
Very	
  minor	
  comments/corrections	
  by	
  editor	
  
-­‐p.	
  4	
  line	
  29:	
  ‘experienced’	
  (not	
  ‘experieneced’)	
  
Changed.	
  
-­‐p.	
  11,	
  line	
  16:	
  ‘faster	
  sliding’:	
  a	
  bit	
  awkward,	
  ‘enhanced	
  sliding’	
  maybe	
  better.	
  	
  
Changed.	
  
-­‐p.	
  14	
  line	
  29:	
  should	
  be	
  ‘were’	
  not	
  able	
  …	
  rather	
  than	
  ‘was’	
  as	
  there	
  are	
  two	
  
authors.	
  
Changed.	
  
-­‐p.	
  19	
  line	
  3:	
  again	
  should	
  be	
  ‘…assumptions	
  do’	
  rather	
  than	
  ‘‘…assumptions	
  
does’	
  
Changed.	
  
-­‐please	
  acknowledge	
  the	
  reviewers	
  in	
  the	
  acknowledgements	
  
Reviewers	
  and	
  the	
  Editor	
  are	
  now	
  acknowledged.	
  



Response	
  to	
  Reviewer	
  #1	
  
We	
  thank	
  reviewer	
  1,	
  Andy	
  Aschwanden,	
  for	
  constructive	
  comments	
  and	
  
appreciate	
  recommendations	
  for	
  relevant	
  previous	
  studies	
  to	
  compare	
  our	
  
findings	
  with.	
  
	
  
We	
  reply	
  to	
  comments	
  below	
  in	
  a	
  point-­‐by-­‐point	
  manner.	
  
	
  
On	
  behalf	
  of	
  the	
  authors,	
  
Henning	
  Åkesson	
  
	
  
The	
  manuscript	
  is	
  generally	
  well	
  written,	
  flows	
  nicely	
  and	
  is	
  easy	
  to	
  follow	
  and	
  
now	
  has	
  a	
  clear(er)	
  focus.	
  The	
  authors	
  have	
  carefully	
  addressed	
  the	
  reviewers'	
  
comments.	
  While	
  the	
  reviewer's	
  comment	
  "This	
  setup,	
  with	
  a	
  focus	
  on	
  the	
  long-­‐
term	
  evolution	
  of	
  the	
  ice	
  cap,	
  is	
  interesting	
  to	
  get	
  an	
  insight	
  in	
  the	
  dynamics	
  of	
  
this	
  ice	
  cap	
  and	
  the	
  important	
  role	
  of	
  the	
  surface	
  mass	
  balance	
  (SMB)	
  and	
  its	
  
feedback	
  with	
  elevation.	
  However,	
  the	
  authors	
  do	
  not	
  really	
  dig	
  into	
  these	
  
concepts"	
  still	
  holds	
  true,	
  though	
  to	
  a	
  lesser	
  degree,	
  the	
  authors	
  explicitly	
  state	
  
their	
  focus	
  on	
  long	
  term	
  reconstruction.	
  
	
  
My	
  main	
  comment	
  is	
  that	
  the	
  manuscript	
  could	
  be	
  made	
  more	
  relevant	
  and	
  
broadly	
  appealing	
  by	
  putting	
  the	
  results	
  in	
  a	
  wider	
  context	
  and	
  
contrasting/comparing	
  their	
  findings	
  with	
  other	
  recent	
  work	
  on	
  ice	
  caps	
  and	
  
icefields.	
  For	
  example,	
  recent	
  publications	
  assess	
  the	
  stability	
  of	
  the	
  Juneau	
  
Icefield	
  (Ziemen	
  et	
  al,	
  2016)	
  and	
  Yakutat	
  Glacier	
  (Truessel	
  et	
  al,	
  2015).	
  Both	
  
glaciers	
  are	
  in	
  south-­‐east	
  Alaska	
  in	
  a	
  similar	
  climate	
  setting,	
  but	
  Yakutat	
  Glacier	
  
is	
  expected	
  to	
  disappear	
  by	
  the	
  end	
  of	
  the	
  21st	
  century	
  while	
  the	
  Juneau	
  Icefield	
  
is	
  expected	
  to	
  survive.	
  Ziemen	
  et	
  al	
  (2016)	
  have	
  done	
  many	
  modeling	
  
experiments	
  that	
  are	
  quite	
  similar	
  to	
  this	
  study	
  (e.g.	
  sensitivity	
  to	
  sliding,	
  
regrowth	
  capability	
  under	
  different	
  climate	
  scenarios).	
  I	
  find	
  it	
  very	
  interesting	
  
that	
  for	
  present-­‐day	
  climate,	
  Hardangerjøkulen	
  ice	
  cap	
  only	
  grows	
  to	
  20%	
  to	
  its	
  
current	
  volume	
  when	
  starting	
  from	
  ice	
  free	
  conditions,	
  while	
  the	
  Juneau	
  
Icefield's	
  regrowth	
  volumes	
  are	
  close	
  to	
  the	
  steady-­‐state	
  volumes	
  when	
  starting	
  
from	
  present-­‐day	
  (Fig	
  11	
  in	
  Ziemen).	
  Other	
  similarities	
  include	
  the	
  sparseness	
  of	
  
the	
  ice	
  thickness	
  data.	
  Ziemen	
  showed,	
  using	
  a	
  very	
  crude	
  sensitivity	
  experiment,	
  
that	
  uncertainties	
  in	
  ice	
  thickness	
  have	
  a	
  strong	
  impact	
  on	
  the	
  simulated	
  volume	
  
evolution.	
  Very	
  recently,	
  Gilbert	
  et	
  al	
  (2016)	
  studied	
  the	
  evolution	
  of	
  the	
  Barnes	
  
Ice	
  Cap	
  on	
  Baffin	
  Island,	
  corroborating	
  some	
  of	
  the	
  findings	
  of	
  Mahaffy's	
  seminal	
  
1976	
  paper,	
  and	
  concluded	
  that	
  the	
  ice	
  cap	
  will	
  disappear	
  within	
  this	
  
millennium.	
  I	
  hope	
  this	
  will	
  help	
  expand	
  on	
  the	
  concluding	
  statement	
  (P20,L14)	
  
"We	
  expect	
  that	
  ice	
  caps	
  with	
  comparable	
  geometry	
  elsewhere	
  may	
  display	
  
similar	
  sensitivity	
  and	
  hysteresis".	
  
	
  
We	
  appreciate	
  the	
  reviewer’s	
  directions	
  to	
  several	
  recent	
  relevant	
  papers.	
  In	
  the	
  
revised	
  manuscript	
  we	
  discuss	
  our	
  work	
  in	
  light	
  of	
  these	
  recent	
  studies	
  on	
  ice	
  
caps	
  and	
  ice	
  fields	
  (see	
  Section	
  5.3	
  in	
  the	
  Discussion).	
  	
  We	
  have	
  changed	
  the	
  
concluding	
  statement	
  to	
  “Our	
  experiments	
  suggest	
  that	
  the	
  present-­‐day	
  ice	
  cap	
  is	
  
in	
  a	
  mass	
  balance	
  regime	
  where	
  it	
  will	
  not	
  regrow	
  once	
  it	
  has	
  disappeared.	
  We	
  
thus	
  find	
  that	
  Hardangerjøkulen	
  displays	
  strong	
  hysteresis	
  and	
  that	
  the	
  



interaction	
  between	
  hypsometry	
  and	
  mass	
  balance-­‐altitude	
  feedback	
  controls	
  its	
  
behavior.”	
  
	
  
	
  
Figure	
  2,	
  SMB-­‐altitude	
  profile	
  and	
  P15,	
  L19-­‐20:	
  I'm	
  not	
  quite	
  able	
  to	
  figure	
  out	
  
how	
  the	
  profile	
  was	
  derived	
  from	
  observations	
  without	
  reading	
  all	
  the	
  
underlying	
  literature,	
  so	
  this	
  might	
  be	
  a	
  red	
  herring:	
  looking	
  at	
  the	
  geographical	
  
setting,	
  I	
  can	
  imagine	
  that	
  the	
  ice	
  cap	
  experiences	
  orographic	
  precipitation	
  at	
  
least	
  to	
  some	
  degree,	
  where	
  the	
  windward	
  side	
  receives	
  higher	
  precipitation	
  
than	
  the	
  lee	
  side.	
  If	
  more	
  high-­‐altitude	
  area	
  is	
  in	
  the	
  lee	
  side,	
  averaging	
  could	
  
lead	
  to	
  a	
  decrease	
  in	
  SMB	
  at	
  high	
  altitude.	
  Schuler	
  et	
  al	
  (2008)	
  studied	
  
orographic	
  precipitation	
  effects	
  on	
  the	
  Svartisen	
  ice	
  cap	
  further	
  north	
  using	
  the	
  
Smith	
  and	
  Barstad	
  (2004)	
  linear	
  theory	
  of	
  orographic	
  precipitation	
  model.	
  
	
  
We	
  agree	
  that	
  the	
  explanation	
  of	
  the	
  derivation	
  of	
  the	
  SMB-­‐altitude	
  profile	
  
should	
  have	
  been	
  clearer,	
  and	
  we	
  have	
  now	
  improved	
  this	
  paragraph.	
  
	
  	
  	
  SMB	
  is	
  measured	
  on	
  the	
  windward	
  side,	
  at	
  the	
  outlet	
  glacier	
  Rembesdalskåka,	
  
so	
  the	
  decrease	
  in	
  SMB	
  at	
  high	
  altitudes	
  pointed	
  out	
  by	
  the	
  reviewer	
  is	
  certainly	
  
real.	
  Note	
  however,	
  that	
  for	
  Hardangerjøkulen	
  most	
  of	
  the	
  high-­‐altitude	
  area	
  is	
  
on	
  the	
  windward	
  rather	
  than	
  the	
  leeward	
  side	
  (see	
  Fig.	
  1	
  in	
  the	
  manuscript),	
  
therefore	
  we	
  are	
  not	
  sure	
  whether	
  the	
  bias	
  suggested	
  by	
  the	
  reviewer	
  due	
  to	
  
spatial	
  averaging	
  and	
  leeward	
  effects	
  will	
  play	
  a	
  major	
  role.	
  As	
  noted	
  in	
  the	
  
discussion	
  (p.14,	
  l.30-­‐33),	
  Giesen	
  and	
  Oerlemans	
  (2010)	
  included	
  spatial	
  mass	
  
balance	
  gradients	
  but	
  were	
  still	
  not	
  able	
  to	
  match	
  the	
  two	
  outlet	
  glaciers	
  with	
  
modern	
  observations,	
  suggesting	
  that	
  this	
  mismatch	
  does	
  not	
  arise	
  due	
  to	
  the	
  
mass	
  balance	
  forcing	
  alone.	
  
	
  
	
  
A	
  side	
  note:	
  The	
  authors'	
  statement	
  in	
  the	
  response	
  letter	
  "In	
  addition,	
  we	
  think	
  
that	
  the	
  dependency	
  of	
  initial	
  conditions	
  for	
  ice	
  caps	
  (hysteresis),	
  illustrated	
  in	
  
Fig.	
  11,	
  has	
  not	
  received	
  much	
  attention	
  in	
  the	
  literature	
  and	
  is	
  relevant	
  for	
  
modeling	
  and	
  reconstructing	
  paleo-­‐ice	
  caps	
  and	
  predicting	
  future	
  ice	
  cap	
  
evolution."	
  may	
  be	
  true	
  for	
  small(er)	
  glaciers,	
  but	
  not	
  for	
  ice	
  sheets.	
  We've	
  been	
  
pushing	
  this	
  idea	
  for	
  more	
  than	
  5	
  years	
  now;	
  see	
  Aschwanden,	
  Aðalgeirsdóttir,	
  
and	
  Khroulev	
  (2013)	
  and	
  Aðalgeirsdóttir	
  et	
  al	
  (2014).	
  
	
  
We	
  thank	
  the	
  reviewer	
  for	
  highlighting	
  these	
  studies.	
  We	
  certainly	
  acknowledge	
  
that	
  prognostic	
  simulations	
  are	
  highly	
  dependent	
  on	
  initial	
  states	
  and	
  that	
  this	
  is	
  
an	
  area	
  of	
  active	
  research.	
  We	
  now	
  emphasize	
  the	
  case	
  for	
  small	
  ice	
  caps	
  by	
  
adding	
  the	
  following	
  at	
  the	
  end	
  of	
  Section	
  5.3:	
  
“Hardangerjøkulen's	
  strong	
  hysteresis	
  highlights	
  the	
  importance	
  of	
  accurately	
  
representing	
  the	
  initial	
  state	
  in	
  transient	
  simulations	
  of	
  small	
  ice	
  caps,	
  as	
  
previously	
  suggested	
  for	
  ice	
  sheets,	
  as	
  previously	
  suggested	
  for	
  ice	
  sheets	
  (e.g.	
  
