
Response	  to	  the	  reviewers	  
	  
We	  thank	  both	  reviewers	  for	  their	  positive	  reviews	  and	  constructive	  comments.	  We	  
have	  revised	  the	  manuscript	  in	  order	  to	  take	  their	  suggestions	  into	  account.	  Please	  find	  
below	  detailed	  answers.	  
	  
	  
Reviewer	  1	  (Eric	  Wolff)	  
	  
This	  paper	  is	  an	  extremely	  detailed	  look	  at	  annually	  resolved	  records	  of	  stable	  water	  
isotopes	  and	  snow	  accumulation	  from	  the	  NEEM	  site.	  The	  authors	  compare	  the	  data	  
with	  all	  manner	  of	  reconstructions,	  climate	  indices	  and	  model	  outputs.	  I	  am	  impressed	  
with	  the	  very	  thorough	  job	  that	  has	  been	  done,	  and	  happy	  that	  the	  many	  uncertainties	  in	  
the	  analysis	  are	  carefully	  explained.	  The	  downside	  of	  the	  thoroughness	  is	  that	  the	  paper	  
is	  extremely	  hard	  to	  read	  –	  almost	  more	  like	  an	  uncensored	  thesis	  than	  a	  paper	  at	  times	  
-‐	  and	  I	  wish	  the	  authors	  had	  been	  a	  little	  more	  willing	  to	  exclude	  material	  that	  was	  not	  
central	  to	  their	  story.	  	  
	  
We	  are	  sorry	  for	  this.	  The	  choice	  was	  to	  have	  a	  comprehensive	  analysis	  inside	  one	  single	  
(but	  long)	  manuscript.	  
	  
However,	  what	  is	  here	  is	  careful	  and	  provides	  the	  best	  assessment	  of	  the	  relationship	  of	  
Greenland	  oxygen	  isotopes	  to	  climate	  that	  I	  have	  seen.	  The	  most	  important	  result	  is	  a	  
potential	  recalibration	  of	  warm	  temperature	  isotopes	  at	  the	  NEEM	  site,	  which	  would	  
imply	  a	  lower	  change	  in	  temperature	  in	  the	  last	  interglacial.	  I	  think	  some	  of	  the	  
implications	  of	  that	  might	  have	  been	  expanded.	  
	  
We	  have	  expanded	  the	  implications	  of	  the	  results	  in	  this	  section.	  
	  
	  I	  also	  suggest	  some	  material	  that	  I	  feel	  could	  be	  cut	  or	  at	  least	  moved	  to	  an	  appendix	  to	  
make	  the	  paper	  more	  digestible.	  With	  these	  relatively	  minor	  changes	  the	  paper	  should	  
certainly	  be	  published	  and	  will	  be	  an	  important	  contribution	  to	  the	  literature	  (indeed	  
almost	  required	  reading	  for	  anyone	  impressed	  with	  the	  NEEM	  2013	  paper).	  
	  
We	  have	  done	  our	  best	  to	  take	  these	  suggestions	  into	  account.	  
	  
Detailed	  comments	  
	  
In	  a	  few	  places	  the	  English	  will	  benefit	  from	  proofreading	  at	  the	  TC	  stage.	  I	  don’t	  list	  all	  
instances	  of	  awkward	  phrasings	  but	  as	  examples,	  page	  658	  line	  18	  “constraints”	  not	  
“constraint”,	  and	  line	  19	  “the	  NEEM	  last	  interglacial”	  (missing	  “the”).	  
	  
Taken	  into	  account.	  
	  
Section	  2.2.	  Page	  662,	  line	  23.	  Do	  the	  Box	  reconstructions	  include	  NEEM	  ice	  core	  data?	  If	  
so,	  isn’t	  this	  comparison	  circular?	  If	  not	  (which	  at	  least	  may	  be	  the	  case	  for	  his	  2009	  
paper)	  then	  you	  should	  clarify	  this.	  
	  
The	  Box	  (2009)	  temperature	  reconstruction	  does	  not	  include	  ice	  core	  data	  (they	  are	  



used	  in	  the	  accumulation	  reconstruction).	  This	  has	  been	  clarified	  in	  the	  section	  where	  
data	  are	  compared	  with	  the	  reconstruction.	  
	  
Page	  663,	  line	  26	  “again”?	  Do	  you	  mean	  “against”?	  
	  
Corrected.	  
	  
Page	  664,	  line	  2:	  MARv3.4/ERA	  is	  repeated	  twice.	  
	  
Corrected.	  
	  
Section	  3.1,	  page	  665.	  Here	  you	  show	  that	  there	  are	  significant	  differences	  between	  the	  4	  
cores	  (R^2	  only	  0.31	  for	  del18O	  between	  cores,	  and	  similar	  for	  accumulation	  rate).	  The	  
noise	  is	  reduced	  by	  averaging	  4	  cores.	  Later	  on	  when	  you	  do	  regressions	  of	  NEEM	  
del18O	  (or	  accumulation)	  against	  other	  climate	  indices	  and	  model	  outputs,	  it’s	  obvious	  
that	  even	  if	  the	  NEEM	  region	  could	  perfectly	  record	  one	  of	  the	  indices,	  one	  would	  not	  get	  
an	  R^2	  of	  1	  because	  of	  the	  remaining	  noise.	  It	  would	  be	  helpful	  context	  if	  you	  could	  tell	  
us	  what	  the	  “ideal”	  R^2	  would	  be,	  ie	  what	  is	  the	  theoretical	  best	  R^2	  one	  could	  obtain	  
from	  a	  signal	  with	  the	  amount	  of	  noise	  in	  the	  4-‐core	  average	  added	  to	  it.	  
	  
As	  stressed	  by	  the	  reviewer,	  there	  is	  only	  30%	  of	  variance	  in	  common	  to	  two	  records	  of	  
oxygen	  18	  or	  accumulation	  from	  nearby	  ice	  cores,	  which	  may	  arise	  from	  noise	  due	  to	  the	  
analyses	  and	  dating	  as	  well	  as	  noise	  from	  deposition	  and	  post-‐deposition	  processes.	  	  
	  
The	  percentage	  of	  common	  variance	  between	  the	  4-‐core	  stack	  and	  temperature	  
reconstructions	  or	  simulations	  of	  temperature	  is	  quite	  similar	  (<50%).	  In	  this	  case,	  
mismatches	  may	  arise	  from	  the	  signal	  to	  noise	  ratio	  in	  the	  4-‐ice	  core	  stack,	  but	  it	  can	  
also	  arise	  from	  the	  caveats	  and	  biases	  inherent	  to	  the	  atmospheric	  models	  (due	  to	  their	  
resolution	  and	  their	  parameterizations)	  and	  the	  large	  scale	  wind	  patterns	  from	  
reanalyses.	  	  
	  
