Wahr, ,**0�� �dVNe4P 
�Q D����+J ���	
�������0
1�	=

,� ��
������
���������
�������E���� �	�,��	�

�� 
��-��	�I D��I+e�+4X8
.�2��	Z�J ��E���)V�	=
Haeberli et al. F+323� N� +322�r�V����
��!"#"$%& F/0�  v���O_� �d
V01�	�Q�
�Ie�!"#"$%& �
�2��	= 3�:�1���2W4w�)��
��N� National Snow and Ice Data Center

FNSIDC� �����!$���W4�O_
FNSIDC, +333��n� 03.2*���I34W4��
	 F� +�= 2Z2� NSIDC���!"#"$%&
�34W4��	���N� :��	Meier and

Bahr F+330� �52�  �2�6 .*�� �¡�2
� -.� F+2,¢+*- km,� �£Q¤�¥� 7PI8¦
�)&§#&t 92��	e�N:PZV�	=
3�Meier and Bahr F+330� N� ({�x%&"
y"@�¨ �Q����+�  +0****� ��

; � © � ª « � � �
02¬ 0­ F,**0� ++®� 0,/ � 0-1<

+� =¯°>ª>ª±²³ª
�´
µ.0.�20*+ =¯°¶·¸¹?@A
=¯°>ª���º²
�»"§&¼B

� + NSIDC���!"#"$%&�34W4��	
03.2*����CD=



�� 02*�+*- km,�����	
��
��
�
�� Dyurgerov and Meier �+331b� �����
����������� !��" +�#$	 �
�% Dyurgerov and Meier �,**/� & ,**.'(�
)*+,-*.�/�% 0�12�34
565
7�89:(� �;��<=>������(
� !��?@A"��% B(�
��
��(
CD�EF�����	 �G�% Meier and Bahr

�+330�% Dyurgerov and Meier �+331b; ,**/� �
H����89:(� & NSIDC(�
��

��&H����A�	 ��% B(IJKL�8
9:(� &H���M�N% O��(� �P
��� !�& /.*�+*- km,�A� �" ,�	 Q
R% Zuo and Oerlemans �+331� & +**����
�� !��ST�%U!�� /,2�+*- km,��
�MV% WX$�Oerlemans����QY(Z�
[IJ�\]>����	 Cogley �,**-� &^�_
`�����R���MV% � ab�cded(
+f34*7����� ghi �ice coverage� �
��% jk 22/34*7�;��(�
�l*.�
mnop�qr����	Raper and Braithwaite

�,**/a� &% O( Cogley �,**-� (�
��
�
(st% �u�v$�wa� Kotlyakov et al.

�+331� ��xy����
��z��<=�%
/,,�+*-km,��s� !��{#���� �" ,�	
O��(�
��
�&% ��A��34*7
|(� !��#����}% ~��_��(v
Y���$��&��(��}���A�	 ��
�A}�% � ���v$����
�(��&
�5�5.4
���#$�&������K�
�	Meier and Bahr �+330� &% ���K����
������
�� Chen and Ohmura �+33*�

� + Dyurgerov and Meier �+331b� }�����8��(�
 (!�ab	 �W(�(y% ��}�����	

� , Dyurgerov and Meier �,**/a� }����% O�
�K(IJ���� !����	 Zuo and

Oerlemans �+331� &��}���	

�   ¡ ¢ £� 02¤ 0¥ �,**0�626



������� �a� ��� �v� 	
��


v�cag (+)

��������� ������� g�+.-0 �+..

	��� �� �� ,** km,��	�������
g�+.,, �	��������� 
�	� � ,-

	����!��"� ��#��"$ �%�� 

� c��&"'
��(�������� ��	
� ��!�)��*+� c�-.22,-)�$ *	

��
	�.� �#/�0���� �+** km,�
��&"�1,2� 3������4�5-"6
7 �+ km,8+**� �� 9�	�:����-"6
7 �+** km,8+� �,�� ����:4;)�4
" �g�+.-0	67�<=�>=	 /.,�� g�+.,,

	67�<=�>=	 ,.2��$ *	?@�� A (+)

���������BC&"�.��� ��	D
��	E���&"'
�����)�4"$
Meier and Bahr �+330� �� ����� ,n km,,
�F���:	 n�?)�G�����	D�
�	E������� HI���J�K	��	
���L.��" �� -�$ 
�	�,�� ���
���G��������"2		� �JM�	
���N��K��O���������.��
PQ�R,:��	�� ��)���$ N	
<� Dyurgerov and Meier �,**/� ,*	 �S
T����"$ NSIDC	��UVWVXYZ�
���[\����" 00,3+	������� E
�]?^D��	���_`��2	�� ,��
&�� Meier and Bahr �+330� ,�����"�
�a���"2		� N	!�bc9de��$
N	<� A (+)	�����	
��
���

�� Bahr et al. �+331� �"#$ �% �"A�
?)�f&�]*��� ��	'� gh� (	i
j ��?")�klm*	no�� p+qr	s,
	no�t�
� g��#"no�f&���
"$ u�� Bahr �+331� �]��� �-	v.,
��	/��'��&"wx�y#��"$

Raper and Braithwaite �,**/a� �� z�"{
|}Z~ ��������	01��l�5,
�"$ 
��� Cogley �,**-� 	�Z���X�
��� ��D��	���9�	��2	���
���."�7��1���L.� ����3	

g:���4���$ ���� {�Y��p5�
� �USGS� 6�	��7 -*� 	����8�
�Z� �GTOPO-*� ������i�9	
8
�L.� �	����3	g���:�O��
"$ ������ 9�	�Y���� �-*�8-*�
�+ km8+ km� �;��<�&" 2�	���-
 ¡� 3�	�Z�	8¢=£�L.� +¤�Y�
� �> +,* km8+,* km� 2�¥u�"�� �+,*