Aschwanden	
  et	
  al.,	
  2013;	
  Aðalgeirsdóttir	
  et	
  al.,	
  2014).“	
  
	
  
	
  
	
  
Detailed	
  comments:	
  
	
  



P1,	
  L13-­‐14:	
  "...	
  that	
  the	
  surface	
  mass	
  balance-­‐altitude	
  feedback	
  and	
  ice	
  cap	
  
hypsometry	
  are	
  essential	
  to	
  this	
  sensitivity."	
  The	
  surface	
  mass	
  balance-­‐altitude	
  
feedback	
  and	
  the	
  glacier	
  hypsometry	
  are	
  not	
  independent	
  of	
  each	
  other	
  (or	
  am	
  I	
  
missing	
  something?),	
  the	
  hypsometry	
  of	
  a	
  glacier	
  determines	
  how	
  strong	
  the	
  
surface	
  mass	
  balance-­‐altitude	
  feedback	
  is.	
  If	
  memory	
  serves	
  me	
  well,	
  this	
  was	
  
beautifully	
  illustrated	
  by	
  Rivera	
  and	
  Cassa	
  (1999)	
  
	
  
We	
  agree	
  with	
  the	
  reviewer	
  that	
  the	
  hypsometry	
  will	
  influence	
  the	
  strength	
  of	
  
the	
  surface	
  mass	
  balance-­‐altitude	
  feedback.	
  We	
  now	
  more	
  clearly	
  convey	
  this	
  by	
  
rephrasing	
  to	
  “the	
  effect	
  of	
  the	
  ice	
  cap	
  hypsometry	
  on	
  the	
  mass	
  balance-­‐altitude	
  
feedback	
  is	
  essential	
  to	
  this	
  sensitivity“.	
  We	
  thank	
  the	
  reviewer	
  for	
  pointing	
  us	
  to	
  
the	
  relevant	
  paper	
  by	
  Rivera	
  and	
  Casassa	
  (1999),	
  which	
  we	
  now	
  cite	
  in	
  Section	
  
5.3	
  in	
  the	
  discussion.	
  
	
  
P2,	
  L3:	
  their	
  sea	
  level	
  equivalents	
  (e.g.	
  Grinsted,	
  2013;	
  Bahr	
  et	
  al.,	
  2015).	
  It's	
  a	
  
good	
  practice	
  to	
  also	
  cite	
  the	
  first	
  manuscript	
  that	
  introduces	
  a	
  new	
  concept	
  
(here	
  V-­‐A	
  scaling).	
  
	
  
We	
  now	
  cite	
  Bahr	
  et	
  al.	
  (1997)	
  as	
  well.	
  
	
  
P3,	
  L7:	
  ...ranges	
  form	
  1020	
  to	
  1865	
  m	
  a.s.l....	
  
	
  
Changed.	
  
	
  
P6,	
  L21:	
  ...on	
  a	
  scaling	
  analysis	
  of	
  the	
  Stokes	
  equations...	
  ("full	
  Stokes"	
  still	
  makes	
  
me	
  cringe)	
  
	
  
Changed.	
  
	
  
P7,	
  L15-­‐20:	
  I	
  do	
  not	
  want	
  to	
  go	
  off	
  on	
  a	
  tangent,	
  but	
  why	
  do	
  you	
  acknowledge	
  
that	
  SIA	
  is	
  only	
  valid	
  for	
  no-­‐slip	
  conditions	
  and	
  then	
  go	
  on	
  and	
  combine	
  it	
  with	
  
Weertman	
  sliding?	
  See	
  Appendix	
  in	
  Bueler	
  and	
  Brown	
  (2009)	
  why	
  this	
  should	
  be	
  
avoided.	
  I	
  do	
  not	
  expect	
  this	
  to	
  influence	
  your	
  general	
  conclusions	
  though	
  (in	
  
fact,	
  you	
  will	
  most	
  likely	
  get	
  very	
  similar	
  sensitivities	
  when	
  strictly	
  using	
  no-­‐
slip).	
  Along	
  the	
  same	
  lines,	
  I	
  agree	
  with	
  the	
  discussion	
  in	
  the	
  previous	
  reviews	
  
that	
  using	
  a	
  more	
  complex	
  stress	
  balance	
  is	
  not	
  needed	
  here.	
  
	
  
While	
  stress	
  balance	
  simplifications	
  (the	
  SIA)	
  have	
  been	
  addressed	
  in	
  previous	
  
responses	
  to	
  reviewers,	
  as	
  the	
  reviewer	
  points	
  out,	
  we	
  appreciate	
  that	
  the	
  
reviewer	
  raises	
  the	
  question	
  regarding	
  Weertman	
  sliding	
  and	
  SIA.	
  The	
  
discussion	
  in	
  Appendix	
  B	
  of	
  Bueler	
  and	
  Brown	
  (2009)	
  concerns	
  models	
  where	
  
temperature	
  varies	
  along	
  the	
  glacier	
  base.	
  The	
  argument	
  is	
  that	
  the	
  “switch”	
  
from	
  no-­‐slip	
  to	
  sliding	
  conditions	
  at	
  the	
  base	
  induces	
  “jump	
  discontinuities”	
  in	
  
horizontal	
  velocities,	
  due	
  to	
  the	
  incompressibility	
  of	
  ice.	
  We	
  acknowledge	
  that	
  
this	
  may	
  be	
  an	
  issue	
  for	
  polythermal	
  ice,	
  but	
  Hardangerjøkulen	
  has	
  a	
  base	
  at	
  the	
  
pressure-­‐melting	
  point	
  and	
  we	
  therefore	
  model	
  ice	
  as	
  isothermally	
  temperate.	
  	
  
	
  
	
  
P7,	
  L23-­‐24:	
  "In	
  this	
  study,	
  the	
  basal	
  sliding	
  parameter	
  β	
  is	
  assumed	
  spatially	
  and	
  



temporally	
  constant.	
  In	
  reality,	
  sliding	
  likely	
  varies	
  in	
  space	
  and	
  time	
  according	
  
aforementioned	
  factors."	
  This	
  two	
  sentences	
  do	
  not	
  make	
  sense	
  the	
  way	
  they	
  are	
  
written,	
  one	
  gets	
  the	
  impression	
  that	
  using	
  a	
  constant	
  β	
  leads	
  to	
  a	
  constant	
  in	
  
time	
  and	
  space	
  sliding,	
  which	
  is	
  not	
  true.	
  I	
  think	
  you	
  can	
  just	
  delete	
  the	
  second	
  
sentence.	
  
	
  
We	
  agree	
  with	
  the	
  reviewer	
  and	
  have	
  deleted	
  the	
  second	
  sentence.	
  
	
  
P7,	
  L25-­‐27:	
  There	
  is	
  a	
  much	
  stronger	
  argument	
  against	
  deriving	
  the	
  basal	
  
friction	
  parameter	
  from	
  surface	
  properties.	
  Inversions	
  for	
  β	
  are	
  only	
  valid	
  at	
  or	
  
around	
  the	
  time	
  stamp	
  of	
  the	
  data	
  sets	
  used	
  for	
  inversion.	
  Consequently,	
  β	
  fields	
  
are	
  snap	
  shots	
  and	
  should	
  not	
  used	
  for	
  prognostic	
  simulations	
  at	
  all,	
  but	
  this	
  
would	
  be	
  all	
  the	
  more	
  severe	
  for	
  the	
  long	
  time	
  scales	
  (millennia)	
  considered	
  in	
  
this	
  study.	
  
	
  
We	
  have	
  added	
  “More	
  fundamentally,	
  inverted	
  friction	
  fields	
  may	
  become	
  
inaccurate	
  on	
  the	
  long	
  time	
  scales	
  considered	
  in	
  this	
  study."	
  
	
  
	
  
P8,	
  L22:	
  Define	
  your	
  steady-­‐state.	
  See	
  Ziemen	
  et	
  al	
  (2016)	
  near	
  Eq.	
  4	
  why	
  this	
  is	
  
important	
  to	
  correctly	
  interpret	
  your	
  results.	
  
	
  
The	
  reviewer	
  here	
  raises	
  a	
  valid	
  point	
  in	
  that	
  mass	
  balance	
  trends	
  in	
  different	
  
parts	
  of	
  an	
  ice	
  cap	
  may	
  cancel	
  each	
  other	
  out,	
  even	
  though	
  total	
  volume	
  change	
  
may	
  suggest	
  a	
  steady-­‐state.	
  While	
  we	
  did	
  not	
  use	
  a	
  criterion	
  as	
  suggested	
  by	
  
Ziemen	
  et	
  al.	
  (2016),	
  we	
  ran	
  our	
  ensemble	
  calibration	
  for	
  2000	
  years	
  for	
  each	
  
ensemble	
  member	
  (cf.	
  1500	
  years	
  in	
  Ziemen	
  et	
  al.,	
  2016),	
  which	
  is	
  sufficient	
  to	
  
ensure	
  steady-­‐state.	
  
	
  
P10,	
  L2:	
  ...sensitivity	
  to	
  the	
  choice	
  of...	
  
	
  
Added	
  “the”.	
  
	
  
P12,	
  L19,22:	
  should	
  be	
  Figure	
  11a,b	
  not	
  10	
  
	
  
Changed	
  numbering.	
  
	
  
P12,	
  31:	
  Our	
  Holocene	
  simulations	
  shows...	
  
	
  
Changed.	
  
	
  
P19,	
  L2-­‐5:	
  This	
  is	
  a	
  rather	
  broad	
  brush	
  over	
  a	
  large	
  field.	
  At	
  least	
  provide	
  
references	
  (there	
  is	
  a	
  wealth	
  of	
  literature	
  on	
  simple,	
  analytical	
  models	
  by	
  
glaciologists	
  including,	
  but	
  not	
  limited,	
  to:	
  J.	
  Oerlemans,	
  G.	
  Roe,	
  W.	
  Harrison,	
  M.	
  
Luethi).	
  
	
  
We	
  agree	
  with	
  the	
  reviewer.	
  We	
  were	
  mainly	
  concerned	
  with	
  glacier	
  
reconstructions	
  using	
  proxy	
  data,	
  but	
  the	
  reviewer	
  makes	
  a	
  good	
  point	
  by	
  
including	
  these	
  simple,	
  analytical	
  models.	
  We	
  have	
  rewritten	
  this	
  paragraph	
  



emphasizing	
  glacier	
  reconstructions	
  from	
  proxies,	
  as	
  well	
  as	
  acknowledging	
  
previous	
  literature	
  as	
  highlighted	
  by	
  the	
  reviewer.	
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Response	
  to	
  Reviewer	
  #2	
  
	
  
We	
  wish	
  to	
  thank	
  reviewer	
  2	
  of	
  the	
  revised	
  manuscript,	
  Nicholas	
  R.	
  Golledge,	
  for	
  
insightful	
  and	
  constructive	
  comments.	
  	
  
	
  
We	
  appreciate	
  the	
  reviewer’s	
  comment	
  regarding	
  the	
  use	
  of	
  the	
  SIA.	
  As	
  we	
  have	
  
addressed	
  this	
  issue	
  extensively	
  in	
  previous	
  responses	
  to	
  reviewers	
  of	
  the	
  
original	
  manuscript	
  we	
  will	
  not	
  repeat	
  this	
  discussion	
  here.	
  We	
  also	
  note	
  that	
  
both	
  reviewers	
  of	
  the	
  revised	
  manuscript	
  do	
  not	
  view	
  inclusion	
  of	
  higher	
  order	
  
stresses	
  critical	
  for	
  our	
  application.	
  Thus	
  we	
  have	
  kept	
  the	
  discussion	
  concerning	
  
the	
  SIA	
  in	
  the	
  revised	
  manuscript	
  as	
  is.	
  
	
  
We	
  thank	
  the	
  reviewer	
  for	
  suggesting	
  the	
  change	
  of	
  tense	
  to	
  emphasize	
  our	
  aim	
  
of	
  investigating	
  the	
  style	
  and	
  dynamics	
  of	
  ice	
  cap	
  growth	
  through	
  the	
  late	
  
Holocene,	
  rather	
  than	
  a	
  detailed	
  reconstruction	
  of	
  the	
  ice	
  cap	
  history.	
  We	
  have	
  
changed	
  this	
  accordingly,	
  as	
  indicated	
  by	
  the	
  examples	
  below:	
  
	
  

-­‐ p.	
  1,	
  l.	
  5:	
  "	
  Under	
  a	
  linear	
  climate	
  forcing,	
  we	
  find	
  that	
  Hardangerjøkulen	
  
grew”	
  -­‐>	
  “Under	
  a	
  linear	
  climate	
  forcing	
  in	
  our	
  simulations,	
  we	
  find	
  that	
  
Hardangerjøkulen	
  grows”	
  

-­‐ p.17,	
  l.27:	
  ”we	
  consider	
  our	
  continuous	
  model	
  reconstruction	
  to	
  be	
  a	
  
good	
  first	
  estimate	
  of	
  how	
  Hardangerjøkulen	
  grew	
  -­‐>	
  “we	
  consider	
  our	
  
continuous	
  model	
  simulation	
  to	
  be	
  a	
  good	
  first	
  estimate	
  of	
  
Hardangerjøkulen’s	
  growth	
  from	
  nothing	
  to	
  its	
  maximum	
  extent	
  during	
  
the	
  LIA.”	
  