It	  is	  therefore	  not	  possible	  to	  answer	  to	  the	  question	  in	  a	  quantitative	  way	  with	  the	  
available	  information.	  
	  
Same	  section:	  you	  show	  here	  that	  the	  deuterium	  excess	  signal	  at	  annual	  level	  is	  
insufficiently	  precise.	  I	  therefore	  question	  the	  value	  of	  describing	  the	  results	  of	  
comparisons	  with	  other	  measures	  in	  Table	  4,	  Figure	  10	  and	  section	  4.2.	  At	  the	  very	  least	  
these	  comparisons	  need	  to	  come	  with	  a	  very	  strong	  health	  warming	  that	  good	  
correlations	  cannot	  be	  expected	  as	  the	  averaged	  d-‐xs	  record	  has	  little	  signal	  content	  at	  
the	  annual	  level	  (I	  am	  not	  sure	  if	  you	  are	  saying	  that	  the	  S/N	  is	  0.4	  for	  an	  individual	  or	  
for	  the	  averaged	  signal,	  but	  either	  way	  S/N	  is	  less	  than	  1).	  I	  realise	  that	  the	  authors	  do	  
not	  want	  to	  abandon	  dxs,	  but	  it	  would	  make	  the	  paper	  easier	  to	  read	  if	  it	  was	  put	  to	  one	  
side	  and	  discussed	  in	  a	  brief	  section	  separate	  from	  the	  more	  robust	  signals,	  and	  with	  
many	  caveats.	  
	  
We	  have	  taken	  this	  suggestion	  into	  account	  and	  added	  a	  strong	  warning	  about	  the	  
validity	  of	  the	  ice	  core	  deuterium	  excess	  stack	  at	  each	  place.	  	  
	  
In	  the	  data	  description	  part,	  we	  had	  already	  clearly	  written	  :	  	  



	  
“The	  lack	  of	  strong	  signals	  in	  recent	  deuterium	  excess	  is	  surprising,	  as	  one	  could	  have	  
expected	  a	  relationship	  with	  recent	  changes	  in	  Arctic	  sea	  ice	  cover	  (Kurita,	  2011;Steen-‐
Larsen	  et	  al.,	  2013).	  It	  could	  arise	  from	  the	  low	  signal	  to	  noise	  ratio.”	  
	  
«	  In	  the	  subsequent	  parts	  of	  this	  manuscript,	  we	  will	  therefore	  be	  cautious	  not	  to	  over-‐
interpret	  this	  NEEM	  deuterium-‐excess	  record”	  
	  
We	  have	  added	  in	  the	  analysis	  of	  correlation	  with	  SST	  :	  
	  
“Deuterium	  excess	  is	  negatively	  related	  to	  SST,	  with	  a	  weak	  correlation	  coefficient	  which	  
may	  arise	  from	  the	  low	  signal	  to	  noise	  level	  in	  our	  dataset”	  
	  
and	  in	  the	  discussion	  of	  the	  link	  with	  weather	  regimes	  :	  
	  
“	  despite	  its	  low	  signal	  to	  noise	  ratio,	  deuterium	  excess	  is	  significantly	  correlated…”.	  
	  
We	   have	   also	  warning	   statements	   in	   the	   data-‐model	   comparison	   part,	   where	  we	   had	  
already	  written:	  
	  
“We	   have	   already	   stressed	   the	  weak	   signal-‐to-‐noise	   ratio	  within	   the	   individual	  NEEM	  
shallow	  ice	  core	  records	  (with	  a	  core-‐to-‐core	  correlation	  of	  0.25).”	  
	  
and	  now	  add	  a	  final	  sentence	  in	  4.2:	  “Our	  conclusions	  are	  limited	  by	  the	  large	  inter-‐core	  
deviations	  and	  the	  low	  signal	  to	  noise	  ratio	  in	  the	  stack	  signal.	  »	  
	  
	  
Page	  667,	  line	  2.	  I	  note	  that	  the	  authors	  used	  R^2	  until	  now,	  but	  in	  most	  of	  the	  rest	  of	  the	  
paper	  use	  R.	  I	  request	  that	  they	  point	  this	  out,	  because	  readers	  may	  fail	  to	  appreciate	  
how	  little	  of	  the	  variance	  is	  explained	  for	  R	  values	  of	  0.4	  and	  below.	  
	  
We	  have	  in	  fact	  used	  R2	  (determination	  coefficient)	  when	  reporting	  signal	  to	  noise	  ratios	  
in	   section	   3.1	   (inter-‐core	   data)	   and	   3.2	   (comparison	   with	   other	   Greenland	   ice	   core	  
records),	   but	   R	   (correlation	   coefficients)	   after	   section	   3.3	   (comparison	   with	  
meteorological	  data,	  simulations,	  climate	   indices…)	  as	  we	  needed	  to	  report	  positive	  or	  
negative	   correlation	   coefficients.	   The	   text	   and	   table	   captions	   are	   very	   clear	   about	   the	  
metrics	  that	  are	  used.	  We	  agree	  that	  the	  percentage	  of	  variance	  explained	  is	  often	  small,	  
and	  have	  added	  this	  precision	  at	  the	  beginning	  of	  section	  3.3	  :	  	  
	  
«	  In	   this	   section	   and	   the	   following	   parts	   of	   this	  manuscript,	   we	   systematically	   report	  
correlation	   coefficients	   (R)	   and	   not	   determination	   coefficients	   (R2)	   as	   results	   of	  
statistical	  analyses,	  to	  inform	  as	  well	  about	  the	  sign	  of	  the	  relationship	  ».	  
	  
	  
Page	  667,	  line	  4	  “possibly…accumulation”.	  I	  don’t	  follow	  this	  statement	  because	  you	  can	  
easily	  test	  this	  statement	  by	  presenting	  the	  slope	  for	  other	  time	  periods.	  
	  
Thank	  you	  for	  pointing	  this	  out.	  We	  have	  calculated	  the	  accumulation-‐18O	  slope	  for	  the	  
whole	   record,	   prior	   to	   the	   recent	   increasing	   trend.	   The	   relationship	   is	   less	   strong	  



(R=0.5)	  and	  with	  a	  smaller	  slope	  (1.4	  cm	  cm	  per	  year	  per	  ‰)	  than	  for	  the	  last	  decades.	  	  
We	  have	  therefore	  removed	  the	  last	  statement.	  	  
	  