8+,*� 	?¦�L."$*	8¢=£	?¦��
1	����3	g:��?�@	P��-"�
���"$ ��#/� 8¢=£�3��*���
9�3��*��§A�� N	?@��1 �¨
©�ªW�«V¬­®¯°±Y²�t� ,���
	�:�����12	������."�7�
�:4� ����3	g:�³��" �� -�$ 9
B� 8¢=£��:4� �9	´���1 �{�

� - Meier and Bahr �+330� �?"� �����	
E�� ��� ��]?^µ¶¢PC+$

� , NSIDC	��UVWVXYZ�DE����"
��D��	E� �a� ��� �b�$

��F#�µ¶¢��&"H·	¸¹º� 02» 0¼ �,**0� 627



��� ������ �	�
���
� ��� �
����������������������
� !"#$�%&'�(� ��!���)*�
�&�� +, -�- %�./'0#� �12��3
� 45#678
	'�� ��	'9(:
(� Meier and Bahr ++330� &
;�� +< (+)�
����=� >"#$� +
 .�- %%����
?@��*��A0#$���� 2�3�&��
!���)*�BC<�4DE�C@'� F�
G#$��"���- Meier and Bahr ++330� �
H0���=��IJ��0K�$��� �LM
���� N"#$�$%&�OP&QDE�
�� �LM���� R$�� H0#��
Dyurgerov and Meier +,**/� &�S#T� -/�
TU�$V�T(&�5#$� +
 ,�-
%� Raper and Braithwaite +,**/a� �W(�
'�0� Meier et al. +,**/� ��� �KX�Y
�Z 
�0� +�[\=�]^�_&$/`a
��- ��b&b5����� c/������
+d678
	&$/� ef�`�./�c$ 0
#$�%& ��'0#g(� �'� h���'
ViE�./� +d678
 jk��� +Ma-

laspina��& Bering�� �'lm#$��

� +d'�9�E�%&'.5#��=��n�
 o�E#0b/&3!0#$�- b�� �12
��3�&��!���)*�BC��5� 1�
��p�q�riE#$�%&T�*�st T
�iu�P���&0#$�- �i'� Cogley

+,**-� �p�qv8Z'��67����
W"
w�LM��#�x� �$%�yz'�(� e{
�A'&|���&�E����NbE#$�$
%&T� }~'��f�������� c/'
�(�����&����� ��#$�- 0K
0� _��3!����LM����'�$#�
�'T�S�./'� Haeberli et al. ++323� ��
���Z7� �"&0#*��&0�1��b
&"iE#giX� _�u� Oerlemansi��
��TcDE#$�$- b�� �'T�E�./
'� Meier and Bahr ++330� W Dyurgerov and

Meier ++331b� ���LM���� R$��'
�$#�=� ��#H0#giX� ��)��
� Dyurgerov and Meier +,**/� �T�*+?@
�,��iK��$- %��"� p�q����
�@����=��(]-�OP��%'���
K�DKi���5#g(� .�i��'%��
� �>u���U��&$k./-
%�Meier et al. +,**/� �3!'�0#Raper

and Braithwaite +,**/b� ��.�i����/$
#$� f �Y�q�0¡'.5#� %����¢
£�*�&¤10#$�-  �Y�q f�678

2������ +,n km� n� +,¥+-'¦3� �
+d'!"�9§�¨© H0#$�- $$Kk�
&� ª++«f� ¬��}��­ ���������&
�(�®(���� ªf¬��}��­  ��§5#
$�%&'��- +d678
'!"������9
§ +Cogley, ,**-� &��!���)* +Raper

and Braithwaite, ,**/a� �¯b5#$���� f

 �k�&®(� +n���$� ��������
�,��*�°± ²�� ³$#�=��,'T°
±�´µ- Raper and Braithwaite +,**/a� �� f

 *.,/¥*./��A�G#�,��A 4;#$�
�� Meier et al. +,**/� �3! ²�� *.+/�5i
E#$�������=��, .�
�0#$�
&0#$�-

� - Raper and Braithwaite +,**/a� '.�� ��
!���)*'Bu�¶6,-

� . Raper and Braithwaite+,**/a�'.�� ���
�7�?@� ��� =�g.·���¦38-

9 : ¸ ¹ º� 02» 0¼ +,**0�628



-� �������	
��
��
��
��������

�����������	
���
�����
���	������� ������������
� �!�"#!�$%&�'�(�)Dyurgerov

and Meier *+331a+� +30+�", +33*��-./
�� International Association of Hydrological

Sciences*IAHS+�0�Fluctuations of Glaciers

1Glacier Mass Balance Bulletins��23#�
�&�'��41	
	��5678�!� *�9
�:!;+ ������<�=>&�'�?
 �
!�)@A������� +0****��B�CD"E
��F<�=>�$%78;���CD"� ,/1�
#�G�) H�I� Dyurgerov *,**,+ �JKL�
�KM� N ,20����&�'�OPQ��567
8�!� *R .+) Dyurgerov and Meier *+331a+�
Dyurgerov *,**,+ ��8,�&�'�S!��
T� U�V�� �W� $%�� �X��.<�=>
*��YZ�Y-.��X+ ���G#3�!�)
Dyurgerov *,**,+ �[�\��]�^$%�_
�?
 ;��_�`4
abc", *R /+�
+3/*�def� -*�e��$%&�'�(��
��� .* "	�� g-.%,8�!����
�h�i	!"�C"�) G;�,�� $%78
�!�����j7���k��l�(��#�
m� �]l� �� -*�e��&�'�(��
��H�\��?
��#� ,n- km,eo� ,1"
, ,3 km,, ,++ km,e��p
q����$%&�
'�Y�	!�#�	l� ��rb4�����
W�Y���W�s3�tu�� v� -*��w
��#m� �!� *R /a+) �2xy�z!�
{|78�!� Dyurgerov and Meier *+331b+
��� ��<�=>�&�'}~
��!� +30+