-­‐ p.19,	
  l.26:	
  “Our	
  simulations	
  suggest	
  that	
  Hardangerjøkulen	
  evolved”	
  -­‐>	
  “In	
  
our	
  simulations,	
  Hardangerjøkulen	
  evolves”	
  

-­‐ p.19,	
  l.27:	
  “involved”	
  -­‐>	
  “involves”	
  
	
  
	
  
On	
  behalf	
  of	
  the	
  authors,	
  
Henning	
  Åkesson	
  
	
  
	
  
Having	
  read	
  the	
  initial	
  reviews	
  and	
  the	
  authors	
  responses	
  to	
  them,	
  I	
  can	
  see	
  that	
  
the	
  authors	
  have	
  made	
  a	
  concerted	
  effort	
  to	
  simplify,	
  clarify,	
  and	
  improve	
  the	
  
paper.	
  The	
  major	
  shortcoming	
  of	
  the	
  study	
  appears	
  to	
  be	
  that	
  the	
  model	
  
implementation	
  (using	
  just	
  the	
  SIA)	
  may	
  produce	
  results	
  that	
  are	
  unrealistic.	
  I	
  
think	
  this	
  concern	
  still	
  persists,	
  but	
  in	
  my	
  view	
  the	
  study	
  is	
  sufficiently	
  
conceptual	
  that	
  the	
  results	
  can	
  be	
  considered	
  simply	
  in	
  terms	
  of	
  anomalies	
  -­‐	
  that	
  
is,	
  the	
  relative	
  changes	
  are	
  of	
  interest,	
  even	
  if	
  the	
  absolute	
  geometries	
  and	
  
dynamics	
  are	
  open	
  to	
  question.	
  To	
  help	
  convey	
  this,	
  one	
  small	
  but	
  important	
  
modification	
  might	
  be	
  to	
  change	
  the	
  tense	
  used	
  throughout	
  the	
  paper	
  when	
  
discussing	
  the	
  results.	
  Rather	
  than	
  stating	
  emphatically	
  (for	
  example),	
  
"...Hardangerjøkulen	
  GREW	
  from	
  ice-­‐free	
  conditions	
  in	
  the	
  mid-­‐Holocene.."	
  (L5)	
  
it	
  might	
  be	
  preferable	
  to	
  use	
  the	
  present	
  tense,	
  and	
  couch	
  the	
  statement	
  in	
  terms	
  
of	
  the	
  model	
  results,	
  e.g.	
  "in	
  our	
  simulations	
  Hardangerjøkulen	
  GROWS	
  from	
  ice-­‐
free	
  conditions	
  in	
  the	
  mid-­‐Holocene..:.	
  This	
  change	
  of	
  tense	
  throughout	
  the	
  
manuscript	
  would	
  make	
  it	
  clear	
  that	
  the	
  ideas	
  being	
  put	
  forward	
  are	
  based	
  solely	
  



on	
  the	
  experimental	
  results,	
  and	
  that	
  the	
  authors	
  aren't	
  making	
  direct	
  claims	
  
about	
  the	
  'real'	
  ice	
  cap.	
  Other	
  than	
  this	
  suggestion	
  I	
  can	
  find	
  little	
  else	
  to	
  
comment	
  on	
  that	
  the	
  two	
  original	
  reviewers	
  haven't	
  already	
  picked	
  up.	
  I	
  agree	
  
with	
  them	
  that	
  the	
  findings	
  concerning	
  SMB	
  feedbacks	
  and	
  hysteresis	
  etc	
  aren't	
  
particularly	
  novel,	
  but	
  they	
  are	
  interesting	
  nonetheless	
  and	
  in	
  the	
  revised	
  
manuscript	
  the	
  balance	
  between	
  results	
  and	
  speculative	
  discussion	
  seems	
  ok.	
  
The	
  figures	
  are	
  good	
  and	
  clear	
  and	
  the	
  paper	
  should	
  be	
  of	
  interest	
  to	
  others	
  
investigating	
  Holocene	
  fluctuations	
  of	
  glaciers	
  and	
  ice	
  caps	
  elsewhere.	
  
	
  
N	
  R	
  Golledge	
  28th	
  Nov	
  2016	
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Abstract. Understanding of long-term dynamics of glaciers and ice caps is vital to assess their recent and future changes, yet

few long-term reconstructions using ice flow models exist. Here we present simulations of the maritime Hardangerjøkulen ice

cap in Norway from the mid-Holocene through the Little Ice Age (LIA) to the present-day, using a numerical ice flow model

combined with glacier and climate reconstructions.

Under
::
In

:::
our

::::::::::
simulation,

:::::
under a linear climate forcing, we find that Hardangerjøkulen grew

:::::
grows from ice-free conditions5

in the mid-Holocene to its maximum extent during the LIA in a non-linear, spatially asynchronous fashion. During its fastest

stage of growth (2300–1300 BP), the ice cap tripled its volume over only
:::::
triples

:::
its

::::::
volume

:::
in

:::
less

:::::
than 1000 years. The

modelled ice cap extent and outlet glacier length changes from the LIA until today are close to
::::
agree

:::::
well

::::
with

::::::::
available

observations.

Volume and area for Hardangerjøkulen and several of its outlet glaciers vary out-of-phase for several centuries during the10

Holocene. This volume-area disequilibrium varies in time and from one outlet glacier to the next, illustrating that linear relations

between ice extent, volume and glacier proxy records, as generally used in paleo-climatic reconstructions, have only limited

validity.

We also show that the present-day ice cap is highly sensitive to surface mass balance changes and that the mass balance-altitude

feedback and
:::::
effect

::
of

:::
the ice cap hypsometry are

::
on

:::
the

:::::
mass

:::::::::::::
balance-altitude

::::::::
feedback

:
is
:
essential to this sensitivity. A mass15

balance shift by +0.5 m w.e. relative to the mass balance from the last decades almost doubles ice volume, while a decrease of

0.2 m w.e. or more induces a strong mass balance-altitude feedback and makes Hardangerjøkulen disappear entirely. Further-

more, once disappeared, an additional +0.1 m w.e. relative to the present mass balance is needed to regrow the ice cap to its

present-day extent. We expect that other ice caps with comparable geometry in for example Norway, Iceland, Patagonia and

peripheral Greenland may behave similarly, making them particularly vulnerable to climate change.20
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1 Introduction

The 211,000 glaciers and ice caps (GICs) (Pfeffer et al., 2014; Arendt et al., 2015) in the world are relatively small compared

to the Greenland and Antarctic ice sheets, but they constitute about half of the current cryospheric contribution to sea level rise

(Shepherd et al., 2012; Vaughan et al., 2013), a distribution projected to remain similar throughout the 21st century (Church

et al., 2013; Huss and Hock, 2015). Since areas of GICs are more readily available than their volume, scaling methods are com-5

monly employed to estimate total ice volumes and their sea level equivalents (e.g. Grinsted, 2013; Bahr et al., 2015)
::::::::::::::::::::::::::::::::::::::::::::::
(e.g. Bahr et al., 1997; Grinsted, 2013; Bahr et al., 2015).

Many of these GICs are ice caps, though little is known about their response to long-term climate change, how a particular ice

cap geometry contribute
:::::::::
contributes to this sensitivity or how scaling methods perform for ice caps.

Reconstructions of past climate and glacier variations contribute to our understanding of long-term glacier behavior. How-

ever, these studies often build on simple glaciological assumptions relating proxies, ice extent, ice volume and climate (e.g.10

Hallet et al., 1996). As glaciers are non-linear systems with feedbacks, such relations are difficult to constrain without a nu-

merical model. Yet long-term reconstructions using ice flow models are rare. Most existing quantitative modelling studies of

GICs are restricted to timescales of decades (e.g. Leysinger-Vieli and Gudmundsson, 2004; Raper and Braithwaite, 2009) or

centuries (Jouvet et al., 2009; Giesen and Oerlemans, 2010; Adalgeirsdóttir et al., 2011; Zekollari et al., 2014; Zekollari and

Huybrechts, 2015; Ziemen et al., 2016). Only a very limited number of studies exist for the longer timescales (e.g. Flowers15

et al., 2008; Laumann and Nesje, 2014). Studies focusing on glacier evolution since the Little Ice Age (LIA) (e.g. Giesen and

Oerlemans, 2010; Adalgeirsdóttir et al., 2011; Zekollari et al., 2014) normally perturb a present-day glacier or ice cap with a

climate anomaly relative to the modern and do not explicitly consider the ice cap history preceding the LIA.

In this study, we use a numerical ice flow model to provide a quantitative, long-term, dynamical perspective on the history

and current state of the Hardangerjøkulen ice cap in southern Norway. These results are also relevant for our understanding20

of the history and future stability of similar ice masses in e.g. Norway (Nesje et al., 2008a), Iceland (Adalgeirsdóttir et al.,

2006), Patagonia (Rignot et al., 2003), Alaska (Berthier et al., 2010) and peripheral Greenland (Jacob et al., 2012). We present

a plausible ice cap history over several thousand years before the LIA (Sect. 4.1), and use this as a starting point for simulations

from LIA to present-day (Sect. 4.2). To evaluate the sensitivity of the ice cap to the choice of dynamical model parameters,

we perform an ensemble of simulations with different dynamical model parameters (Sect. 4.2.1). Furthermore, we quantify the25

sensitivity of Hardangerjøkulen to climatic change (Sect. 4.3).

We find that Hardangerjøkulen is exceptionally sensitive to surface mass balance changes, and that the surface mass balance-

altitude feedback and ice cap hypsometry is crucial to this sensitivity. To constrain the assumptions made in glacier reconstruc-

tions and volume-area scaling applications, we assess the degree of linearity between ice cap volume and area (Sect. 4.4). We

show that commonly used scaling relations overestimate ice volume, and suggest that glacier and climate reconstructions could30

benefit from quantifying the impact on proxy records of bed topography, glacier hypsometry and the surface mass balance-

altitude feedback (Sect. 5.5).
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2 Hardangerjøkulen ice cap

2.1 Present-day geometry

2.1.1 Surface topography

Hardangerjøkulen (60◦55’N, 7◦25’E) has a present-day (year 2012) area of 73 km2 (Andreassen et al., 2012) and is located at

the western flank of the Hardangervidda mountain plateau. The ice cap is rather flat in the interior with steeper glaciers draining5

the plateau (Fig. 1). The largest outlet glaciers are Rembesdalskåka (facing W-SW; 17.4 km2), Midtdalsbreen (NE; 6.8 km2),

Blåisen (NE; 6.6 km2) and Vestre Leirbotnskåka (S-SE; 8 km2). Surface elevation ranges from 1865 to 1020
::
to

::::
1865

:
m a.s.l.

(Andreassen et al., 2015), with 80 % of the ice cap area, and 70 % of Rembesdalskåka, situated above the mean equilibrium-

line altitude (ELA) at 1640 m a.s.l. (1963-2007 average; Giesen, 2009). Rembesdalskåka drains towards the dammed lake

Rembesdalsvatnet, located ∼1 km from the present-day glacier terminus (Kjøllmoen et al., 2011). Midtdalsbreen is a gently10

sloping outlet glacier ranging from 1380 to 1865 m a.s.l.

2.1.2 Ice thickness and bed topography

A number of surveys have mapped the ice thickness at Hardangerjøkulen (e.g. Sellevold and Kloster, 1964; Elvehøy et al.,

1997; Østen, 1998, K. Melvold, unpubl. data), with the highest measurement density for Midtdalsbreen (Fig. 2.12a in Giesen,

2009; Willis et al., 2012). In areas with dense measurements, ice thickness was interpolated using methods detailed in Melvold15

and Schuler (2008). In sparsely measured areas, ice thickness H was estimated directly from the surface slope α, assuming

perfect plasticity (Paterson, 1994, p. 240). Based on detailed ice thickness measurements and information on the surface slope

on Midtdalsbreen, a yield stress of 150-180 kPa was used, in agreement with other mountain glaciers (Cuffey and Paterson,

2010, p.297; Zekollari et al., 2013). Over the flat areas near ice divides and ice ridges, as well as near ice margins, manual

extrapolation was required to obtain a smooth ice surface (K. Melvold, pers. comm.). A map of bed topography (Fig. 1) was20

produced by combining the final ice thickness map with a surface DEM (year 1995) from the Norwegian Mapping Authority,

derived from aerial photographs.

2.2 Past geometry

2.2.1 Holocene changes

Reconstructions show that glaciers in southern Norway did not survive the mid-Holocene thermal maximum (e.g. Bakke et al.,25

2005; Nesje, 2009). Based on lake sediments and terrestrial deposits, Hardangerjøkulen is estimated to have been absent from

circa (c.) 7500 to 4800 BP (Dahl and Nesje, 1994), although a short-lived glacier advance is documented for the southern side

of the ice cap at c. 7000 BP (Nesje et al., 1994). Some high-frequency glacier fluctuations of local northern glaciers occurred

during the period 4800-3800 BP, after which Hardangerjøkulen has been present continuously (Dahl and Nesje, 1994). There

are few quantitative constraints on ice cap extent for the period from ice cap inception 4000 BP until the LIA. However,30
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interpretations of lake sediments and geomorphological evidence suggest a gradual growth of Hardangerjøkulen during this

period (Dahl and Nesje, 1994, 1996).