	  
Page	  671,	  section	  3.4,	  1st	  para.	  Please	  rephrase:	  I	  don’t	  understand	  what	  point	  you	  are	  
making	  in	  lines	  10	  and	  11.	  
	  
We	  have	  reformulated	  this	  sentence	  to	  clarify	  what	  we	  mean:	  
«	  The	  statistical	  relationship	  between	  the	  NEEM	  and	  South	  Greenland	  ice	  cores	  may	  
therefore	  arise	  from	  this	  simultaneous	  impact	  of	  the	  NAO	  on	  both	  regions	  »	  
	  
	  
Section	  3.4	  (but	  this	  is	  a	  common	  problem	  throughout	  the	  paper):	  you	  are	  giving	  lists	  of	  
correlation	  coefficients	  (eg	  with	  AMO).	  These	  are	  already	  listed	  in	  the	  tables,	  and	  
reading	  the	  text	  becomes	  a	  bit	  like	  reading	  a	  telephone	  directory.	  Please	  rely	  more	  on	  
the	  table	  and	  on	  statements	  about	  what	  exhibits	  a	  strong	  correlation,	  and	  be	  a	  bit	  more	  
restrained	  about	  citing	  all	  the	  numbers	  again	  in	  the	  text.	  That	  way	  the	  important	  science	  
conclusion	  will	  be	  clearer	  to	  the	  reader.	  
	  
In	  this	  section,	  we	  have	  removed	  the	  correlation	  coefficients	  to	  improve	  the	  readibility	  
of	  the	  text.	  
	  
Section	  4.1.	  Please	  refer	  to	  Table	  2	  earlier	  in	  the	  paragraph.	  
	  
Taken	  into	  account.	  
	  
	  
Page	  67,	  line	  9,	  should	  be	  Table	  4	  not	  3	  However	  I	  think	  this	  is	  overinterpreting	  the	  
noisy	  dxs	  data	  and	  should	  probably	  be	  reduced	  and	  toned	  down.	  
	  
Taken	  into	  account.	  We	  have	  added	  several	  reminders	  about	  the	  noise	  level	  in	  the	  
deuterium	  excess	  record.	  
	  
Section	  4.3.	  As	  far	  as	  I	  can	  tell,	  you	  compare	  model	  and	  composite	  temperatures	  against	  
NEEM	  delta.	  However	  I	  don’t	  see	  the	  comparison	  of	  model	  temperature	  against	  model	  
del18O	  which	  would	  set	  a	  limit	  on	  what	  can	  be	  expected,	  and	  is	  an	  obvious	  comparison	  
to	  make.	  Please	  include	  this.	  
	  
This	  is	  a	  very	  good	  suggestion.	  Note	  that	  Table	  6	  already	  reported	  the	  18O-‐temperature	  
relationship	  obtained	  from	  multi-‐decadal	  trends	  in	  the	  simulations.	  	  
	  
At	  the	  inter-‐annual	  scale	  and	  for	  the	  simulations	  nudged	  to	  ERA,	  ECHAM	  produces	  a	  
slope	  of	  0.8	  ‰	  per	  °C,	  and	  a	  correlation	  coefficient	  of	  0.79;	  LMDZ	  produces	  a	  slope	  of	  
0.5‰	  per	  °C,	  and	  a	  correlation	  coefficient	  of	  0.59	  (mostly	  due	  to	  differences	  in	  extreme	  
years	  for	  each	  parameter).	  	  
	  
For	  1979-‐2007,	  it	  is	  also	  illustrative	  to	  compare	  the	  two	  simulations	  (ECHAM-‐ERA	  and	  
LMDZ-‐ERA).	  Their	  annual	  mean	  results	  are	  closely	  correlated	  for	  temperature	  
(correlation	  coefficient	  of	  0.95)	  and	  slightly	  less	  for	  18O	  (correlation	  coefficient	  of	  0.83).	  



	  
One	  paragraph	  about	  these	  results	  has	  been	  added	  in	  the	  revised	  manuscript.	  
	  
I	  find	  it	  interesting	  and	  surprising	  that	  the	  R	  value	  for	  modelT	  vs	  NEEMdel18O	  is	  similar	  
to	  that	  of	  model-‐del18O	  vs	  NEEM	  del18O.	  I’d	  have	  expected	  a	  weaker	  relationship	  for	  
temperature.	  Comment?	  
	  
We	  have	  highlighted	  this	  result	  in	  the	  revised	  manuscript.	  This	  probably	  arises	  from	  the	  
relationship	  between	  precipitation	  isotopic	  composition	  and	  surface	  air	  temperature	  in	  
the	  simulations	  themselves.	  	  
	  
Section	  4.5.2.	  I	  recommend	  removing	  this	  entire	  section.	  It	  is	  out	  of	  place	  in	  the	  paper,	  
and	  ascribes	  too	  much	  weight	  to	  single	  years	  of	  data	  that	  may	  be	  extreme	  because	  of	  
noise	  rather	  than	  signal.	  The	  end	  of	  the	  section	  presumably	  brings	  in	  Fig	  S2	  (though	  
does	  not	  refer	  to	  it)	  and	  again	  seems	  completely	  out	  of	  place	  here.	  I	  think	  if	  you	  want	  to	  
follow	  the	  effect	  of	  volcanoes	  or	  these	  apparently	  extreme	  years	  it	  is	  a	  different	  paper.	  
Here	  it	  just	  comes	  as	  a	  surprise	  and	  a	  distraction	  from	  the	  main	  themes.	  
	  
We	  have	  better	  structured	  this	  section	  into	  3	  different	  parts	  (extreme	  years,	  cold-‐dry	  
decades,	  and	  reponse	  to	  volcanic	  events)	  to	  clarify	  its	  purpose.	  We	  think	  that	  these	  three	  
aspects	  are	  relevant	  for	  the	  implication	  of	  the	  NEEM	  ice	  core	  records	  for	  recent	  climate	  
variability	  in	  north	  west	  Greenland.	  
	  