�", +33*��-.������S!��� 
�!�) Y&�'����X	! g-&�'�
(� -1������X�<�=>�!D8FY
A�X�����#�!�� **.3*+ �� �!
�) E�� @��#����W��������
� ;�X=>��3 *� ++� +30+�", +33*

�� -*�.�n-.3 m� ���������
",�C8;# �!�) �8��(;l���
����������# *.,/ mm�yr�	l� �
�!�.��������� +.", +2��� 

��#�	���!�) 	]� ���~�@��
<�=>���	��!���� ��@����
��"#�s3�4 �¡¢£¤@�����
+30+¥+33*��.���¦§�(�;�#�¨
© �!�) �,ª«� %,8�!������
CD"�(��#� ;#M%,8�!�# �F
@�� \���j��l�(��#	�� ��
&�'}~
�[����¬�­®��¯���

� / Dyurgerov and Meier *+331a+ �G#3,8�
Dyurgerov *,**,+ �°$78;� <�=>�
$%&�'�(����\�� *a+ ]�^$%
-.� *b+ �±_) -*�e�$%78�!�
���²³��� *a+)

� . Dyurgerov and Meier *+331a+ �G#3,8�
Dyurgerov *,**,+ �°$78;� <�=>�
$%&�'�(����#% *$%-. -*�e
� : ´� +*¥,3� : µ� 3�eo : �+)

����#�������¶·�¸¹º� 02» 0¼ *,**0+ 629



������������	
���� 
���
����������������������
	
���� 
�� ��!�"
#��
���$��CogleyandAdams%+332&
�� Dyurgerov and Meier %+331a; +331b& ��
'���(����)�*����
����+
+,-.� �/���������0�1234
�
�5���6������7�8	�� �

��" !-���9�����)�*����
��(���8:�� "#$% %&'�('�)
;���*"#�<+8=���& �>,�
�
5���?�-@ %?��)A=B
���-
@& �
���C.�
��" $-�� DE�-
�
��F/��$��/���� G���(�
�!50�HI���
���	�� �J-�1
*��(�?�-@�
���C.�� ��-�
K:�2�=�����L�8	�3!��
�
�" M34�5�N��68	�D0245�5�
� +� ,**0� 2O P 6 � � Dyurgerov and

Meier %+331a; +331b& � Cogley and Adams

%+332& �7Q�R8�	
STUVW�web of

science, scopus, google scholar52�9X��
�Y� :;� ,<=Z
 10[31R� \;� ,1[-/

R��]�" ^�����(�������>_
;?��`a����� Dyurgerov�D� ,R�
b@��AE� %Dyurgerov, ,**,; Dyurgerov

and Meier, ,**/&� ���cd�
1e��/B
C�-@��D65`a�f9����Yg��
-5�" ���� �� -<�	
�D;-��	

��D6�� h-�����D]
1e��/
BC�gE�����hi����	��Y6"

15F� 1eF/��5����� jk�W
lmnmo�����5p���7�`a�GH
=�" Arendt et al. %,**,& �� q�r�sI_�
tuvJw GPS�n*xy�zK�� +33-[30

��+A� {|*}� 01��/�
LM~��
sI�_���" M������
N-���/
&'�sI�� +3/*[1*�O�{�j}�}��
��-��PQ�R��� �sIS��A�&'
T���'E�+A� +3/*[1*�O� +33-[30

���/1*�U�'E����������/
��A�T����
��" $-�� �����
�����/��A�T���sI��=��M

� 1P�����	� ��$�
�5��/�V
sW'EXY�+A����� 1����A�U
�&'T����	
��" 
�8:� +3/*�1*

�O+- +33-�30��+A
�T�� %�*.1 m�
yr& ���9�����(���8: %�*.+ m�
yr& D��Z+��!�������" $-�
+333�� ,2��/���
<����5��
+33-�30�+- +333��+A
�T�[I��
[�
���� %�+.2 m�yr& ����" 2J-
������
�� 1*EB�� 1/��}��
mo�/5��U���/52� M�V����
5�/N �B��D]
��-$�
��� ��
BC�
�99�/BC���$�
��,A�
5����C.�
��� �/���B��\-
+�=��	��LC?]�>,=�^_���
�� �
��"
�L�{|*}��A�`��#�\� Rignot

et al. %,**-& � ,***��* �*n¡W¢���
n£m�D]
�a$�����¢Vs���
%SRTM& %Rabus et al., ,**-; Gesch et al., ,**0&
� +3/*�0*�O��-��b¤z�PQ+-��
�����¢Vs����R�=����D��
¥�¦§{�¨��A��/T���\-+��
�" $%��?©�PQ�cI�ª��	� �L
��N-��Vs��=�&'T��«¬­®V
¢�¯°�M�G±�� �s6�T��� *�5
�D6�$%��²d=�����¨1*��e
f� %�+.* m�yr& ��	
��" $%���A
�T���gh\i�j6ef�����R�
�� T���34��!��8	dA
����
³�5$%���A�&'T���kl�m��
�-�8:��!EB7�´no����µ,�
�" ¥�¦§{��� �ef��!E���
�
���LC?]�¶���� M�V����5�
/N ����C.�
��" �L ,��	
��

�9����5,�
�� M����/�T�
����1*�p�=�N qm��5E� ��1
*�B������6�r_���" 9�� & +

�g-�����(�HI��!Es�t7
�
�6��uv���" �/��w���jk�W
lmnmo�����`a��
�� Global

Land Ice Measurement from Space %GLIMS&
�� ASTER· Landsat152�s;xI�¸y

z { ¹ º |� 02» 0¼ %,**0&630



�������� ����	
���
����
����������������� �		
�
������������� 
!"� #Kargel

et al., ,**/$% �&�'�(� )�* ��+�,-�
�./�'0!������12�3� ASTER

��4�5�0����26789�.3'�
#�0�:;<=3 +/ m$� �	��>���?
@3A�B7��'C"�2'2% '�� �4�
5�0��� #SRTM$ �12�3���?@D
E�F� #Rignot et al. ,**- ; Berthier et al.,

,**0$% G�� H�I�0�J��K�L ICESat

3M����<=�� cm�2N�OP!Q�
#Schutz et al., ,**/$� ������R�� +**

kmS+** km�� �T�U���V�W��XY
Z�[\]Y]V^_'7��`abc���3
��2�dC"�%

.� �������	
��
����

���������

��eN�� f �g�
h�i�U�e�j
kl!�m�"�0O�11F��326� 0�
���J!<=�#$�� %n�o�'�&'�
(p&'&k�)2��8F�� *q�eN'D
E3+Qr("L&k #]V^_�Z�[\]$
.�&��'C"�2'2% �&l!��2�3
!(�r("L�	�12��s��'C"��
�� F�G1��	�l!����t�OO )&
k��,-* ���.�3-���3/J0�1
2�F���33(&.F�%��L-� )4u�
v
8�* �12�3�-g�5����LDE
�)�'!"�2�%
���5�DE3Meier #+32.$ �8w�67
���% 83 +3** &( +30* �l!����
F� +-&k ,/�	�12�� 0* x�yz{�
�|�}~9:��;��L% |�}~9:�
3� G<�=>���?�!"�2� )@}~*
��A���?�!"�2� )�}~* �B�-
������C�!"�  x��	�|����
��2������26�% �	�C��D.F
"�� }~9:3 x�E��F��'�% ��
}~9:�yz{������ G�� -+&k.
H("L}~9:����� �����c��I
�,-L% !(� +22* &( +** x����

12�� �J�F� -1��	�����K��
�Z������ 	
./sL��Lyz��&
����.��������L% ���+���
�H("�2�����+&(MNO��=��
2L��P���%�� �TYU���V�W�
X��+��Q���8� ���	Y�R�yz
�ew���S x���P��T3.����
���L% C�& +-&k� ,/��	�2NU�
�VwL����3��2�2�8��� }~9
:�W��"�f �yz�8W�2�2N��
���� ���.� !("�2'2&k��	
�X!��]
�]3g�5�F�����3U
���¡�Y¢8�.F�� a£��g�5��
��LDE3� Z¤'¥[�/¦�2��326
8�]
�]�\§��2�%

Meier #+32.$ �l!����o�yz{��
}~9:��;��L����� Oerlemans and

Fortuin #+33,$ 3M�|�}~g�5�o�� ¨
©� +ª�©�L«�¬­��}~�¨®¯��
C��L% M�|�}~g�5�¨>����|
�}~�ew�?@!"�2�G�� +-��	
�12�t"°"¨®¯��,-� ¨®¯�� 
���������,�.�������L% 1
O�� F�&k�����C&"�� t�&k�
�	� +ª�©]+����7"Q�yz��&
�C&����'� #J±.3�&���� +.,/

^�L8���²������2�$% ���_
.³&��	�¨®¯��,-� +3** &(
+30+ �&���4u��©{� #*.-/ K�´�
��2�$ �³&��		
�&����.� �
	yz��� !(����`.��,-�2�%
�2� Zuo and Oerlemans #+331$ 3� aZ�²
_. +**&k�����	�¨®¯�� -.&k
��2�bC�L�©{����� #' 0$� +20/

 &( +33* O.�4u��	yz��eµ�
��`.��,-�2�% 8(�g�5�¥[c
3� �� ab��©����¨®¯��t"
°",-�2���¶.F�% � ��©3�d
0��	eR��P��8L(��� � ab�
·f��©��	�¸¹��&7N&3� ���
�ew��Cw���% 1O�� ����)2&
k��	3g��ew�]&2h2�0O.�	
������2�L-� � ab.8eR�iP

�	����������ºf�DEE� 02» 0¼ #,**0$ 631



���� ������	�
��
������
���������	������������
�
� !"��#� ����	$%	���&
"'()*+��, -�� $%�	./0�
1
2 !"�� ,*34��5 67	���$%
�� ����	8�� !"
9
+���:;

12 !"�<�"� , �
� Gregory and

Oerlemans =+332> �� ?.?@ABCD =GCM>
	.�E�
FG Zuo and Oerlemans =+331> 	
$%�BCD���+� �HIJ KL����
�MNO �P� Q�	��	R�"� S�TF
�U	)*
VW�8�� ,
�F	XY�� ��:;
Z8�� ��[[
\�]� 67����	^��:;� _`
9

+����, !	�2� BCD	�� +*
� ,*


"��:;�ab+�cd� ����e\J�
"!f[����E�# "�g�[+�hi�
� , !	�j

k� �2�� Van de Wal

and Wild =,**+> ���	^���� =Bahr et

al. +331> 
9
+� �l	m�n8���
:;
Io _`
p�q'r,

dV
dt
s��

�
�
�

�
�
�A��tTs

dBP

dTs
utTns

dBP

dTns
utP��

�
� (,)

!	m�!J-��vw+� Oerlemans��
n L�	XY�x\J�� BCD	yz�"
�{ �	�� | 
��5 3}	��	~W
�N =dV�dt> 
���" =n>� ��	����
=m> ���� , �	7� � =s> "��� =ns>
	$%�J�J	�� =tT: !!�� GCM	E

�
x8�� > �P� �J�J	./0�
=dBP�dT> 
9
+���	�N�
12� ��
�W�[5�� , I��� ��	~W"�W"
	��m=m (+)> 
����N+���~W[��

	���W
12� �	�������m (,)	
�W =A> 
�NIo� !	�� +���n8
���:;�!8��	����;I#�8��
#_`
"�+�� , !	_`
������
�2� | L#	./0� =�*.*/ m�yr> "��
�� =u*.*, K�yr> �P� ��	�W�N =cs
+.-/� gs-.22> 
��+� 1��+�, ^�	;
I���&(�W:;��#ab� L$�� ^
�	?�����&"'(R�o]� �	�W[
��N+����!"�\[ =�r+� e\J
��W�?��!"�%�>, m (+)��5 �� c

�&�	�2�x\J���� '�	� ¡ ¢
£¤ =Zuo and Oerlemans, +331> 	���W[
�¥#IJ ~W�Meier and Bahr =+330> 	�
�¦~W=" -> �(+#� ng�§#+�� ,
"!f�� Zuo and Oerlemans =+331> 	� ¡
 ¢£¤���¨©)	���ª-J�����
��\�] =� 0>� �J�
ª'rVW���|
 Meier and Bahr =+330> 	«�d\o�� "
�g�j
 Raper and Braithwaite =,**0> �¬
*IJ�� , Van de Wal and Wild =,**+> 	
��	�2����	^��	­�����"�
®¯�| +,�| �� Haeberli et al. =+323>
�!	^�����-°IJ�� 	�� Zuo

and Oerlemans =+331> 	� ¡ ¢£¤ +**�

� 0 Zuo and Oerlemans =+331> 	 Appendix��
.IJ�� � ��	| +**�� =±> ".
²,³	�E�/�+� -.0� =´>,

� 1 Oerlemans and Fortuin =+33,> "Van de Wal

and Wild =,**+>	BCD
���1µ���+
�� �MN =u*.*,K�yr> �P� ��^��	
R�, ¶� =*
2> 	���W
 +**	"+�
¶�hi�P� �W·d =	> ��+�| ,

3 4 ¸ ¹ º� 02» 0¼ =,**0>632



����� .+������ �	�
��� -2�
���
� ���� �������	�����
	
�������������	
�
��

�� �	�������
�� �!"#$%&
�� Zuo and Oerlemans '+331( ) Gregory and

Oerlemans '+332( *�+,-.��
�
�
/� �	�������01��2�3�$4
'dBP�dT� P(� ���56,-. 'GCM( ��
78$01���� '9P( ������:4�
;�<=>?@ABCD��	�����
�
'Gregory and Oerlemans '+332( ��01��
EF�GG*��
$(� H����� GCM��
78�01�����!��I�J�K��$
4� GCM��78���L*�EM���01
���3�����01����N�->O��
��
�� PQ�%&��	���RS�T��
$UV� �8G���
��WCD�
XY�U
V%Z! +0�[\]1^_�`a/b�
*

&UV*�c$� �&��� �
�W��
�
<=>?@AB3��*��	RS�dV�eZ
f�� g�/hi8$*�j�7�1�k���

l *
&%ZEm�� E/n!*�c$� �
��� mo��	��pq/�	�"�#�r�
sZ� t�
�pq '*��u�vw	
( �x
$���M�y� g$zF%l �{�c�&|'

�
}/� (7�,-.��� r�~�F%�

�)��sZ� �	���)���*����
��*�T��$�/�t���*��Raper and

Braithwaite ',**0( �� +���	��$�$�
	��,-.�,�3��*�� �	/RS��
t$���F%�&|'}��
RS-�/.�
dV�T���
�� ����,-.��*�c
�
� Raper et al. ',***( �!� �
'A(*�

'V(����; (+)���y�

'Vt�VR(�'At�AR(
g

(-)

*��
�� (�7�C7�� �������	
�/$�� 0 'W( *1C 'L( ���� Bahr

'+331( �%�P��;

'Wt�WR(�'Lt�LR(
q

(.)

'At�AR(�'Lt�LR(
+�q

� �$� t�r���F%���� R��^*
�����23� 'Raper et al. ',***( �� R�
+33*�(� q��	���2�3����r��
(�7� Van de Wal and Wild ',**+( *�3
�� u�vw,-.���
��W�:4� Q�
�;��
�<=>?@ABCD�
�� ���
����*���/� �	�1C '��*��W
CD�� 45�6���3( ��WCD� C7��
�����
	
�<=>?@AB��
��*
�� ���*�%Zt$��������pF%
*��u�vw*�	����:4��*/�y
� '� 2(� (�7�� � 2�%&�+�����
}� ��)��� ' �¡( �\� �	��F��
3���m¢!���c�
�� Oerlemans7
�,-./�	7��£��!�*������
�\�¤c�
������ (�7�,-.��
%ZEm���	�¥8�¦E�y�§¨A�/
r�9�� :�;��
	
*
&� %Z<©�
ª=/>?��c�}�� ��*��
���
Raper and Braithwaite ',**/a( �@«�$� �
�->O 'GTOPO-*( �7:4$���¬A�
*�	��
­BC������
� �
:��
7�	�	
CD�
�*"#�
�/� ®¯°
±*��>?��	��D���*�\�%&�
²$�$�*
&� ³´��	���	
�CD

� 2 Raper et al. ',***(� Raper and Braithwaite

',**0( �%��	��,-.�µE�� �	�
F¶��·¸�$GG� 45:�/�W3��
*��
*����	
��WCD�
��

�	��*]1^��3��¹���º� 02» 0¼ ',**0( 633



�������������	 
�� �
���
	������ ������
 �Braithwaite

and Raper, ,**,� ���������
���
�	 �!"���#$%�&'���()��
�	 ����*� +��,�-. ! GTOPO-*�
/��
�0����!�1��)� GCM�2
3!�4��
!��56� *78��9 :;/
;:<�!"#=�>$�%
��9 :4��
�	 �?� ����8����
& �Raper and