2.2.2 Outlet glacier changes since the Little Ice Age

Length changes extracted from maps and satellite imagery, moraine positions and direct front measurements are combined to

derive length records for two major outlet glaciers for the period 1750-2008. For Rembesdalskåka, we use the same flowline as5

the Norwegian Water and Energy Directorate (NVE) use for their mass balance measurements (H. Elvehøy, pers. comm.). The

NVE flowline for Midtdalsbreen was slightly modified to better correspond with the maximum ice velocities. Since changes

are only made upglacier of the present-day margin, they do not interfere with the area where data of frontal changes exist.

The LIA maximum for Midtdalsbreen is dated to 1750 AD with lichenometry (Andersen and Sollid, 1971). For Rembesdal-

skåka, the outermost terminal moraine has not been dated, but is assumed to originate from the LIA maximum.10

Frontal observations for Rembesdalskåka began in 1917. These have been performed for 22 of the years during the period

1917-1995, and are since 1995 done annually. For Midtdalsbreen, an annual length change record exists from 1982 onwards

(Kjøllmoen et al., 2011). At present, Rembesdalskåka has retreated almost 2 km from its LIA maximum extent and Midtdals-

breen ∼1 km. The two outlet glaciers considered advanced in response to snowy winters around 1990. The terminus change

from 1988 to 2000 for Rembesdalskåka was +147 m and for Midtdalsbreen +46 m. By 2013, Rembesdalskåka and Midtdals-15

breen had retreated 332 m and 164 m respectively, from their positions in 2000 (Andreassen et al., 2005; Kjøllmoen et al.,

2011; Cryoclim.net, 2014).

2.3 Climate

2.3.1 Holocene and Little Ice Age climate

Reconstructions for southern Norway based on pollen and chironomids suggest that summer temperatures were up to 2◦C20

higher than present in the period between 8000–4000 BP, when solar insolation was higher (Nesje and Dahl, 1991; Bjune et al.,

2005; Velle et al., 2005a). At 4000 BP, proxy studies suggest a drop in summer temperatures to 0.5 ◦C lower than present

combined with a drier climate (Dahl and Nesje, 1996; Bjune et al., 2005; Velle et al., 2005b; Seppä et al., 2005).

Dahl and Nesje (1996) reconstructed Holocene summer temperatures for southern Norway based on former pine-tree limits.

Using a well-established empirical relationship between summer temperature and winter precipitation at the ELA of Norwegian25

glaciers (Liestøl in Sissons, 1979; Sutherland, 1984), they estimated winter precipitation for the Hardangerjøkulen area from

lake sediment-derived ELAs. These reconstructions suggest a close to linear cooling and wetting trend from 4000 BP until the

LIA, including a possible warm event lasting for several centuries around 2000 BP (Velle et al., 2005a).

The LIA climate in southern Norway is likely to have experieneced
:::::::::
experienced

:
more precipitation (Nesje and Dahl, 2003;

Nesje et al., 2008b; Rasmussen et al., 2010) and was c. 0.5-1.0 ◦C colder than present (Kalela-Brundin, 1999; Nordli et al.,30

2003), although some reconstructions indicate milder summers during the first quarter of the 18th century (Kalela-Brundin,

1999).
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2.3.2 Present climate

Southern Norway is located in the Northern Hemisphere westerly wind belt and is heavily influenced by moist, warm air picked

up by the frequent storms coming off the Atlantic Ocean (Uvo, 2003). When these winds reach the mountainous west coast,

orographic lifting occurs and precipitation falls as rain or snow, depending on elevation. Conversely, eastern Norway is located

in the rain shadow of the coastal mountains and the high mountain plateau Hardangervidda.5

This strong west-east precipitation gradient is illustrated by the mean annual precipitation for 1961-1990 over southern

Norway. Precipitation in Bergen, 65 km west of Hardangerjøkulen, reaches 2250 mm a−1 (data from eklima.no, Norwegian

Meteorological Institute). In contrast, Oslo in eastern Norway receives 763 mm precipitation per year. Liset, 17 km southeast

of the summit of Hardangerjøkulen receives 1110 mm a−1, while Finse, 8 km northeast of the summit, experiences 1030 mm

a−1. Finse has a mean annual temperature of -2.1◦C, while temperature is not measured at Liset.10

2.4 Surface mass balance

Glaciological mass balance measurements started on Rembesdalskåka in 1963. The mean net balance for the period 1963–2010

was slightly positive (+0.08 m water equivalent (w.e.)), divided into a winter balance of +2.10 m w.e. and a summer balance of

-2.03 m w.e. (Kjøllmoen et al., 2011).

For Midtdalsbreen, mass balance was only measured in 2000 and 2001 (Krantz, 2002). This two-year time series is too short15

for a robust surface mass balance comparison between the two outlet glaciers.

Specific mass balance profiles for the entire elevation range of Rembesdalskåka exist for 35 of the 45 mass balance years

(October 1 - September 30) in the period 1963–2007. The interannual variability around the mean winter profile is similar at all

elevations, while the range in summer balances increases from high to low elevations (Fig. 2.7a in Giesen, 2009). The decrease

in mass balance at the highest elevations is a persistent feature of the winter mass balance, and is strongest in years with large20

accumulation (Fig. 5.3 in Giesen, 2009). Its origin is however uncertain and long-term snow depth measurements on several

outlet glaciers are needed to identify the underlying process.

The net balance gradient has a similar shape for most years, and the relation between net mass balance and altitude is

approximately linear from the terminus up to 1675 m a.s.l. (Fig. 2), with a mass balance gradient of 0.0097 m w.e. per m

altitude. The net mass balance is zero at 1640 m a.s.l., marking the ELA. Above the ELA, the mass balance gradient decreases25

with altitude, approximated by a third-order polynomial (Fig. 2).

2.5 Ice dynamics

2.5.1 Basal conditions

Although bed conditions are not well-known, based on the sparse sediment cover in the surrounding areas (Andersen and

Sollid, 1971), we assume Hardangerjøkulen to be hard-bedded, i.e. without any deformable subglacial sediments present.30

Given its climatic setting and based on the radar investigations described in Sect. 2.1.2, Hardangerjøkulen can be characterized
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as a temperate ice cap. To the contrary, temperature measurements suggest that Midtdalsbreen has local cold-based areas at its

terminus (Hagen, 1978; Konnestad, 1996; Reinardy et al., 2013). However, we expect that this has a minor effect on the large

scale ice flow of Midtdalsbreen and Hardangerjøkulen.

2.5.2 Surface velocities

Over the lower ablation zone of Midtdalsbreen, surface speeds of 4–40 m a−1 were measured during summer 2000 (Vaksdal,5

2001). In addition, ice velocities were derived from Global Positioning System (GPS) units recording at nine locations on

Hardangerjøkulen during the period May 2005–September 2007 (Giesen, 2009). One GPS was mounted on the automatic

weather station (AWS) on Midtdalsbreen, the other eight were situated on stakes at the ELA of the main outlet glaciers (Fig.

1). These data show highest velocities for the largest outlet glacier Rembesdalskåka (46 m a−1). Velocities at Midtdalsbreen,

measured May 2005 to March 2006, were 33 m a−1 at the ELA and ∼20–22 m a−1 at the AWS, which is within the range of10

ablation zone summer velocities suggested by Vaksdal (2001).

Since velocities have only been measured for single years or shorter, these observations provide guidance rather than serving

as calibration or validation data for our model. To the authors’ knowledge, there are no high resolution velocity data derived

from remote sensing covering the area of interest.

3 Model description and setup15

3.1 Ice flow model

We use the two-dimensional, vertically integrated Shallow Ice Approximation (SIA) within the finite-element Ice Sheet System

Model (ISSM; Larour et al., 2012). Only the capabilities of ISSM relevant for this paper are covered here, for a complete

description, including a more comprehensive section on model numerics and architecture, we refer to Larour et al. (2012) and

http://issm.jpl.nasa.gov.20

The SIA is based on a scaling analysis of the full Stokes stress balance (Hutter, 1983; Morland, 1984). This scaling argument

assumes that the typical glacier length L, is much larger than the typical ice thickness H . For this purpose, the aspect-ratio ε is

defined as

ε=
[H]

[L]
, (1)

where ε describes the ’shallowness’ of an ice mass. An aspect-ratio much smaller than unity is required for the SIA to be valid.25

Generally, the smaller the ε, the more accurate the SIA is (Le Meur et al., 2004; Greve and Blatter, 2009; Winkelmann et al.,

2011). Based on outlet glacier length records from the LIA until today, the characteristic horizontal scale for Hardangerjøkulen

is 4 to 10 km. Due to the highly variable bed topography, a typical vertical scale of ∼200 m is estimated qualitatively using ice

thickness around the ELA. These scales give an ε between 0.02 and 0.05, which is acceptable for using the SIA (Le Meur and

Vincent, 2003).30
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The SIA has proven accurate in representing glacier length and volume fluctuations on the decadal and longer time scales

we are focusing on (Leysinger-Vieli and Gudmundsson, 2004). While higher order models may be needed in dynamic regions,

even for paleosimulations (Kirchner et al., 2016), Hardangerjøkulen has relatively gentle surface slopes and lacks areas of very

fast flow, making the SIA a viable choice. Because of its simplicity, SIA is also computationally efficient (Rutt et al., 2009),

enabling ensemble simulations over longer time scales.5

3.1.1 Ice deformation and sliding

The constitutive relationship relating stress to ice deformation (strain rate) is Glen’s flow law (Glen, 1955), which for the

special case of vertical shear stress τxz only (SIA) states

ε̇=Aτnxz, (2)

where ε̇ is the strain rate tensor, A is the flow factor accounting for ice rheology and n= 3 is Glen’s flow law exponent. We10

use a spatially constant flow factor A, assuming homogeneous ice temperature Tice and material properties across the ice cap.

In contrast to many other studies, where a tuned ’best-fit’ parameter combination is selected and used in all simulations, we

perform ensemble runs for a parameter space of different flow factors and sliding parameters (described below), for both the

calibration procedure and subsequent model runs.

SIA is strictly only valid for a no-slip bed (Gudmundsson, 2003; Hindmarsh, 2004). However, Hardangerjøkulen is a tem-15

perate ice cap, and summer speed-ups have been observed at Midtdalsbreen (Willis, 1995; Willis et al., 2012), indicating basal

motion. We introduce sliding using a linear Weertman sliding formulation (Weertman, 1964), which for the SIA means basal

velocities ub are proportional to the basal shear stress τb:

ub = βτmb , (3)

where β is a (tuning) basal sliding parameter. β can be set spatially and temporally constant, or be a function of temperature,20

basal water depth, basal water pressure, bed roughness or other factors, and m is the sliding law exponent, which equals one

for the linear sliding law we apply.

In this study, the basal sliding parameter β is assumed spatially and temporally constant. In reality, sliding likely varies in

space and time according aforementioned factors. However, we
:::
We

:
consider it speculative to apply ad-hoc variations in basal

sliding without proper validation. ISSM has capabilities to perform inversions for basal friction based on data assimilation25

techniques (e.g. MacAyeal, 1993; Morlighem et al., 2010), but this requires more extensive velocity data coverage than what

is available for Hardangerjøkulen at present.
:::::
More

::::::::::::
fundamentally,

:::::::
inverted

:::::::
friction

::::
fields

::::
may

:::::::
become

:::::::::
inaccurate

:::
on

:::
the

::::
long

::::
time

:::::
scales

:::::::::
considered

::
in

:::
this

::::::
study.

3.1.2 Mass transport

For the vertically-integrated ice flow model used in this study, the two-dimensional continuity equation states30

∂H

∂t
=−∇ · (ūH) + Ṁ, (4)
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where ū is the vertically averaged ice velocity (m a−1) and Ṁ the surface mass balance rate (m ice equivalent a−1). The

basal melt rate is assumed negligible, and calving is not included in the model. Rembesdalskåka likely terminated in lake

Rembesdalsvatnet during the LIA and the northwestern ice cap presently terminates in water, however we expect this to have

minor effect on ice dynamics.

3.1.3 Mesh and time stepping5

Following methods outlined in Hecht (2006) and Morlighem et al. (2011), an anisotropic mesh with resolution 200-500 m was

constructed using local mesh refinement based on modelled velocities for a steady-state ice cap close to observed LIA extent.

This ice cap was reached using our ’best-fit’ deformation and sliding parameters (Sect. 3.2.1) on a uniform mesh, and a mass

balance perturbation forcing the ice cap to advance to terminus positions close to the LIA extent. The anisotropic mesh adds

accuracy around the LIA margins. When the glacier is smaller or larger, the accuracy is reduced (400-500 m).10

The stress balance of SIA is local. Using a very high resolution for SIA hence increases the risk of unphysical stress gradients

and velocities due to local variations in bed topography. We avoid this by smoothing the surface and bedrock DEM’s to 200 m.