Page	  684,	  line	  28.	  This	  is	  incorrect.	  At	  a	  site	  with	  quite	  high	  accumulation	  rate,	  most	  of	  
the	  aerosol	  will	  be	  wet	  deposited	  and	  therefore	  the	  dependence	  of	  concentration	  on	  
accumulation	  rate	  will	  be	  quite	  weak	  (if	  70%	  is	  wet	  deposited,	  which	  might	  be	  the	  
correct	  order,	  then	  a	  30%	  increase	  in	  accumulation	  rate	  would	  decrease	  chemical	  
concentrations	  by	  only	  7%,	  which	  would	  be	  hard	  to	  pick	  against	  other	  effects	  in	  a	  world	  
with	  a	  different	  climate	  and	  therefore	  perhaps	  different	  atmospheric	  circulation).	  I	  
doubt	  it	  will	  be	  strong	  enough	  to	  diagnose	  rates.	  
	  
Thank	  you.	  We	  have	  removed	  the	  statement.	  
	  
	  
	  
Table	  6,	  please	  be	  clear	  what	  “NEEM	  temperature	  reconstruction”	  is.	  Does	  that	  mean	  the	  
“Box”	  reconstruction	  at	  the	  location	  of	  NEEM?	  
	  
This	  has	  been	  clarified	  in	  the	  figure	  caption.	  
	  
	  
Fig	  3.	  For	  the	  power	  spectra	  please	  help	  the	  reader	  by	  showing	  the	  periods	  as	  well	  as	  the	  
frequencies.	  Also	  the	  caption	  should	  refer	  to	  (b)-‐(d)	  not	  just	  (b).	  
	  
The	  caption	  has	  been	  modified.	  We	  have	  not	  added	  the	  periods	  which	  can	  easily	  been	  
inferred	  from	  the	  frequencies	  as	  peaks	  coincide	  with	  periodicities	  of	  0.05	  (20	  years),	  0.2	  
(5	  years)	  and	  are	  reported	  in	  the	  main	  text.	  
	  
	  



Fig	  4.	  I	  assume	  you	  mean	  top	  and	  bottom,	  not	  left	  and	  right?	  
	  
The	  caption	  has	  been	  modified	  (this	  arised	  from	  a	  re-‐arrangement	  of	  the	  panels	  in	  the	  
edited	  version).	  	  
	  
Fig.	  6.	  The	  order	  of	  b	  and	  c	  seems	  to	  be	  different	  from	  what	  the	  caption	  says.	  
	  
The	  caption	  has	  been	  modified	  (this	  arised	  from	  a	  re-‐arrangement	  of	  the	  panels	  in	  the	  
edited	  version).	  	  
	  
Fig.	  12:	  I	  think	  these	  are	  differences	  between	  1979	  and	  2011,	  rather	  than	  trends	  (which	  
should	  be	  per	  year	  or	  per	  decade).	  Please	  clarify.	  
	  
The	  panel	  display	  the	  temperature	  change	  from	  1979	  to	  2011	  (°C)	  calculated	  from	  a	  
linear	  trend	  (not	  the	  difference	  between	  the	  start	  and	  end	  years).	  The	  caption	  has	  been	  
corrected	  to	  clarify	  this.	  
	  
Fig.	  14	  caption	  refers	  to	  “a	  function	  of	  the	  month”	  but	  this	  seems	  to	  be	  missing	  from	  the	  
figure.	  Many	  figures	  are	  missing	  units	  on	  the	  axes.	  In	  most	  cases	  this	  is	  dealt	  with	  by	  
putting	  them	  in	  the	  caption	  (not	  very	  nice,	  but	  acceptable),	  but	  even	  this	  is	  missing	  in	  Fig	  
8,	  please	  add.	  
	  
This	  comment	  is	  for	  Figure	  13.	  In	  fact,	  the	  angle	  of	  the	  polar	  diagram	  of	  Panel	  (a)	  
represents	  the	  month,	  and	  this	  is	  clearly	  labelled	  on	  the	  outside	  of	  the	  polar	  graph	  (Jan	  
…	  Dec).	  	  
	  
We	  have	  added	  the	  unit	  (‰)	  in	  the	  caption	  of	  Figure	  8.	  Only	  in	  the	  case	  of	  water	  stable	  
isotopes	  (oxygen	  18	  or	  deuterium	  excess),	  we	  did	  not	  report	  the	  units	  on	  the	  axes.	  
	  
For	  all	  the	  figures,	  please	  remember	  that	  most	  readers	  will	  read	  them	  on	  a	  printout	  of	  
the	  paper.	  Please	  try	  to	  persuade	  the	  typesetters	  to	  make	  some	  fo	  the	  figures	  larger	  (eg	  
3b-‐d,	  6)	  as	  they	  are	  unuseable	  as	  they	  print	  at	  present.	  It	  would	  also	  be	  nice	  to	  see	  larger	  
axis	  labels	  in	  many	  cases.	  
	  
We	  will	  ask	  the	  editor	  to	  improve	  the	  readability	  of	  the	  figures	  in	  the	  final	  proofs.	  
	  
Section	  4.6.	  This	  is	  a	  really	  important	  part	  of	  the	  paper.	  I	  think	  I	  agree	  with	  your	  best	  
estimate	  of	  the	  temperature	  difference	  at	  the	  Eemian	  based	  on	  your	  paper	  (though	  I	  am	  
a	  little	  unsure	  whether	  we	  also	  need	  to	  use	  a	  higher	  delta-‐T	  slope	  for	  the	  upstream	  
corrections	  made	  in	  the	  NEEM	  paper).	  In	  any	  case,	  I	  think	  it	  would	  be	  valuable	  to	  say	  a	  
little	  more	  about	  the	  implications.	  In	  particular	  something	  like:	  “Ice	  sheet	  modelling	  
experiments	  constrained	  by	  evidence	  for	  the	  existence	  of	  Eemian	  ice	  have	  suggested	  
that	  Greenland	  contributed	  1.4-‐4.3	  m	  sea	  level	  equivalent,	  with	  the	  implication	  that	  this	  
was	  the	  Greenland	  retreat	  expected	  for	  an	  8	  degree	  warming.	  This	  would	  be	  hard	  to	  
reconcile	  with	  the	  finding	  that	  the	  threshold	  for	  irreversible	  loss	  of	  all	  or	  part	  of	  the	  
Greenland	  ice	  sheet	  is	  well	  below	  8	  degrees	  for	  Greenland	  temperature.	  If	  the	  actual	  
temperature	  change	  in	  Greenland	  during	  the	  Eemian	  was	  only	  4	  degrees,	  these	  results	  
are	  reconciled,	  and	  the	  response	  of	  Greenland	  to	  higher	  temperatures	  expected	  under	  
some	  scenarios	  was	  not	  tested	  at	  that	  time.”	  (Of	  course	  you	  will	  choose	  your	  own	  words,	  



but	  I	  do	  feel	  you	  need	  to	  comment	  more).	  
	  