Braithwaite, ,**/a� @A:A:Meier and Bahr

�+330� BDyurgerov and Meier �,**/� �/�9
 :;� /*C0/��
4���*���� �

@'D(EF3@G�)**�23�F����
���H+���@� *�,�����-)E�
.I�7��
�	 8�� �����/)���
����
�,�-�012!� �
J*@KL
MN�OPQRK�3SE��*��� Arendt

et al. �,**,� B Rignot et al. �,**-� ��T42
3�/4�56U�7����)���@� 7�
:�V�/W�� 8��9��:� 3S
�:;
X!:��)�����<��YZ![E=U�
���
��;� $%"#��>�\
?�@�
!)���*���� ,�-�012�]^��
�*���+A@��	 ���_� B`C@�

�D�E���a;�� F)�GHIJ�b�4
�'D(���E��W�
KL�?�@�!M
;cd���,� �A�F3�eG��:�E�
N��Of�S�	
P�,�-!/���
���<�!=�>$
!Of��gh�� i"� Oerlemans��
Raper and Braithwaite�/�:�)�
�	
GCM�/�QL�%RjS4�gh@Td�k
l7� ��%Rj�YZ�)�U:@<�!"#
!V47��m�no��4�:� ���	 GCM

�WpXqrstuvw �AMIP� �/W��YI
�1Zx� YI#%!$_�,�-�J*Xq!
�*
W
G�gh@�4�:/��[W�?
@� ,�-�r)�M;\d��
�(I��]
)�/W���	

/� �������	
�
**8�� �
���<�!"#����gh
����^_)�S�@� `y�*�z�{��

l4���gha� GCMgha
G�XV��
`�%
�	 b�� F0|ca��4��3S

de�
4����@f}g
�
�~�~w
�����W	 (h,��:NE�ij!k�)
������sL�3� Institute of Arctic and

Alpine Research �INSTAAR� � Dyurgerov�
Meier�[l7�@� CogleyB Raper����
P��M��f�l@G*���)������
����-�
�m�� �9��0���
��
P�/�& ������\P
G�ij��@
1n57�	 ,�-gh�o�p7�/W�� /
;(`����
��!�q������� r�
�: ��
��P����:��*�: ��
�ij:st�
4�E�	 ��@��
���
Raper and Braithwaite �,**0� @�&u�G�
/W��
: !�*���;?4��4���
�fv?@� o���
�~�~w����*�
: �������ij@�l4��E*�@1
n57�	 SRTMB ASTER-DEM
G��w�
tP-x���P�� �
��*�j!����
�A�y*�fz����@� (I��*�: 
��!k�������{F����[l7�	
|3
��P}~�����u�����P�~
�����\�!����*�@�A���W	
�~�~w���+A����� ���w� 
!o����KtK�¡���U��
�ij@
Sl��a�7���*��� <�!��G��
��3S
f¢Gt��
4���	 ���o£
��U�¤�
�
gh�� K�M�K¥¦��
G8�§�w��P!�/)��
�����

G�:¨d��;� ©E�� GLIMS���57
��
�P�e�dG@o£�/�:���;�
o�:A�ª«@1n57�	 ���� o£i¬
����w� !M;­E��£��U��
g
h�� ����:¤���®_
�	 *7�� ¯
��°��Wo±KtK�£��U��
,RP
�~�&���°�o±KtK�£��
�§O
²MP~� �~�� ³O�-
G��U��if
´G@ �����[l7�	 ���	�,RP
�~���W� gh��µ
�,���¶·~!
t�����G�/W��¸��¹!�E�@3
S
�A��_/W	 8�� KLMNBOPQR
K��*
l7�/W
 +¡ºg&��U��


� � » � �� 02­ 0¼ �,**0�634



���� �������	
�� 
������
���������� ������������
���� !	�"
��#� 
�$%&	�'
�()�*+�,-./� +3/*���
���
�����0123�#��� �4��5���
������6�7
!	89:��/
���;�����3�<
��� =8+	
�>� �;� ?�@�� �AB
C DMeier, +32.E� ��F=8+ DOerlemans

and Fortuin, +33,E� 8G)98$=8+ DBrait-

hwaite and Raper, ,**,E ��-.��� �H�
��I�JK.�LK./�7 �����MN�
O� H����@�OP�Q@�R����#3
 !�6�<��� �;>�S"#/TU�#V
3�
J���7 P�<�� $WQ@X"Y�%
W<&Z� [�"#/ D�H��E J
\]�'
�^�(K.)�_XJ�����*R+R
J
��S� 
�
J��;�_`a,�H���b
#3�
J�cdJ�-./�7 e��� =%
29%�fg��-.hi�H��-.3���
�����>� �;�_`a,�j/��;�S
�0a�6�J�k1����./� DFujita

and Ageta, ,***E7 l<� 
����h�m�_
`�>� Van de Wal and Wild D,**+E ����
H��2Y3 DnPE �P�ll�;4��F�
2Y DnBE �o��p�/
J>5p#�6�7

�
J>� h�H��q�'.r�6-<&
Z� H����2YK.�4��F�>fgK�
/
J�MN�Os#St3/7 K#K� =8+
�6�7uK<���� 'v����"
���
��	
�H��i89��;�wx3fg�M
:K<;>�R� yz{R�|9+K./R !
�6�7 }��<=>	
?����;!	>�
���
��>W�JK.@~�
�"
�s�
./��� G�9�+��A�6� ?��B� �
CS��Q	
>�D��p�6<p�/7 E�
��<�F'G�H,3����!	�I!Q
�� 
�l��!	��-.J./�KL�M�
�[�N<��$8��OPK./R
J� !
�6�7
�>yz� ������Q�=8+	
�R��O
�/Q\�#� 
�l��.�<J"S� �;��
�S��� DTs�<J
\#p>�>U.
�/E