This mesh resolution also enables us to carry out Holocene runs and our ensemble study at lower computational cost. Tests on

mesh convergence using uniform 150 m and 200 m meshes indicate that total volume varies by less than 5 % compared to our

anisotropic 200-500 m mesh.15

We use a finite difference scheme in time, where a time step of 0.02 years was found low enough to avoid numerical

instabilities.

3.2 Experimental setup and calibration

3.2.1 Ensemble calibration of ice deformation and sliding parameters

To calibrate model parameters governing ice deformation and basal sliding, we use the 1995 surface DEM as the initial condi-20

tion. We run the model with constant climate forcing, using our reference mass balance gradient (∆B(t) = 0 in Eq. 6 below),

until a steady-state is reached.

Since we run the model with a mass balance gradient averaged over several decades, it is important that there was no large

climate-geometry imbalance for this period. Indeed, the ice cap was in close to steady-state between the early 1960s and 1995,

since surface elevation change from 1961 to 1995 was ± 10 m (Andreassen and Elvehøy, 2001).25

In reality, an ice cap is never in exact steady-state, but it is still a useful concept to understand model sensitivity (Adalgeirs-

dóttir et al., 2011). To investigate model sensitivity to deformation and sliding parameters, and to find a ’best-fit’ combination

for our historic runs, we run an ensemble of 24 possible parameter combinations, well enclosed by values used in the literature.

The flow factor A depends on ice temperature, as well on ice fabric, impurities and possibly other factors. Without an a priori

assumption of ice temperature, we investigate values from A= 0.95×10−24 to 2.4×10−24 s−1 Pa−3, roughly corresponding30

to Tice = 0 to -5 ◦C (Cuffey and Paterson, 2010, p.73). For the sliding parameter, we perform runs using β = 4 × 10−12 to 1

×10−13 m s−1Pa−1.
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The ’best-fit’ combination is obtained by minimizing the Root Mean Square Error (RMSE) between the modelled (Hmod)

and observed (Hobs) ice thickness:

RMSE =

√√√√√ k∑
i=1

(Hmod−Hobs)2,

k
(5)

where k is the number of vertices for which the RMSE is calculated.

Since the outlet glaciers Midtdalsbreen and Rembesdalskåka are of primary interest, we use the combined RMSE along their5

flowlines as the most important metric (Fig. 3). As an additional check, we also calculate the RMSE for ice thickness over the

entire ice cap (not shown here). We consider our ’best-fit’ parameter combination to be A= 2.0315× 10−24 s−1 Pa−3 and

β = 2× 10−12 m s−1Pa−1 (Fig. 3).

3.2.2 Mass balance parametrization

A vertical reference mass balance gradient Bref is derived from observed specific mass balance gradients, which exist for 3510

of the 45 years spanning 1963–2007 (Fig. 2). Mass balance B(z, t) for any point in time is calculated by shifting Bref by a

mass balance anomaly ∆B(t) at all elevations (Oerlemans, 1997a):

B(z, t) =Bref (z) + ∆B(t).

The averaged
::::
The

::::
mean

:
35-year specific mass balance profile corresponds to an annual mass balance for Rembesdalskåka

of -0.175 m w.e. We therefore shifted this profile by +0.175 m w.e. to obtain Bref .
::::
Mass

:::::::
balance

::::::
B(z, t)

:::
for

:::
any

:::::
point

::
in

::::
time15

:
is
:::::::::
calculated

::
by

:::::::
shifting

:::::
Bref ::

by
::
a

::::
mass

:::::::
balance

:::::::
anomaly

::::::
∆B(t)

::
at

:::
all

::::::::
elevations

:::::::::::::::::
(Oerlemans, 1997a):

B(z, t) =Bref (z) + ∆B(t).
:::::::::::::::::::::::

(6)

A mass balance-altitude feedback is included in the model by recalculating the mass balance B(z, t) at a specific point for

each time step according to the updated surface elevation. The elevation of the maximum net mass balance is not adapted to

changes in the ice cap summit elevation, as the effect on modelled ice volume is minor (Giesen, 2009).20

3.2.3 Holocene mass balance

Reconstructions (Sect. 2.2.2) suggest that Hardangerjøkulen has been continuously present since c. 3800 BP, with smaller local

glacier activity during the millennium before. We therefore choose 4000 BP, with no ice cap present, as the starting point for

our simulations.

Temperature proxies indicate a positive mass balance anomaly at 4000 BP, while precipitation reconstructions point to more25

negative mass balances (Sect. 2.2.2). Combined, these suggest mass balance conditions similar to present-day. Accordingly,

we start from ∆B(t) = 0 and thereafter linearly increase mass balance to 0.4 m w.e. over the period 4000 BP to 400 BP (1600

AD). The final value of 0.4 m w.e. is chosen to produce an ice cap sized between the present-day and LIA extent. For this

simulation, we use our ’best-fit’ deformation and sliding parameters obtained from the calibration ensemble.
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It is possible to refine or alternate this simple forcing in several ways. However, applying such changes based on poorly

constrained past climatic and mass balance conditions adds additional uncertainty. Our deliberately simple, linear forcing also

allows us to isolate any non-linear, asynchronous behaviour in a clear manner.

3.2.4 Historic mass balance

Using our Holocene run ending at 1600 AD as initial conditions, we aim to reproduce the history of Hardangerjøkulen from5

the LIA until present-day, as well as to assess model sensitivity to
:::
the choice of deformation and sliding parameters. For these

purposes, we run the same parameter ensemble as used in the calibration process.

Since the mass balance record from Rembesdalskåka starts in 1963, mass balance has to be reconstructed for the period

prior to this. A plausible mass balance history is found from 1600 AD, through the LIA maximum in 1750 up to 1963, using

a dynamic calibration (Oerlemans, 1997a, 2001). This approach is based on matching the model against the moraine evidence10

and length records of the outlet glaciers Midtdalsbreen and Rembesdalskåka, while adjusting ∆B(t) accordingly. We use a

slightly modified mass balance history as obtained for Hardangerjøkulen by Giesen (2009), using minimal tuning, since a key

aim is to investigate parameter sensitivity, and mass balance is arbitrary before 1963.

3.2.5 Mass balance sensitivity and hysteresis

To investigate the sensitivity of present-day Hardangerjøkulen to changes in mass balance, steady-state experiments are per-15

formed with present-day ice cap topography as the starting point. These experiments are performed starting from the steady-

state ice cap obtained with the ’best-fit’ parameters and no mass balance anomaly. From this state, we perturb the mass balance

by anomalies between -0.5 and +0.5 m w.e., and run the model to a new equilibrium.

To investigate the role of the mass balance-altitude feedback in the ice cap response, we perform additional experiments

excluding this feedback by keeping the spatial mass balance field fixed in time to the present-day surface topography.20

Finally, we investigate dependence on initial conditions (hysteresis), by running experiments using ice-free initial conditions,

with the mass balance-altitude feedback included.

4 Results

4.1 Mid- to late Holocene evolution of Hardangerjøkulen

Using a linear mass balance increase from 0 m w.e. at 4000 BP to 0.4 m w.e. at 1600 AD (Fig. 4a), we find an ice volume25

evolution for Hardangerjøkulen during the mid- to late Holocene that is far from linear and different between outlet glaciers

(Fig. 4c). Starting from ice-free conditions, ice cap volume increases in a step-wise manner, with Hardangerjøkulen tripling its

volume over a period of 1000 years (c. 2300–1300 BP), before stabilizing at the end of the period.

Simulated snapshot thickness maps reveal patterns of ice cap growth (Fig. 5). Initially, ice grows on high bedrock ridges

above the ELA (Fig. 5a, also see Fig. 1). During the period of linearly increasing ice volume (4000–3800 BP), Rembesdalskåka30
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and Midtdalsbreen advance at similar rates. At this stage, Rembesdalskåka occupies an area with a gently sloping and partly

overdeepened bed (Fig. 6).

After passing the lower edge of this overdeepening, Rembesdalskåka advances ∼3.5 km in 400 years (2300–1900 BP),

corresponding to a length increase of 60 % (Fig. 6). In contrast, Midtdalsbreen is already at an advanced position in 2300 BP,

and changes only modestly during this period.5

Ice volume grows rapidly from 2300–1900 BP, however the advance and thickening of Rembesdalskåka alone can not

explain this ice volume increase. Rather, the bulk of Hardangerjøkulen’s volume increase during this period is due to ice cap

growth in the east and southeast, where deep bedrock basins are filled with ice up to 400 m thick (Fig. 5d, see also Fig. 1).

We tested alternative mass balance forcings (faster rate of linear increase, and constant mass balance equal to the final value),

and found the spatial pattern of ice cap growth to be robust.10

At the end of the spinup period (c. 1300–400 BP), outlet glaciers stabilize their frontal positions, and ice volume increase

flattens out.

4.2 Hardangerjøkulen since the Little Ice Age

4.2.1 Parameter ensemble

From 1600 AD, we continue the Holocene run using our ensemble of sliding and deformation parameter combinations, for15

one specific mass balance history. The ensemble modelled ice volumes at the LIA maximum (1750 AD) range from c. 12.7

to 17.4 km3, and vary between 6.9 and 13.4 km3 for the present-day (2008 AD; Fig. 4d). Parameter combinations including

rate factors A(T =−1 ◦C) all give results ± 10 % from the observed ice volumes in 1961 and 1995. Using faster
::::::::
enhanced

sliding and stiffer ice, or vice versa, it is possible to get close to the observed ice volume also for other rate factors. However,

only using ice volume for validation is not sufficient. A simulated ice volume close to observations does not imply accurate20

ice extent and surface topography. The ∼100 m spread in estimated surface elevation for the ice cap interior in 1995 (Fig. 7),

illustrates the impact of parameter uncertainty on the dynamics and hence ice cap hypsometry.

4.2.2 Simulation using ’best-fit’ parameters

The LIA maximum ice volume using the ’best-fit’ parameter combination is modelled to 14.8 km3 (Fig. 4d). It is not possible

to obtain correspondence to observed lengths for both outlet glaciers simultaneously, not even by altering the dynamical pa-25

rameters (Fig. 7). The mass balance history giving optimal results for Midtdalsbreen was chosen since its LIA maximum extent

has been dated to 1750 AD, while no dates exist for Rembesdalskåka. In addition, bed topography is more accurate for Midt-

dalsbreen. Using this setup, the LIA maximum length agrees reasonably well with moraine evidence, whereas Rembesdalskåka

is too short (Fig. 8). Consistent with the results for Midtdalsbreen and Rembesdalskåka, the lengths of the southwestern outlet

glaciers at the LIA maximum are underestimated in the model (Fig. 9a), while the extent of the northeastern outlet glaciers30

agrees well with moraine evidence.
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During the early 1900s, outlet glacier lengths are too short (Fig. 8 and 9b), but the difference for Midtdalsbreen is only

slightly larger than the model resolution (200 m). The ice cap margin after 1960 is reproduced with a high degree of detail (Fig.

9cd). Most, but not all discrepancies are close to the model resolution. One exception is the too small northwestern ice cap.

However, ice thickness in the missing area is small (< 50 m), so this mismatch contributes little in terms of total ice volume.

The closest match with observed ice volume in 1961 and 1995 (Fig. 4d) within our ensemble is by the ’best-fit’ parameter5

combination obtained from calibration (Fig. 3). Modeled and observed ice volume for these years differ by 0.10 and 0.22

km3, respectively, or 1.1 and 2.3 % of total observed ice volume, respectively. Modelled thickness in 1995 is generally in

good agreement with the data, though the ice cap interior is somewhat too thin and the thickness along the eastern margin is

overestimated (Fig. 9e).

The simulated continuous ice volume history of Hardangerjøkulen, from 4000 BP through the LIA until today, including our10

ensemble from 1600 AD onwards, is shown in its entirety in Fig. 4cd. The simulations show that Hardangerjøkulen has lost

one-third of its volume between 1750 and present-day.

4.3 Mass balance sensitivity and hysteresis

We find that Hardangerjøkulen at present is exceptionally sensitive to mass balance changes (Figs. 10 and 11a). In particular,

the ice cap is bound to disappear almost entirely for mass balance anomalies of -0.2 m w.e. or lower. Our parameter ensemble15

suggests a disappearance for anomalies between -0.5 to -0.1 m w.e., though this range is likely smaller as explained in Sect.

4.2.1. Our simulations show a close to linear relationship between positive mass balance perturbations and ice volume response

(Fig. 10), while the ice cap melts away partly or completely for the negative anomalies.

Further experiments show that the mass balance-altitude feedback is vital in explaining Hardangerjøkulen’s high sensitivity

to climate change. Without the feedback, the ice cap responds close to linearly to mass balance perturbations and thus is far20

less sensitive to climate change (Fig. 10
::
11b). For example, half of present-day ice volume (4.9 km3) is still present for a mass

balance anomaly of -0.5 m w.e., while with +0.5 m w.e., ice volume increases by ∼35 %. In stark contrast, when including the

feedback, the ice cap disappears completely for the corresponding negative anomaly, and ice volume almost doubles (+92 %)

for the positive anomaly (Fig. 10
::
11a).