Thank	  you	  for	  this	  suggestion.	  While	  we	  initially	  tried	  to	  avoid	  speculation,	  we	  have	  
added	  a	  paragraph	  to	  clarify	  the	  implications	  of	  a	  reduced	  last	  interglacial	  warming	  at	  
NEEM.	  
	  
Anonymous	  referee	  #	  2	  	  
	  
This	  is	  a	  high-‐quality	  analysis	  of	  some	  newly-‐available	  north-‐west	  Greenland	  ice-‐core	  
and	  climate	  data,	  that	  overall	  builds	  significantly	  on	  previous	  work	  and	  which	  will	  be	  
of	  interest	  to	  a	  wide	  readership.	  There	  are	  a	  few	  points	  of	  clarification	  and	  missing	  
references.	  I	  recommend	  acceptance	  once	  the	  following	  points	  have	  been	  addressed:	  
	  
Thank	  you.	  We	  have	  addressed	  all	  the	  points	  and	  provide	  detailed	  explanations	  below.	  
	  
p.659,	  line	  9:	  "strong	  relationship	  between	  surface	  vapour	  d18O	  and	  local	  humidity,	  
and	  surface	  air	  temperature"	  -‐	  rephrase	  as	  slightly	  confusing	  as	  from	  units	  the	  
relationship	  meant	  seems	  to	  be	  between	  dO18	  and	  temperature	  (i.e.	  2/3	  factors,	  not	  
directly	  humidity)?	  
	  
Taken	  into	  account.	  The	  sentence	  has	  been	  cut	  into	  two	  parts	  for	  clarification.	  
	  
p.659,	  line	  27	  To	  the	  4	  references	  cited	  on	  the	  strong	  NAO	  imprint	  and	  Greenland	  
climate	  please	  add	  the	  following:	  Hanna	  &	  Cappelen	  (2003)	  Hanna,	  E.	  and	  
Cappelen,	  J.	  (2003).	  Recent	  cooling	  in	  coastal	  southern	  Greenland	  and	  relation	  
with	  the	  North	  Atlantic	  Oscillation.	  Geophysical	  Research	  Letters,	  30(3),	  1132.	  
doi:10.1029/2002GL015797	  
	  
Done.	  	  
	  
p.662,	  line	  12	  reword	  to	  "therefore	  decreases	  with	  depth".	  
	  
Done.	  	  
	  
p.662,	  line	  18,	  line	  21	  "especially	  for	  summer	  temperature".	  Add	  reference.	  E.g.	  a	  
comparison	  of	  summer	  near-‐surface	  air	  temperatures	  for	  various	  coastal	  and	  inland	  
Greenland	  sites	  was	  made	  by	  Hanna	  et	  al.	  (2014):	  Hanna,	  E.,	  Fettweis,	  X.,	  Mernild,	  
S.	  H.,	  Cappelen,	  J.,	  Ribergaard,	  M.	  H.,	  Shuman,	  C.	  A.,	  Steffen,	  K.,	  Wood,	  L.	  and	  
Mote,	  T.	  L.	  (2014),	  Atmospheric	  and	  oceanic	  climate	  forcing	  of	  the	  exceptional	  Greenland	  
ice	  sheet	  surface	  melt	  in	  summer	  2012.	  Int.	  J.	  Climatol.,	  34:	  1022–1037.	  doi:	  
10.1002/joc.3743	  
	  
Done.	  	  
	  
p.662,	  line	  26	  "NAO	  defined	  as	  the	  standardised	  difference	  in	  sea	  level	  pressures	  
between	  Gibraltar	  and	  Iceland	  (Vinther	  et	  al.	  2003)"	  -‐	  it	  would	  be	  better	  here	  to	  give	  the	  
original	  Gibratar-‐Iceland	  NAO	  reference,	  i.e.	  Jones	  et	  al.	  (1997):	  Jones,	  P.D.,	  Jónsson,	  
T.	  and	  Wheeler,	  D.,	  1997:	  Extension	  to	  the	  North	  Atlantic	  Oscillation	  using	  early	  
instrumental	  pressure	  observations	  from	  Gibraltar	  and	  South-‐West	  Iceland.	  Int.	  J.	  



Climatol.	  17,	  1433-‐1450.	  
	  
Done.	  This	  reference	  has	  been	  added.	  
	  
p.663,	  line	  18	  "water	  stable	  isotopes"	  -‐	  doesn’t	  this	  technical	  term	  need	  brief	  
explanation?	  
	  
We	  have	  briefly	  expanded	  this	  sentence.	  
	  
p.665,	  line	  10:	  why	  does	  this	  analysis	  end	  in	  2007	  and	  not	  a	  more	  recent	  year,	  given	  
the	  rapid	  recent	  climate	  changes	  and	  extremes?	  
	  
This	  is	  because	  of	  the	  change	  in	  the	  number	  of	  source	  records	  (number	  of	  individual	  pit	  
and	  shallow	  ice	  core	  data)	  for	  the	  most	  recent	  years,	  and	  the	  availability	  of	  annual	  
accumulation	  data	  only	  up	  to	  2007.	  We	  have	  added	  this	  explanation	  in	  the	  revised	  
manuscript.	  
	  
p.66,	  line	  9:	  "The	  highest	  d18O	  annual	  mean	  value	  is	  however	  encountered	  in	  1928"	  
-‐	  why?	  Was	  this	  an	  unusually	  warm	  year	  or	  was	  it	  just	  the	  near-‐record	  accumulation	  
alone	  that	  was	  responsible?	  
	  
We	  discuss	  this	  aspect	  in	  section	  4.5.2	  and	  have	  added	  a	  reference	  to	  the	  subsequent	  
discussion	  here.	  
	  
p.667,	  line	  28:	  change	  "albeit	  not"	  to	  "although	  such	  values	  are	  not".	  
	  
Done.	  
	  
p.670,	  line	  5:	  why	  not	  compare	  with	  other	  region	  (e.g.	  DMI	  coastal	  met	  station)	  
Greenland	  temperature	  records	  other	  than	  just	  the	  SW	  Greenland	  temperature	  series?	  
	  