�o/.>Van de Wal and Wild D,**+E ���2
�9��6����Raper and Braithwaite D,**0E
�V���./��;�N<�_`����#-
.��K./R���������L3�#�y
z��AJ/N�7 WXp>K���Y��;Z
[��,3\���."S� $%�%�)9��
,Y D]�(S� �,^�Z[3\�_����

JE ��-.`	a,��b3�
J�cl�
�7 K#K� 
���>de�>f��J�^�
!3�J�s��<�� 3��6�$%�%�
)9�ghKoo�;���Y��L�����
�N<��$8�������7 l<� 
�l�
�.�<=8+�>� �;��;<pK�./�
?ij� ����/-�/�l�./�/ DVan

de Wal and Wild D,**+E >ij=8+J�k�
� o��;�o/."
�-./�E7 
�>
�;ij�¡¢3�<�� !��;�£�3\
�3¤.��;�o/.	�3�
J��¥l�
6�
JJ�P�����¦�� ?�RM:��<
ij=8+� �uV�§.�� '�;�mhK<
¨�%W�©ª�6lS��n�3«�<��L
of��/
J��� DOerlemans et al., +332;

Van de Wal and Wild, ,**+E7 P�e��� �¬
2­t®:¯°�#p�p±�²3J"S� ��
B2j�n�R³qK./��>o�J
\ij
�fg�{Rr@./�­9´%G�;tµ9�
�;�6�7 =8+	
JLoJ�^�
�st
������¶u3�#�yz��AJ/N�7
ijLv�J·J3�	
?���� ?LofQ
�¸%¹+�� N<�2j=8+�V����K
</7

� �

Arendt, A.A., Echelmeyer, K.A., Harrison, W.D., Lin-

gle, C.S. and Valentine, V.B., ,**,: Rapid wastage

of Alaska glaciers and their contribution to rising

sea level. Science, ,31, -2,�-20.

Bahr, D.B., +331: Width and length scaling of glaciers.

J. Glaciol., .-, //1�/0,.

Bahr, D.B., Meier, M.F. and Peckham, S.D., +331: The

physical basis of glacier volume-area scaling. J.

Geophys. Res., +*,, ,*-//�,*-0,, doi: +*.+*,3/31JB

*+030.

Berthier, E., Arnaud, Y., Vincent, C. and Remy, F.,

�;2jJ��B�I3�º}�	
�� 02» 0¼ D,**0E 635



,**0: Biases of SRTM in high�mountain areas: Im-

plications for the monitoring of glacier volume

changes. Geophys. Res. Lett., --, L*2/*,, doi: +*.+*,3/

,**0GL*,/20,.

Braithwaite, R. J. and Raper, S.C.B., ,**,: Glaciers

and their contribution to sea level change. Phys.

Chem. Earth, ,1, +../�+./..

Chen, J. and Ohumra, A., +33*: Estimation of alpine

glacier water resources and their change since the

+21*s. IAHS Publ., +3-, +,1�+-/.

Cogley, J.G., ,**-: GGHYDRO: Global hydrographic

data, release ,.-, Trent Tech. Note ,**-�+, Dep. Of

Geogr., Trent Univ., Peterborough, Ontario, Can-

ada.

Cogley, J.G. and Adams, W.P., +332: Mass balance of

glaciers other than the ice sheets. J. Glaciol., .., -+/

�-,/.

Dyurgerov, M.B., ,**,: Glacier mass balance and re-

gime: Data of measurements and analysis. IN-

STAAR Occasional Paper No. //, Boulder, Colo-

rado, ,02 pp.

Dyurgerov, M.B. and Meier, M.F., +331a: Mass bal-

ance of mountain and subpolar glaciers: A new

global assessment for +30+�+33*. Arct. Alp. Res., ,3,

-13�-3+.

Dyurgerov, M.B. and Meier, M.F., +331b: Year-to-year

fluctuations of global mass balance of small gla-

ciers and their contribution to sea-level changes.

Arct. Alp. Res., ,3, -3,�.*,.

Dyurgerov, M.B. and Meier, M.F., ,**/: Glaciers and

the changing earth system: A ,**. snapthot. IN-

STAAR Occasional Paper No. /2, Boulder, Colo-

rado, ++1 pp.

Ekstrom, G., Nettles, M. and Tsai, V.C., ,**0: Season-

ality and increasing frequency of Greenland gla-

cial earthquakes. Science, -++, +1/0�+1/2.

Fujita, K. and Ageta, Y., ,***: E#ect of summer accu-

mulation on glacier mass balance on the Tibetan

Plateau revealed by mass-balance model. J. Gla-

ciol., .0, ,..�,/,.

Gesch, D., Farr, T., Slater, J., Muller, J. P. and Cook, S.

,**0: New products from the Shuttle Radar To-

pography Mission. Eos Trans. AGU, 21, +1.. doi:

+*.+*,3/,**0EO+2***-.

Gregory, J.M. and Oerlemans, J., +332: Simulated fu-

ture sea-level rise due to glacier melt based on

regionally and seasonally resolved temperature

changes. Nature, -3+, .1.�.10.

Haeberli, W., Bösch, H., Scherler, K., Østrem, G. and

Wallèn, C.C., +323: World glacier inventory. Status

+322. International Association of Hydrological

Sciences, Paris, ,3* pp.

Kargel, J.S., Abrams, M. J., Bishop, M.P., Bush, A.,

Hamilton, G., Jiskoot, H., Kääb, A., Kie#er, H.H.,

Lee, E.M., Paul, F., Rau, F., Raup, B., Shroder, J.F.,

Soltesz, D., Stainforth, D., Stearns, L. and Wessels,

R., ,**/: Multispectral imaging contributions to

global land ice measurements from space. Remote

Sens. Environ., 33, +21�,+3. doi: +*.+*+0/j.rse.,**/.