Starting from ice-free conditions and including the mass balance-altitude feedback, we find that the Hardangerjøkulen’s25

climatic response depends on the ice cap’s initial state. For mass balance anomalies close to our reference mass balance for

1963–2007, between -0.2 and +0.1 m w.e., large differences occur between ice volumes reached from present-day and ice-free

conditions (Fig. 10). When starting from a situation without ice, present-day mass balance conditions produce an ice cap that

has only 20% of the volume of today’s ice cap. In addition to Hardangerjøkulen being bound to disappear almost completely

for a slight decrease in the mass balance, this result implies that a positive mass balance anomaly is needed to regrow the ice30

cap to its present-day extent, once it has disappeared.
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4.4 Volume-area phasing and scaling

Our Holocene simulation showed
:::::::::
simulations

:::::
show

:
that the ice volume evolution for three of the outlet glaciers (Rembes-

dalskåka, Midtdalsbreen, Blåisen) is asynchronous (Fig. 12). Midtdalsbreen’s ice volume increases linearly over time, while

Rembesdalskåka and Blåisen have distinct jumps in ice volume, related to their bed topography. The importance of bedrock

troughs and overdeepenings is further illustrated by Hardangerjøkulen’s non-linear volume increase c. 2300–1300 BP, a period5

when volume increases faster than area (Fig. 12). During this period, ice is thickening rather than expanding horizontally,

which can largely be explained by ice growth in subglacial valleys in the eastern and southeastern parts of the ice cap (Fig.

1). These bed depressions fill up quickly because ice flow converges into them from surrounding high bedrock ridges, and the

mass balance-altitude feedback amplifies the ice thickening.

We compare our steady-state mass balance perturbation experiments (Sect. 4.3) with volume-area scaling relations for10

steady-state ice caps from the literature (Fig. 13a), of the form V = cAγ (Bahr et al., 1997). For a consistent comparison, we

group our perturbation experiments into those which produce a fully developed ice cap, and those where ice is mainly present

on high ridges, and thus cannot be classified as a glacier or ice cap. We find that ice cap scaling relations from the literature

overestimate the ice volume of the full-grown ice cap. Both the exponent and the scaling factor found for Hardangerjøkulen (γ

= 1.3738 and c= 0.0227) are closer to literature values for valley glaciers (e.g Bahr et al., 2015).15

During the first half of the Holocene simulation, a full ice cap has not developed
::::
does

:::
not

:::::::
develop, and volumes are up

to 60 % smaller than ice volumes predicted from the volume-area relation derived from our steady-state experiments (Fig.

13b). Approaching the LIA and up to today, when Hardangerjøkulen has a more developed shape,
:::
and

:
our steady-state derived

volume-area relation fits well with simulated volumes. We discuss these results and their implications in Sect. 5.5.

5 Discussion20

5.1 Sensitivity to sliding and deformation parameters

Running our parameter calibration ensemble, we aim to minimize the Root Mean Square Error (RMSE) between observed and

modelled present-day surface topography. Several parameter combinations give similar RMSEs (Fig. 3). Since both the rate

factor (A) and sliding parameter (β) depend on driving stress (Flowers et al., 2008; Zekollari et al., 2013), one can keep the same

surface velocities by reducing one parameter and increasing the other. Hence it is challenging to pick a unique combination25

without more empirical knowledge about their relative importance (Le Meur and Vincent, 2003; Adalgeirsdóttir et al., 2011;

Zekollari et al., 2013). This underlines the motivation behind keeping our ensemble after the calibration. A comparison with

an ice velocity map, which is not available for Hardangerjøkulen, would more strongly constrain A and β.

Notwithstanding data deficiencies, a notable finding is that the impact of A on ice volume is relatively small at calibration

(Fig. 3), but large during our transient simulation over several centuries (Fig. 4d). This disparity suggests that small differences30

in model rheology at initialization can propagate significantly with time. This time-dependency has implications for other

model studies of long-term dynamics of glaciers and ice caps. With growing availability of data, such studies may consider a
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’dynamic’ or ’transient’ calibration (e.g. Oerlemans, 1997a; Davies et al., 2014; Goldberg et al., 2015), as opposed to a ’snap-

shot’ calibration. The ’transient’ method uses several sets of observations to infer model parameters, ideally at dynamically

and climatically different states.

During the years following 1600 AD, when including the ensemble of dynamical parameters, the ice cap response is a

combined effect of climate forcing and adjustment to new parameter values. The period 1600–1710 AD can be viewed as5

a short spinup phase for the historic simulation, where the mass balance is kept constant at the end value of the Holocene

simulation (∆B(t) = 0.4 m w.e.).

For the historic run, the ensemble spread in surface elevation is larger in the vicinity of the ELA than at the margins (Fig. 7).

Recall that the continuity equation (Eq. 4) requires that thickness change occurs (∂H∂t 6= 0) if ice flow and mass balance are not

balanced (∇· (ūH) 6= Ṁ ). Therefore, softer ice or higher sliding cause ice thickness to decrease, meaning ice spends less time10

in the accumulation zone. Similarly, faster flow downstream of the ELA also requires thinning. The insensitivity of the frontal

positions is likely due to high ablation near the margins overwhelming other effects, and for 1995 also frontal positions pinned

by bedrock topography.

Flowers et al. (2008) simulated Holocene behavior of the Langjökull ice cap on Iceland using β = 2.5 ×10−4 m a−1Pa−1,

which is within our ensemble range. Somewhat in contrast to this study, they noted a low sensitivity to β. However, seasonal15

speed-ups are absent at Langjökull while they have been observed at Hardangerjøkulen (Willis, 1995; Willis et al., 2012),

which probably explains the differing sensitivities. In line with our study, Hubbard et al. (2006) obtained a shallow, dynamic

Icelandic ice sheet at the Last Glacial Maximum, associated with high sliding. Similarly, Golledge et al. (2008) obtained a

thin, more extensive Younger Dryas ice sheet in Scotland with increased sliding. As also explained above from a theoretical

perspective (mass continuity), a shallow geometry is associated with high sliding.20

A future expansion of this work would be a multiple regression of the dynamical parameters for Hardangerjøkulen and its

outlet glaciers. This could disentangle whether their importance changes over time, for example depending on mass balance

regime or whether the glacier is retreating or advancing. However, the available (velocity) data are not sufficient to constrain

the dynamic parameters to a narrower range, thus more data would be needed to make such an analysis insightful. Better

knowledge of the bed properties at Hardangerjøkulen by means of radar, seismics or borehole studies, along with modeling of25

the subglacial drainage system, would also be steps toward understanding the (transient) behavior of basal slipperiness.

5.2 Mass balance parametrization

We deliberately chose to use a simple mass balance formulation, to focus on first order ice dynamical responses to spatially

homogeneous changes in the forcing. The evolution of Hardangerjøkulen through the 20th century has been simulated by

Giesen (2009) using the simple mass balance profile used here, as well as with a spatially distributed mass and energy balance30

model (Giesen and Oerlemans, 2010). Differences in ice volume and outlet glacier lengths produced with the two mass balance

configurations were present, but small, justifying the use of the simple mass balance profile. In this section, we discuss some

of the results presented in Giesen (2009) and Giesen and Oerlemans (2010) that are relevant for our study.
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Similar to the present study, Giesen and Oerlemans (2010) was
:::
were

:
not able to match both the modelled lengths of Rem-

besdalskåka and Midtdalsbreen with modern observations. Since they used a sophisticated mass balance model including an

albedo scheme, a spatial precipitation gradient, and aspect and shading effects on insolation, this suggests that the mismatch

should not be attributed to the mass balance forcing, but to other factors.

The two single years (2001-02; Krantz, 2002) with mass balance measurements on Midtdalsbreen are not enough to sys-5

tematically assess differences in the mass balance regimes of Rembesdalskåka and Midtdalsbreen. Nonetheless, differing mass

balance regimes were suggested based on surface elevation changes from 1961 to 1995 (Andreassen and Elvehøy, 2001), and

also served as an explanation for differing glacier reconstructions between the southwestern and northeastern margins of the

ice cap (Dahl and Nesje, 1994; Nesje et al., 1994). Coupled glacier and precipitation reconstructions based on multiproxy

approaches on lacustrine sediments (e.g. Vasskog et al., 2012) could give more insight into differing continentality of the outlet10

glaciers of Hardangerjøkulen. Snow and mass balance field studies covering the entire ice cap would also be valuable to better

understand the spatial mass balance variability.

Apart from spatial variations in the mass balance profile, temporal changes in climate or ice cap geometry may affect the

mass balance gradient. For example, solar insolation patterns may change with strongly altered ice cap geometry, by shading

effects of valley walls. However, Hardangerjøkulen has a gently sloping surface and is not surrounded by high mountains.15

Therefore, topographic effects on the insolation result in small spatial variations of the mass balance between -0.1 and +0.1

m w.e. for the vast majority of the ice cap, only two outlet glaciers oriented south show larger deviations locally. Even in a

considerably warmer climate with a smaller ice cap, with continuously updated topographic effects on solar radiation, the mass

balance gradient with elevation remained close to the present-day value. Furthermore, solar irradiance at 4000 BP, when we

start our simulation, was at most 5% larger in the summer months than today (Giesen, 2009), and is therefore expected to have20

a minor effect on mass balance. In addition, Giesen and Oerlemans (2010) show that lowering the ice albedo from 0.35 to 0.20

under a realistic 21st century scenario only leads to a 5 % larger volume decrease of the ice cap. We conclude that using a mass

balance profile only dependent on elevation is a good approximation for Hardangerjøkulen, even in a different climate with a

smaller or larger ice cap.

It is not clear why observed mass balance decreases at the uppermost elevations (Fig. 2), but a likely explanation is snow25

redistribution by wind. Effects of snow erosion and redeposition may be parametrized based on surface curvature, which is a

good indicator of regions with wind-induced snow redistribution (Blöschl et al., 1991; Huss et al., 2008). Giesen (2009) tested

a surface-curvature approach for Hardangerjøkulen, however the plateau was too flat for snow redistribution to occur in the

model.

Glaciological measurements of mass balance have inherent uncertainties and biases, related to instrumentation, survey prac-30

tices and techniques (Cogley et al., 2011). Andreassen et al. (2015) performed a reanalysis of glaciological and geodetic mass

balance for Norwegian glaciers, including Rembesdalskåka. For the period 1995–2010, they found a more negative geodetic

mass balance (-0.45 m w.e.) than the glaciological one used in this study. We performed an additional simulation with this

more negative mass balance for the final years of our simulation (1995–2008) and found that the effect on ice volume is c. 0.5

km3, or 5.3 % of modelled ice volume in year 2008.35
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5.3 Mass balance sensitivity and hysteresis

Hardangerjøkulen is found to be particularly sensitive to mass balance changes: the ice cap disappears completely for the -0.5

m w.e. anomaly forcing, and almost doubles in volume for +0.5 m w.e. Similar experiments for Nigardsbreen, southwestern

Norway (Oerlemans, 1997a), and Franz Josef Glacier, southwestern New Zealand (Oerlemans, 1997b) show much smaller

responses (∼20-25 %). Our results are consistent with those of Giesen (2009), who also used a SIA model (Van Den Berg5

et al., 2008), but with different implementation of dynamical parameters and numerical methods.

Hardangerjøkulen’s high sensitivity can be explained by its hypsometry and surface topography.
:::::::::::::::::::::::::::::
Rivera and Casassa (1999) attributed

:::::::
differing

::::::::
responses

::
of

:::::
three

:::::::::
Patagonian

:::::::
glaciers

::
to

:::::::::
contrasting

:::::::::::
hypsometries

:::
and

:::::::
thereby

:::::::::
sensitivity

::
to

::::
ELA

::::::
change.

:
Nesje et al.

(2008a) noted that the difference between Hardangerjøkulen’s ELA and maximum elevation is particularly small (∼180 m)

compared to other glaciers and ice caps in Norway. Furthermore, the ice cap is relatively flat with little area distribution in10

altitude. A comparison with Franz Josef Glacier, New Zealand (Woo and Fitzharris, 1992), Nigardsbreen, Norway (Oerle-

mans, 1997a), and Vatnajökull, Iceland (Aðalgeirsdóttir et al., 2003) confirms that Hardangerjøkulen’s has the most extreme

hypsometry (Fig. 14a). Furthermore, the present ELA is located close to the altitudes where area is large, resulting in an un-

usually vulnerable ice cap. For example, an ELA increase of 100 m at Hardangerjøkulen is equivalent to a 16.9 % decrease in

area. Corresponding values for Nigardsbreen (9.9 %), Franz Josef Glacier (1.5 %) and Vatnajökull (6.1 %) are much smaller,15

confirming this explanation (Fig. 14b).