The	  correlation	  between	  data	  from	  the	  first	  shallow	  ice	  core	  at	  NEEM	  and	  DMI	  coastal	  
meteorological	  station	  data	  had	  already	  been	  performed	  for	  the	  last	  50	  years	  in	  Steen-‐
Larsen	  et	  al	  (2011),	  showing	  a	  weak	  relationship	  with	  summer	  temperature	  at	  Illulissat.	  
With	  our	  stack	  record,	  and	  longer	  time	  series,	  the	  strongest	  correlation	  coefficients	  also	  
emerge	  with	  the	  composite	  south-‐west	  Greenland	  record,	  which	  explains	  this	  focus	  in	  
our	  manuscript.	  
	  
	  
p.671,	  line	  21:	  clarify	  whether	  these	  correlations	  "R>0.3"	  are	  statistically	  significant.	  
	  
We	  only	  report	  in	  the	  main	  text	  the	  correlations	  which	  are	  significant,	  and	  the	  result	  of	  
significance	  tests	  at	  95%	  and	  99%	  confidence	  levels	  are	  displayed	  in	  the	  associated	  
Table	  S4.	  
	  
	  
p.672,	  line	  1	  re.	  weather	  patterns	  and	  Scandinavian	  Blocking,	  I	  haven’t	  seen	  Greenland	  
Blocking	  explicitly	  mentioned	  in	  this	  discussion	  but	  I	  think	  it	  is	  important	  and	  worth	  
mentioning.	  



	  
Thanks	  for	  this	  suggestion.	  We	  have	  tested	  the	  correlation	  coefficient	  between	  NEEM	  
records	  and	  Greenland	  blocking.	  We	  obtain	  significant	  correlations	  with	  18O	  (R=0.30)	  
and	  accumulation	  data	  (R=0.26).	  This	  is	  now	  reported	  in	  this	  section	  and	  also	  in	  the	  
conclusions.	  
	  
	  
p.673,	  line	  11	  "MAR	  precipitation	  is	  slightly	  larger"	  -‐	  is	  this	  statistically	  significant?	  13-‐	  
29%	  seems	  as	  if	  it	  MAY	  be	  quite	  a	  substantial	  difference.	  
	  
We	  have	  removed	  «	  slightly	  »	  (as	  the	  difference	  is	  statistically	  significance	  at	  the	  95%	  
confidence	  level).	  
	  
p.674,	  lines	  4	  &	  5:	  Again,	  give	  significance/p	  values	  for	  these	  R	  values.	  
	  
The	  p-‐values	  are	  reported	  in	  Table	  3.	  
	  
p.676,	  line	  16:	  Is	  there	  any	  difference	  in	  variance	  between	  ERA40	  and	  ERA-‐I	  for	  the	  
overlap	  period?	  
	  
We	  have	  not	  performed	  this	  comparison,	  as	  we	  only	  have	  used	  the	  nudged	  simulations,	  
and	  not	  compared	  the	  reanalyses	  themselves.	  
	  
p.677,	  line	  21:	  "Greenland	  warming	  since	  1979	  is	  strongly	  driven	  by	  changes	  in	  large	  
scale	  atmospheric	  circulation	  (Fettweis	  et	  al.,	  2013a)"	  -‐	  please	  add	  the	  following	  
references:	  Hanna,	  E.,	  Fettweis,	  X.,	  Mernild,	  S.	  H.,	  Cappelen,	  J.,	  Ribergaard,	  M.	  H.,	  Shuman,	  
C.	  A.,	  Steffen,	  K.,	  Wood,	  L.	  and	  Mote,	  T.	  L.	  (2014),	  Atmospheric	  and	  oceanic	  climate	  
forcing	  of	  the	  exceptional	  Greenland	  ice	  sheet	  surface	  melt	  in	  summer	  2012.	  Int.	  
J.	  Climatol.,	  34:	  1022–1037.	  doi:	  10.1002/joc.3743	  Hanna,	  E.,	  Jones,	  J.	  M.,	  Cappelen,	  
J.,	  Mernild,	  S.	  H.,	  Wood,	  L.,	  Steffen,	  K.	  and	  Huybrechts,	  P.	  (2013),	  The	  influence	  of	  
North	  Atlantic	  atmospheric	  and	  oceanic	  forcing	  effects	  on	  1900–2010	  Greenland	  
summer	  climate	  and	  ice	  melt/runoff.	  Int.	  J.	  Climatol.,	  33:	  862–880.	  doi:	  
10.1002/joc.3475	  
	  
Done.	  
	  
p.678,	  line	  16:	  clarify	  whether	  you	  mean	  "local	  surface	  AIR	  temperature	  changes".	  
	  
Done.	  
	  
p.679,	  lines	  21-‐24:	  the	  accumulation	  sensitivity	  to	  Greenland	  temperature	  also	  depends	  
importantly	  on	  dynamical/storm-‐track	  changes	  -‐	  should	  point	  this	  out	  here.	  
	  
Done.	  
	  
p.679,	  line	  25	  "We	  therefore	  identify	  unusually	  strong	  responses	  of	  both	  dO18	  and	  
accumulation	  to	  local	  temperature	  increase,	  over	  the	  decades."	  Does	  this	  seem	  to	  
suggest	  changes	  in	  moisture-‐bearing	  storm	  tracks	  impinging	  more	  on	  this	  part	  of	  
Greenland?	  Should	  probably	  comment	  on	  this.	  



	  
We	  have	  added	  the	  following	  statement	  :	  “Further	  investigations	  of	  moisture	  transport	  
changes	  are	  needed	  to	  explore	  the	  processes	  at	  play,	  such	  as	  changes	  in	  storm	  tracks	  
associated	  with	  sea-‐ice	  retreat	  in	  the	  Baffin	  Bay	  area”.	  
	  
p.680,	  line	  4	  "extreme	  years"	  -‐	  don’t	  these	  also	  include	  2012	  -‐	  mention	  here?	  
	  
Here,	  we	  focus	  on	  the	  extreme	  years	  recorded	  in	  our	  NEEM	  ice	  core	  datasets	  (which	  end	  
in	  2007	  for	  accumulation	  and	  2011	  for	  18O),	  so	  we	  cannot	  discuss	  2012	  in	  the	  
perspective	  of	  earlier	  years	  within	  the	  ice	  core	  records.	  
	  
p.680,	  line	  25:	  AWSs,	  not	  just	  ice-‐core	  records,	  can	  also	  be	  used	  to	  map	  recent	  warming.	  
	  
This	  has	  been	  added.	  
	  
p.681,	  Section	  4.5.2:	  shouldn’t	  this	  include	  more	  direct	  discussion	  of	  2012?	  
	  
See	  above.	  	  
	  
p.682,	  lines	  3-‐13:	  what	  about	  Greenland	  Blocking?	  
	  