*1.**.

Kotlyakov, V.M., et al., +331: World Atlas of Snow

and Ice Resources. Inst. Geogr., Russ. Acad. Sci.,

Moscow, -3, pp.

Meier, M.F., +32.: Contribution of small glaciers to

global sea level. Science, ,,0, +.+2�+.,+.

Meier, M.F. and Bahr, D.B., +330: Counting glaciers:

Use of scaling methods to estimate the number

and size distribution of the glaciers of the world, in

Glaciers, Ice Sheets and Volcanoes: A Tribute to

Mark F. Meier, edited by S.C. Colbeck, Special

Report, 30�,1, Cold Reg. Res. Eng. Lab., Hanover,

New Hampshire, 23�3..

Meier M.F., Bahr, D.B., Dyurgerov, M.B. and Pfe#er,

W.T., ,**/: Comment on �The potential for sea

level rise: New estimates from glacier and ice cap

area and volume distribution” by S.C.B. Raper and

R. J. Braithwaite. Geophys. Res. Lett., -,, L+1/*+,

doi: +*.+*,3/,**/GL*,--+3.

Monaghan, A. J., Bromwich, D.H., Fogt, R.L., Wang, S.

H., Mayewski, P.A., Dixon, D.A., Ekaykin, A., Frez-

zotti, M., Goodwin, I., Isaksson, E., Kaspari, S.D.,

Morgan, V.I., Oerter, H., Van Ommen, T.D., Van der

Veen, C. J. and Wen, J., ,**0: Insignificant change

in Antarctic snowfall since the international geo-

physical year. Science, -+-, 2,1�2-+.

National Snow and Ice Data Center (NSIDC), +333:

World glacier inventory, Boulder, Colorado.

Oerlemans, J., Anderson, B., Hubbard, A., Huy-

brechts, P., Johannesson, T., Knap, W.H., Schmeits,

M., Stroeven, A.P., Van de Wal, R.S.W., Wallinga, J.

and Zuo, Z., +332: Modelling the response of gla-

ciers to climate warming. Clim. Dyn., +., ,01�,1..

Oerlemans, J. and Fortuin, J.P.F., +33,: Sensitivity of

glaciers and small ice caps to greenhouse warm-

ing. Science, ,/2, ++/�++1.

Rabus, B., Eineder, M., Roth, A. and Bamler, R. ,**-:

The shuttle radar topography mission- a new class

of digital elevation models acquired by space-

borne radar. Photogramm. Remote Sens., /1, ,.+�
,0,.

� � � � �� 02� 0	 
,**0�636



Raper, S.C.B. and Braithwaite, R. J., ,**/a: The poten-

tial for sea level rise: New estimates from glacier

and ice cap area and volume distributions. Geo-

phys. Res. Lett., -,, L*//*,, doi: +*.+*,3/,**.GL

*,+32+.

Raper, S.C.B. and Braithwaite, R. J., ,**/b: Reply to

comment by M.F. Meier et al. on “The potential for

sea level rise: New estimates from glacier and ice

cap area and volume distributions”, Geophys. Res.

Lett., -,, L+1/*,, doi: +*.+*,3/,**/GL*,-.0*.

Raper, S.C.B. and Braithwaite, R. J., ,**0: Low sea

level rise projections from mountain glaciers and

icecaps under global warming. Nature, .-3, -++�
-+-, doi: +*.+*-2/nature*...2.

Raper, S.C.B., Brown, O. and Braithwaite, R. J., ,***:

A geometric glacier model for sea-level change

calculations. J. Glaciol., .0, -/1�-02.

Rignot, E. and Kanagaratnam, P., ,**0: Changes in

the velocity structure of the Greenland ice sheet.

Science, -++, 320�33*.

Rignot, E., Rivera, A. and Casassa, G., ,**-: Contribu-

tion of the Patagonia icefields of South America to

sea level rise. Science, -*,, .-.�.-1.

Schutz, B.E., Zwally, H. J., Shuman, C.A., Hancock, D.

and DiMarzio, J.P. ,**/: Overview of the ICESat

Mission. Geophys. Res. Lett., -,, L,+S*+, doi:

+*.+*,3/,**/GL*,.**3.

Van de Wal, R.S.W. and Wild, M., ,**+: Modeling the

response of glaciers to climate change by applying

volume-area scaling in cmbination with a high

resolution GCM. Clim. Dyn., +2, -/3�-00.

Velicogna, I. and Wahr, J., ,**0: Measurements of

time-variable gravity show mass loss in Antarc-

tica. Science, -++, +1/.�+1/0.

Zuo, J. and Oerlemans, J., +331: Contribution of gla-

cier melt to sea-level rise since AD +20/: a region-

ally di#erentiated calculation. Clim. Dyn., +-, 2-/�
2./.

��������	

Cogley �,**-� �������
http://www.trentu.ca/geography/glacilogy/

glaciolgy.htm

Dyurgerov	�
���
http://instaar.colorado.edu/other/occ_papers.

html

GTOPO-*

http: / / edc. usgs. gov / products / elevation /

gtopo-*/gtopo-*.html

NSIDC�������
http://nsidc.org/data/glacier_inventory/

SRTM

http://www,.jpl.nasa.gov/srtm/

Recent studies on fluctuations of glaciers and sea-level

Koji FUJITA
+)

+) Graduate School of Environmental Studies, Nagoya University,

Chikusa-ku, Nagoya, .0.�20*+

�,**0
 2� +1���� ,**0
 3� ,-������ ,**0
 3� ,0������� ,**0
 3� ,2����

��������� !"#$�%&'� 02( 0) �,**0� 637