The high sensitivity to mass balance changes found for Hardangerjøkulen supports abrupt changes inferred from lake sedi-

ment records for the Holocene for both the northern and southern side of the ice cap (Dahl and Nesje, 1994; Nesje et al., 1994).

One example is the so called Finse event, when an advance to a maximum extent beyond that of present-day of the northern

Blåisen outlet glacier ∼8300 BP was followed by a complete disappearance of this glacier within less than a century. Our20

results show that for a mass balance anomaly of -0.5 m w.e., the present-day ice cap disappears in ∼300 years. Depending on

the ice cap volume at the Finse event, we find that an anomaly between -2.0 to 2.4 m w.e. melts away Hardangerjøkulen within

a century. Nonetheless, the advanced ice cap at the Finse event was likely not fully grown and in a steady-state, so an anomaly

of ∼1.5 m w.e. is more likely.

Given a mass balance sensitivity of around -0.9 m w.e. K−1 (Giesen and Oerlemans, 2010) and no change in precipitation,25

the air temperature increase responsible for the ice cap disappearance after the Finse event must have been at least 1.5 K.

Reconstructed summer temperature after the Finse event suggest a sharp increase of 1.0-1.2 K (Dahl and Nesje, 1996). A 10

% precipitation decrease would compensate for this difference, since the sensitivity to precipitation for Hardangerjøkulen is

around +0.3 m w.e. K−1 (Giesen and Oerlemans, 2010). Despite uncertainties in the reconstruction and model simulations, it

is encouraging that both give consistent results, suggesting that ice flow models coupled with reconstructions may be used to30

constrain past climate conditions.

We can also view our results on mass balance sensitivity in light of future climate change. The mean mass balance in the

last decade was -0.3 m w.e. Since Hardangerjøkulen was in approximate balance over the preceding decades, this decrease

primarily reflects changes in meteorological conditions, and not dynamical adjustments. With the mass balance of the last
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decade, our experiments suggest that Hardangerjøkulen disappears within 750 years (Fig. 11). However, future projections

indicate further warming for southern Norway. Giesen and Oerlemans (2010) imposed future climate scenarios on a surface

energy balance mass balance model coupled to a SIA model, suggesting that Hardangerjøkulen will vanish almost completely

before 2100. Similar conclusions have been reached for glaciers in Iceland (Adalgeirsdóttir et al., 2006; Guðmundsson et al.,

2009; Adalgeirsdóttir et al., 2011), French Alps (Le Meur et al., 2007), Swiss Alps (Jouvet et al., 2011) and Canadian Rocky5

Mountains (Clarke et al., 2015). Given the aforementioned temperature and precipitation sensitivities for Hardangerjøkulen,

our found
:::::::
estimate

::
of

:
-2.2 m w.e. to remove the present-day ice cap in 100 years translates to a temperature increase of ∼2.7

◦C, given a 10 % increase in precipitation. This is close to future projections for southern Norway (Hansen-Bauer et al., 2015).

:::::::::
Hardangerj

:
ø
::::::
kulen’s

:::::
strong

::::::::
hysteresis

:::::::::
highlights

:::
the

:::::::::
importance

::
of

:::::::::
accurately

::::::::::
representing

:::
the

:::::
initial

::::
state

::
in

:::::::
transient

::::::::::
simulations

::
of

:::::
small

:::
ice

::::
caps,

:::
as

:::::::::
previously

::::::::
suggested

:::
for

:::
ice

::::::
sheets

::::::::::::::::::::::::::::::::::::::::::::::::
(e.g Aschwanden et al., 2013; Aðalgeirsdóttir et al., 2014).

:::::::
Starting10

::::
from

:::::::
ice-free

::::::::::
conditions,

:::::::::
Hardangerj

:
ø
:::::
kulen

:::::
grows

:::
to

::::
only

:::::
20%

::
of

:::
its

::::::::::
present-day

:::::::
volume

:::::
under

::
a
:::::::
modern

:::::::
climate.

:::::
This

:
is
:::

in
::::
stark

:::::::
contrast

:::
to

:::
the

::::::
Juneau

:::::::
Icefield

::
in

:::::::
Alaska,

:::
an

:::
ice

::::
field

::
in

::
a
::::::
similar

:::::::
climatic

:::::::
setting,

::::::
which

::
in

::::::
model

::::::::::
simulations

::::::
regrows

:::::
close

::
to

:::::::
modern

:::
ice

:::::::
volume

:::::
under

::::::::::
present-day

::::
mass

:::::::
balance

:::::::::
conditions

::::::::::::::::::
(Ziemen et al., 2016).

::::
The

::::::
authors

::::::::
attribute

:::
this

::::::::::
insensitivity

:::
to

:::::
initial

:::::::::
conditions

::
to

:::
the

::::::::
complex

::::::::::
topography

::
of

:::
the

::::::
Juneau

::::::::
Icefield,

::::
with

:::::::::
numerous

:::::
outlet

:::::::
glaciers

::::
able

::
to

:::::
retreat

:::
up

::
to

::::
high

::::::::
altitudes

:::::
where

:::::::
positive

:::::
mass

::::::
balance

:::::
areas

::::::
persist

::::
even

:::::
under

::::::
future

:::::::
warming

:::::::::
scenarios.

::::
This

::::::::
behavior15

:
is
:::
not

::::::::
observed

::
at
:::::::
Yakutat

:::::::
Icefield,

::
a

::::::::
low-lying

::::::::
maritime

:::
ice

::::
field

::
in

::::::::
southeast

::::::
Alaska

::::::::::::::::::
(Trüssel et al., 2015),

:::::
which

::::::
cannot

:::
be

:::::::
sustained

::::::
under

::::::::::
present-day

::::::
climate

:::::::::
conditions.

:::
Its

::::::::::
topography

::
is

::::::::
relatively

:::
flat,

::::::::::
comparable

::
to
:::

the
::::

one
::
of

::::::::::
Hardangerj

:
ø

:::::
kulen,

:::::
which

:::::
might

::::::
explain

:::
its

::::
high

:::::::::
sensitivity

:::::
under

::::::
modern

:::::::
climate

::::::::
scenarios.

::::::::
Similarly,

:::::::::::::::::::::::::
Gilbert et al. (2016) suggested

::::
that

::::::
Barnes

::
Ice

:::::
Cap,

:::::
Baffin

::::::
Island,

:::::::
Canada,

::
is

:::
not

:::::::::
sustainable

:::::
under

::::::
present

:::::
mass

:::::::
balance

:::::::::
conditions.

:::::
While

::::
they

:::
did

:::
not

:::::::
perform

::::::::
regrowth

::::::::::
experiments,

::::
their

::::::::
findings

::
of

:::
the

::::::
Barnes

:::
Ice

::::
Cap

:::::
being

:
a
:::::::
remnant

:::
of

:::
the

:::::::::
Laurentide

:::
Ice

:::::
Sheet

::::::
suggest

::
a
::::::::
hysteresis

::::::
similar

:::
as20

::
we

:::::
show

:::
for

:::::::::
Hardangerj

:
ø
:::::
kulen.

:

5.4 Holocene to LIA build-up

In the early part of the modelled period (c. 4000 - 3800 BP), ice grows preferentially on high bed topography, and Midtdalsbreen

and Blåisen start to develop earlier than Rembesdalskåka (Fig. 5, also see Fig. 1). While the model resolution here is coarse

(300-500 m), we expect that ice dynamics at this stage plays a minor role, since the ice present is split up into several small25

separate glaciers (< 2 km long, < 100 m thick). Instead, the initial ice growth at high bed ridges is due to build-up of ice above

the present-day ELA, which is used as initial mass balance forcing.

The actual rate of advance may differ from what is modelled here because the SIA has limitations in the steep terrain

(Le Meur et al., 2004) where Rembesdalskåka terminates during the period of fast ice volume increase (c. 3800–2300 BP, Fig.

4c). However, the effects of ice flow mechanics are likely small compared to those of the mass balance on the long time scales30

considered here.

During the period of modelled rapid ice cap growth (c. 2300–1300 BP), reconstructed precipitation in western Norway is

slightly lower than the general increasing mass balance trend applied here (Dahl and Nesje, 1996; Bjune et al., 2005). At the

same time, glacier reconstructions from southern Hardangerjøkulen indicate a slight decrease in glacier size (Nesje et al., 1994).
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Unfortunately, there is to our knowledge no geomorphological or other evidence that can be used as tie points for modelled ice

cap extent or volume during this period.

Our simulated preferential ice cap growth on the northern and western side, illustrated in Fig. 5b at 2300 BP, is in line with

reconstructions showing an early glacierization of the north (Dahl and Nesje, 1994) versus the south (Nesje et al., 1994).

We are aware that bed topography for Hardangerjøkulen is uncertain in places, though less so for Midtdalsbreen and Rem-5

besdalskåka, which are of prime interest. Moreover, the proglacial lake in front of Rembesdalskåka may have modulated LIA

frontal behavior, as suggested for Icelandic glaciers (Hannesdóttir et al., 2015). We however expect this effect to be minor

compared to other model uncertainties.

Further data for model validation is required to add more detail to our modelled history of Hardangerjøkulen. However, given

the limited knowledge about ice cap activity between the ice-free conditions at 4000 BP and the LIA maximum around 175010

AD, we consider our continuous model reconstruction
::::::::
simulation

:
to be a good first estimate of how Hardangerjøkulengrew

from nothing
:
’s
::::::
growth

:::::
from

::::::::
inception to its maximum extent during the LIA.

Moreover, we have provided a plausible ice cap history over several thousand years as the starting point for our simulations

from the LIA until today, in contrast to several previous studies (e.g. Giesen and Oerlemans, 2010; Adalgeirsdóttir et al., 2011;

Zekollari et al., 2014) reaching desired initial LIA conditions by perturbing a present-day ice cap.15

5.5 Non-linearity, asymmetry and their implications

The initial present-day mass balance forcing (∆B(t) = 0 m w.e.) at 4000 BP likely explains the rapid increase in ice volume

over the first few hundred years, since this forcing essentially represents a step change in mass balance at 4000 BP. However,

this effect diminishes after a few hundred years, after which the response is due to the linear mass balance forcing. ∆B(t) = 0 m

w.e. starting from ice-free conditions produces a steady-state ice volume of only ∼2 km3 (Fig. 10), a volume exceeded at 330020

BP, so any additional ice volume cannot be explained by the initial step change in mass balance at 4000 BP. Most importantly,

the non-linear ice volume response between 2300–1300 BP is thus entirely forced by the linear mass balance increase during

this period.

Analogous to the Holocene simulations, we performed experiments with a slowly decreasing mass balance over multiple

millennia (from ∆B(t) = 0.4 to 0 m w.e.), allowing the ice cap to dynamically adjust, starting with the 1600 AD ice cap state.25

We find that the western ice cap disappears first, while ice in the eastern part of the ice cap is more persistent. Hence, the

western and northern parts of the ice cap grow first and disappear first, whereas the eastern part grows last and disappears

last. Further, our experiments show that a gradual (linear) climatic change results in a non-linear change in ice volume. This

non-linear, asynchronous growth and retreat illustrates that proxy records representing different parts of an ice cap at different

times may lead to substantially different conclusions about ice cap size through time.30

Previous work has highlighted glacier hypsometry, overdeepenings and proglacial lakes in altering glacier retreat to climate

forcing (Kuhn et al., 1985; Jiskoot et al., 2009; Adalgeirsdóttir et al., 2011). Adhikari and Marshall (2013) and Hannesdóttir

et al. (2015) showed that overdeepened basins loose mass by thinning rather than retreat. Here we suggest that a similar

behavior applies to an advancing glacier. In particular, overdeepened areas delay frontal advance and lead to preferential
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glacier thickening. However, note that the effect of higher order stresses, not captured by our simplified dynamic model, may

be more important for an advancing glacier (Adhikari and Marshall, 2013).

Regarding volume-area scaling (Sect. 4.4), Bahr et al. (2015) argues that the fundamental difference between valley glaciers

and ice caps, and hence the reason for different scaling exponents (γ), is the influence of bedrock topography, specifically

that ice thickness is large compared to the relief of underlying topography. The bedrock topography below Hardangerjøkulen5

consists of deep subglacial valleys and high ridges controlling the ice flow, as also noted by Laumann and Nesje (2016) for

other Norwegian ice caps. In fact, our simulations confirm that bed topography is vital in controlling the growth and retreat of

Hardangerjøkulen. The relatively thin ice at the ice cap summit does not correspond to the classical ice cap with the thickest

ice in the center, which explains why volume-area exponents for valley glaciers (γ = 1.375) rather than ice caps (γ = 1.25) are

found for Hardangerjøkulen. However, the overestimation of c by commonly used volume-area scaling relations for ice caps10

is more surprising. The low c we find compared to literature values for ice caps suggests that literature volume-area scaling

parameters may not be accurate for relatively small ice caps.