See	  above.	  	  
	  
p.686,	  line	  29:	  add	  Hanna	  et	  al.	  (2014)	  (full	  reference	  above)	  to	  Fettweis	  et	  al.	  (2013a).	  
	  
Done.	  
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Abstract	  27	  

Combined	   records	   of	   snow	   accumulation	   rate,	   δ18O	   and	   deuterium	   excess	   were	  28	  

produced	   from	   several	   shallow	   ice	   cores	   and	   snow	   pits	   at	   NEEM	   (north-‐west	  29	  

Greenland),	  covering	  the	  period	  from	  1724	  to	  2007.	  They	  are	  used	  to	  investigate	  recent	  30	  

climate	  variability	  and	  characterize	   the	   isotope-‐temperature	  relationship.	  We	  find	  that	  31	  

NEEM	   records	   are	   only	  weakly	   affected	  by	   inter-‐annual	   changes	   in	   the	  North	  Atlantic	  32	  

Oscillation.	  Decadal	  δ18O	  and	  accumulation	  variability	   is	   related	   to	  North	  Atlantic	  SST,	  33	  

and	  enhanced	  at	  the	  beginning	  of	  the	  19th	  century.	  No	  long-‐term	  trend	  is	  observed	  in	  the	  34	  

accumulation	  record.	  By	  contrast,	  NEEM	  δ18O	  shows	  multi-‐decadal	  increasing	  trends	  in	  35	  

the	  late	  19th	  century	  and	  since	  the	  1980s.	  The	  strongest	  annual	  positive	  δ18O	  values	  are	  36	  

recorded	  at	  NEEM	  in	  1928	  and	  2010,	  while	  maximum	  accumulation	  occurs	  in	  1933.	  The	  37	  

last	  decade	  is	  the	  most	  enriched	  in	  δ18O	  (warmest),	  while	  the	  11-‐year	  periods	  with	  the	  38	  

strongest	  depletion	  (coldest)	  are	  depicted	  at	  NEEM	  in	  1815-‐1825	  and	  1836-‐1846,	  which	  39	  

are	   also	   the	   driest	   11-‐year	   periods.	   The	   NEEM	   accumulation	   and	   δ18O	   records	   are	  40	  

strongly	   correlated	   with	   outputs	   from	   atmospheric	   models,	   nudged	   to	   atmospheric	  41	  

reanalyses.	   Best	   performance	   is	   observed	   for	   ERA	   reanalyses.	   Gridded	   temperature	  42	  

reconstructions,	  instrumental	  data	  and	  model	  outputs	  at	  NEEM	  are	  used	  to	  estimate	  the	  43	  

multi-‐decadal	   accumulation-‐temperature	   and	   δ18O-‐temperature	   relationships	   for	   the	  44	  

strong	  warming	   period	   in	   1979-‐2007.	   The	   accumulation	   sensitivity	   to	   temperature	   is	  45	  

estimated	  at	  11±2%	  °C-‐1	  and	  the	  δ18O-‐temperature	  slope	  at	  1.1±0.2‰	  °C-‐1	  ,	  about	  twice	  46	  

larger	   than	   previously	   used	   to	   estimate	   last	   interglacial	   temperature	   change	   from	   the	  47	  

bottom	  part	  of	  the	  NEEM	  deep	  ice	  core.	  	  48	  

	  49	  

1.	  Introduction	  50	  

	  51	  

Under	   the	   auspices	   of	   the	   International	   Polar	   Year	   and	   the	   International	  52	  

Partnership	   for	   Ice	  Core	  Science,	  a	  camp	  was	  operated	   in	  2007-‐2012	  at	  NEEM	  (north-‐53	  

west	  Greenland,	  77.45°N,	  51.06°W,	  2450	  m.	  a.	  s.	  l.;	  Fig.	  1),	  in	  order	  to	  retrieve	  an	  ice	  core	  54	  

record	  spanning	  the	   last	   interglacial	  period.	  The	  deep	  drilling	  took	  place	  from	  2008	  to	  55	  

2012	  and	  delivered	  a	  2540	  m	  long	  ice	  core,	  providing	  new	  information	  on	  climate	  and	  56	  

ice	   thickness	   during	   the	   last	   interglacial	   period	   (NEEM,	   2013).	   However,	   large	  57	  
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	   3	  

uncertainties	   remain	   attached	   to	   the	   interglacial	   temperature	   reconstruction,	   which	  71	  

relies	  on	   the	   interpretation	  of	  water	  stable	   isotopes	   (δ18O),	  and	  on	   the	  mechanisms	  of	  72	  

climate	  variability	  in	  North-‐West	  Greenland.	  In	  this	  introduction,	  we	  briefly	  review	  the	  73	  

state-‐of-‐the-‐art	  with	  respect	   to	   the	   isotope-‐temperature	  relationship	   in	  Greenland	  and	  74	  

at	   NEEM,	   and	   the	   large-‐scale	   drivers	   of	   Greenland	   recent	   climate	   variability,	   before	  75	  

introducing	  our	  methodology	  and	  the	  outline	  of	  this	  manuscript.	  76	  

	  77	  

Studies	   based	   on	   independent	   paleothermometry	   methods	   or	   simulations	   using	  78	  

isotopically	   enabled	   atmospheric	   models	   show	   that	   the	   isotope-‐temperature	  79	  

relationship	  can	  vary	   through	   time	  and	  space	   in	  Greenland,	  and	  be	  significantly	   lower	  80	  

than	  the	  relationship	  estimated	  from	  a	  theoretical	  Rayleigh	  distillation	  and	  from	  spatial	  81	  

gradients	   (~0.8	  ‰	  °C-‐1)	   (Cuffey	  and	  Clow,	  1997;Masson-‐Delmotte	  et	  al.,	  2011;Sime	  et	  82	  

al.,	   2013).	   Changes	   in	   relationships	   between	   surface	   and	   condensation	   temperature,	  83	  

changes	   in	   precipitation	   seasonality	   and/or	   intermittency,	   and	   changes	   in	   moisture	  84	  

source	   conditions	   can	   indeed	   cause	   such	   deviations	   (Jouzel	   et	   al.,	   1997;Krinner	   and	  85	  

Werner,	   2003;Persson	   et	   al.,	   2011).	   During	   the	   Holocene,	   borehole	   temperature	  86	  

constraints	  from	  other	  Greenland	  ice	  cores	  (Vinther	  et	  al.,	  2009)	  suggest	  a	  coefficient	  of	  87	  