Importantly, glacier reconstructions using proglacial lake sediments are generally based on assumed changes in glacier

(erosive) area rather than volume (Hallet et al., 1996), while we show that volume and area can become decoupled for several

centuries (Fig. 12).We also demonstrate that the degree of volume-area coupling varies for different outlet glaciers, implying15

that each outlet glacier should be considered individually. For example, a differing response to identical climate forcing is

illustrated when Midtdalsbreen advances only modestly from 2300–1300 BP (Fig. 5b-d), while Hardangerjøkulen triples its

ice volume during the same period due to ice growth elsewhere (mainly in the east, south and southwest).

Our non-linear response and out-of-phase volume and area calls for reassessment of some glacier and climate reconstruction

methodologies. To extract a climate signal, linear assumptions between ice extent (area), ice volume (mass balance), climate,20

and their geomorphological or proxy signal are commonly assumed .
::
in

::::::
glacier

::::::::::::
reconstructions

:::::::::::::::::::::::::::::::::::::::::
(e.g. Liestøl in Sissons, 1979; Bakke et al., 2005).

:::::::
Linearity

::
is

::::
also

:::::::::
commonly

:::::::
assumed

::
in

::::::::
simplified

::::::
models

::::
used

::
to

::::::
extract

::::::
climate

::::::::::
information

::::
from

::::::
glacier

:::::::::
variations

:::::::::::::::::::::::::::::::::::::::::::::::::::::::
(e.g Harrison et al., 2001; Oerlemans, 2005; Lüthi, 2009; Roe, 2011).

However, we find that these assumptions does
::
do

:
not hold for Hardangerjøkulen and its outlet glaciers. For a growing ice cap,

two scenarios may arise for which the linear assumption between area (proxy) and volume (climate) fails: (i) area changes faster

than volume (first few hundred years of our Holocene simulation), meaning the interpreted signal becomes biased towards a25

climate favorable for glacier growth (wetter/colder), or (ii) volume changes faster than area (2300–1300 BP in our simulation),

and the climate signal is missed or underestimated because the preferential thickening is not translated into a corresponding

frontal change. We expect that ice caps with comparable geometry in for example Norway, Iceland, Alaska, Patagonia and

peripheral Greenland may display similar behavior.

These results highlight the need for model-data integration in paleostudies. Ice sheet modelers require glacier records for30

calibration and validation, and climate reconstructions for model forcing. Based on our experiments, we advise that glacier-

derived climate records are tagged with explicitly stated glaciological assumptions and associated uncertainties. In particular,

we would like to recommend future model-data studies which directly constrain geometric contributions to the glaciological

uncertainties involved in sedimentary glacier proxies.
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6 Conclusions

We have used a two-dimensional ice flow model with a simple mass balance parametrization to simulate the evolution of

Hardangerjøkulen ice cap since the mid-Holocene, from ice-free conditions up to the present-day. Until the LIA, the model is

forced by a linear mass balance increase based on reconstructions of temperature and precipitation. From the LIA onwards, an

optimized mass balance history is employed, and direct mass balance measurements are used after 1963.5

We used an ensemble approach to assess sensitivity to sliding and ice deformation parameters during both calibration and

transient runs. We find that small differences in model ice rheology at the calibration stage increase significantly with time. This

time-dependence has implications for other model studies of long-term dynamics of glaciers and ice caps. Such studies would

benefit from using a ’transient calibration’ rather than a ’snapshot’ approach, and thereby reduce temporal biases arising from

data quality issues, or a particular dynamic or climatic state. More data in both space and time is needed to further constrain10

the dynamic model parameters and mass balance for Hardangerjøkulen.

Our simulationssuggest that
::
In

:::
our

::::::::::
simulations,

:
Hardangerjøkulen evolved

::::::
evolves from no ice in the mid-Holocene to its

LIA maximum in different stages, where the fastest stage (2200–1300 BP) involved
:::::::
involves a tripling of ice volume over only

::
in

:::
less

::::
than

:
1000 years. Notably, our linear climate forcing during this time gives a non-linear response in ice cap volume and

area. This growth occurs in a spatially asymmetric fashion, where Midtdalsbreen reaches its maximum first, while advances15

of Rembesdalskåka and the eastern ice cap are delayed. These different responses are caused by local bed topography and the

mass balance-altitude feedback.

Following the simulated Holocene growth of Hardangerjøkulen, we successfully reproduce the main features of the LIA

extent of the main outlet glaciers, given temporal and spatial uncertainties in moraine evidence. In the early 1900s the simulated

glacier positions are slightly underestimated, whereas the ice extent closely resembles the observed margins available starting20

from 1960, and the surface topography fits well with the 1995 surface survey.

Hardangerjøkulen is found to be highly sensitive to mass balance changes. A reduction by 0.2 m w.e. or more relative to

the mass balance from the last decades induces a strong mass balance-altitude feedback and lets
:::::
makes

:
the ice cap disappear

completely. Conversely, an anomaly of +0.5 m w.e. almost doubles total ice volume.

Volume and area for Hardangerjøkulen and several of its outlet glaciers vary out-of-phase for several centuries during the25

Holocene. This disequilibrium varies in time and among the outlet glaciers, showing that ice cap reconstruction methodologies

carrying linear assumptions between ice extent and volume may not hold. Based on the non-linear, asynchronous response

we find for Hardangerjøkulen, these paleoglaciological studies may decrease their uncertainty by (i) quantifying the effect of

bedrock topography on ice flow and mass balance, using a numerical model; (ii) performing reconstructions on at least two

outlet glaciers, preferably with distinct dynamics and bedrock topography, and (iii) reporting glaciological assumptions and30

proxy uncertainties to ice sheet modelers using their data.

Our experiments further suggest that the present-day ice cap is in a mass balance regime where it will not regrow once it has

disappeared. We expect that ice caps with comparable geometry elsewhere may display similar sensitivity and hysteresis
::::
thus

:::
find

::::
that

:::::::::
Hardangerj

:
ø
:::::
kulen

:::::::
displays

:::::
strong

:::::::::
hysteresis

:::
and

::::
that

:::
the

:::::::::
interaction

:::::::
between

::::::::::
hypsometry

::::
and

::::
mass

::::::::::::::
balance-altitude

20



:::::::
feedback

:::::::
controls

:::
its

:::::::
behavior. By combining our modelled sensitivities with past climatic and glacier information, we also

illustrate that ice flow models can further constrain past climates and glacier states. This highlights the need to understand the

long-term history of glaciers and ice caps and calls for further integrated model-data studies.
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Figure 1. Bed (coloring) and surface (contours) topography of Hardangerjøkulen ice cap. Contour interval is 20 m and created from a digital

elevation model by Statens Kartverk, 1995. The reference system is UTM zone 32N (EUREF89). Ice cap outline and drainage basins from

2003 are indicated (data from Cryoclim.net), as well as surrounding lakes (drawn after Statens Kartverk N50 1:50 000). Shown are GPS

positions for velocity measurements (numbered triangles), mass balance stakes from NVE (squares) and location of the automatic weather

station (star). Inset: map of southern Norway showing the location of Hardangerjøkulen (H).

Table 1. Constants and parameter values used in this study.

Parameter Symbol Unit Value

Ice density ρi kg m−3 917

Gravitational acceleration g m s−2 9.81

Flow factor A s−1 Pa−3 0.95× 10−24 to 2.4× 10−24

Sliding parameter β m s−1 Pa−1 4× 10−12 to 1 ×10−13

Sliding law exponent m 1

Glen’s law exponent n 3

Mesh resolution ∆x m 200-500

Time step ∆t a 0.02
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Figure 2. Reference net surface mass balance (Bref ) profile used in the model runs, based on the mean observed (Bobs) profile for 35 of

the 45 years 1963-2007. At lower elevations, a linear gradient is used; for the highest elevations, a third-order polynomial is fitted to the

observed values. Shown are also ∆B(t) = -1.0 and +1.0 m w.e., examples of how temporal mass balance changes are imposed (Eq. 6), along

with corresponding ELA’s. For -1.0 m w.e., mass balance is negative at all elevations, thus ELA is above the summit. Data from NVE.
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Figure 3. Root mean square error (RMSE) between modelled and observed present-day ice thickness along the flowlines of Midtdalsbreen

and Rembesdalskåka, using an ensemble of sliding (β) and rheology (A) parameters. Shown are parameter combinations (black squares) and

the ’best-fit’ parameter combination used in subsequent runs (white square).
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Figure 4. (a) Mass balance forcing for mid- to late Holocene (spinup period), and for (b) 1600 - 2008 AD. (c) Ice volume response for

mid- to late Holocene and for (d) 1600 - 2008 AD using an ensemble of sliding and deformation parameter combinations (dark shading)

and our ’best-fit’ combination obtained from independent calibration. Colors represent different outlet glaciers and the whole ice cap. The

LIA maximum, as dated at Midtdalsbreen(dashed line), and its temporal uncertainties (light shading) is also shown, as well as ice volume

observations from 1961 and 1995 (black dots). For details, see text.
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Figure 5. Modelled ice thickness at (A) 3800, (B) 2300, (C) 1900 and 1300 BP using our ’best-fit’ model parameters obtained from in-

dependent calibration. Shown are also ice cap extent in 1995 AD (black thick line) and corresponding drainage basins for outlet glaciers

Rembesdalskåka (SW) and Midtdalsbreen (NE; black thin lines)
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Figure 6. Modelled surfaces from 4000 BP to 1600 AD, starting with no ice cap, shown every 50 years from older (dark blue) to younger

(yellow). BP ages are relative to 2008 AD. Note that the top of Rembesdalskåka (Hardangerjøkulen’s summit) does not coincide with the top

of Midtdalsbreen’s flowline (see Fig. 9d).
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of different dynamical parameter combinations. Modelled surface using our ’best-fit’ parameter combination is also shown for 1750 (green)

and 1995 (orange), as well as observed surface in 1995 (dashed orange). Outlet front positions as known from dated (Midtdalsbreen) and

assumed contemporary (i.e. not dated; Rembesdalskåka) terminal moraines are indicated with triangles. Note that the top of Rembesdalskåka

(Hardangerjøkulen’s summit) does not coincide with the top of Midtdalsbreen’s flowline (Fig. 9e).
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indicated based on a 10 % age error (Innes, 1986) on the dated moraine at Midtdalsbreen (Andersen and Sollid, 1971), and assuming that the
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Figure 9. Modelled ice thickness of Hardangerjøkulen in (a) 1750, (b) 1928, (c) 1961 and (d) 1995 AD. Shown is also the difference

between modelled and observed surface in 1995 (e), where positive (negative) values indicate that the model overestimates (underestimates)

surface elevation. Observed ice cap extents (Andersen and Sollid (1971); Sollid and Bjørkenes (1978); A.Nesje, pers. comm; H. Elvehøy,

pers. comm; Cryoclim.net/NVE) for corresponding years are shown where available. For 1750, assumed LIA extent from geomorphological

evidence (dashed line) and dated LIA extent (solid line) is shown. For 1928/1934, the modelled thickness displayed is for 1928, though the

observed front shown for Mitdalsbreen is from 1934. Drainage basins and flowlines of Rembesdalskåka and Midtdalsbreen are shown for

1995.
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Figure 10. Steady-state ice volumes reached using step perturbations of the 1963-2007 mass balance, using an ensemble of dynamical

parameter combinations, starting from the present-day ice cap and ice-free conditions.

Figure 11. Ice volume evolution for selected mass balance perturbations (-0.5 to 0.5 m w.e.) relative to the mean mass balance 1963-2007,

using our ’best-fit’ dynamical parameter combination, for (a) with and (b) without a mass balance-altitude feedback. A mass balance anomaly

of -0.2 m w.e. is added for greater detail of when Hardangerjøkulen disappears.
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Figure 12. Simulated ice volume and area evolution for (a) Hardangerjøkulen, and the outlet glaciers (b) Rembesdalskåka, (c) Midtdalsbreen,

and (d) Blåisen, from 4000 to 400 BP (1600 AD). Quantities are non-dimensionalized relative to final volume and area in year 1600 AD,

respectively.

Figure 13. (a) Logarithmic values of volume and area for steady-state experiments using mass balance anomalies within -0.5 to +0.5 m w.e.

relative to the 1963–2007 AD reference mass balance. Both steady-states reached from the present-day ice cap and from ice-free conditions

are shown. Steady-states are grouped into two cases, depending on whether an ice cap has developed or if ice is only present on high

ridges. Commonly used volume-area relations from the literature are also shown (Bahr et al., 1997; Radić and Hock, 2010; Grinsted, 2013;

Laumann and Nesje, 2016). (b) Volume and area combinations for our simulation from 4000 BP to 2008 AD, along with the volume-area

relation derived from simulated developed steady-state ice caps in (a).
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Figure 14. (a) Hypsometry of present-day Hardangerjøkulen (Giesen and Oerlemans, 2010) and Nigardsbreen, Norway (Oerlemans, 1997a),

Franz Josef Glacier, New Zealand (Woo and Fitzharris, 1992) and Vatnajökull, Iceland (Aðalgeirsdóttir et al., 2003). Respective ELAs are

indicated with dashed lines. Areas are weighted by the total area, and altitude bins are 25 m. (b) Effect of a step change in ELA on area for

respective glacier.

37