0.5	  ‰	  °C-‐1	   	  which	  was	  used	   for	   the	  NEEM	   last	   interglacial	   temperature	  estimate.	   	  For	  88	  

warmer	  than	  present-‐day	  climates,	  atmospheric	  models	  produced	  a	  range	  of	  coefficients	  89	  

varying	  from	  0.3	  to	  0.8	  ‰	  °C-‐1	  	  for	  central	  Greenland,	  mostly	  depending	  on	  the	  patterns	  90	  

of	  North	  Atlantic	  and	  Arctic	  SST	  (Sea	  Surface	  Temperature)	  as	  well	  as	  sea	   ice	  changes	  91	  

(Masson-‐Delmotte	   et	   al.,	   2011;Sime	   et	   al.,	   2013).	   At	   NEEM,	   independent	   temperature	  92	  

estimates	   have	   been	   obtained	   during	   glacial	   abrupt	   events,	   based	   on	   gas	   thermal	  93	  

fractionation	   in	   the	   firn.	   During	   the	   last	   deglaciation	   and	   during	   several	   Dansgaard-‐94	  

Oeschger	   warming	   events,	   these	   data	   have	   revealed	   a	   higher	   δ18O-‐temperature	  95	  

coefficient	   (~0.6	  ‰	   °C-‐1)	   than	   identified	   in	   other	   Greenland	   ice	   cores	   under	   glacial	  96	  

conditions	  (Guillevic	  et	  al.,	  2013;Buizert	  et	  al.,	  2014).	  	  97	  

	  98	  

This	   state-‐of-‐the-‐art	   has	   motivated	   specific	   studies	   in	   order	   to	   better	   document	   and	  99	  

understand	   the	   processes	   controlling	   the	   variability	   of	   snow	   isotopic	   composition	   at	  100	  

NEEM	   for	   interglacial	   conditions.	   For	   this	   purpose,	   and	   in	   parallel	   with	   deep	   drilling	  101	  

operations,	   the	  NEEM	   isotope	   consortium	   implemented	  a	   surface	  program	   in	  order	   to	  102	  

monitor	  the	   isotopic	  composition	  of	  surface	  water	  vapour,	  precipitation,	  surface	  snow,	  103	  
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and	   retrieve	   pits	   and	   shallow	   ice	   cores.	   Measurements	   of	   water	   vapour	   isotopic	  113	  

composition	   performed	   during	   four	   summers	   (2008,	   2010-‐2012)	   (Steen-‐Larsen	   et	   al.,	  114	  

2011;Steen-‐Larsen	   et	   al.,	   2013;Steen-‐Larsen	   et	   al.,	   2014)	   have	   evidenced	   a	   strong	  115	  

relationship	   between	   surface	   vapor	   δ18O,	   local	   humidity	   and	   surface	   air	   temperature.	  116	  

The	  observed	  vapor	  δ18O-‐	  is	  characterized	  by	  a	  linear	  regression	  slope	  of	  0.80	  to	  0.85	  ‰	  117	  

per	   °C.	   These	  data	   also	   stress	   the	  distinct	   fingerprint	   of	  Arctic/subtropical	   air	  masses	  118	  

through	  respectively	  high/low	  deuterium	  excess	  (Steen-‐Larsen	  et	  al.,	  2013;Steen-‐Larsen	  119	  

et	   al.,	   2014;Bonne	   et	   al.,	   2015).	   It	   is	   conventionally	   assumed	   that	   the	   isotopic	  120	  

composition	   of	   surface	   snow	   reflects	   a	   precipitation-‐weighted	   climate	   signal.	   Yet,	  121	  

observations	   have	   also	   revealed	   that	   the	   isotopic	   composition	   of	   surface	   snow	   in	   the	  122	  

upper	   5	   mm	   varies	   in-‐between	   snowfall	   events	   and	   incorporates	   changes	   in	   surface	  123	  

vapor	   isotopic	   composition	   through	   surface	   snow	  metamorphism	   (Steen-‐Larsen	   et	   al.,	  124	  

2014).	   The	   isotopic	   exchange	   between	   the	   snow	   surface	   and	   the	   atmosphere	   is	   also	  125	  

consistent	  with	  17O-‐excess	  measurements	  (Landais	  et	  al.,	  2012).	  These	  data	  suggest	  that	  126	  

the	  NEEM	  ice	  cores	  may	  record	  climatic	  variations	  more	  regularly	  than	  during	  snowfall	  127	  

events,	  at	  least	  during	  summer.	  128	  

	  129	  

The	  first	  NEEM	  shallow	  ice	  core	  drilled	  in	  2007	  during	  site	  survey	  covered	  years	  1960	  to	  130	  

2007	  (Steen-‐Larsen	  et	  al.,	  2011).	  The	  data	  showed	  a	  recent	  δ18O	  increasing	  trend,	  which,	  131	  

using	   a	   slope	   of	   0.8‰	   °C-‐1,	   was	   translated	   to	   a	   local	   warming	   of	   ~3°C.	   This	   record	  132	  

showed	  weak	  relationships	  with	  the	  closest	  coastal	  meteorological	  station	  temperature	  133	  

records,	   and	   no	   significant	   correlation	   with	   the	   winter	   index	   of	   the	   North	   Atlantic	  134	  

Oscillation	  (NAO).	  This	  is	  in	  contrast	  with	  the	  strong	  NAO	  imprint	  identified	  in	  south	  and	  135	  

central	  Greenland	  meteorological	  data	  and	  ice	  cores	  (Hanna	  and	  Cappelen,	  2003;Vinther	  136	  

et	   al.,	   2003;Vinther	   et	   al.,	   2010;Casado	   et	   al.,	   2013;Ortega	   et	   al.,	   2014).	   Atmospheric	  137	  

circulation	  models	  showed	  that	  the	  north-‐west	  sector	  of	  Greenland	  encompassing	  NEEM	  138	  

is	   characterized	   by	   a	   seasonal	   maximum	   of	   precipitation	   during	   summer,	   which	  may	  139	  

explain	  such	  weak	  fingerprint	  of	  the	  winter	  NAO	  (Ortega	  et	  al.,	  2014).	  Finally,	  this	  first	  140	  

recent	  NEEM	  δ18O	  record	  revealed	  a	   close	   relationship	  with	   the	  Labrador	  Sea	  /	  Baffin	  141	  

Bay	  sea	  ice	  extent,	  notably	  for	  the	  coldest	  year	  recorded	  in	  1983-‐1984.	  142	  

	  143	  

Past	  changes	  in	  the	  Labrador	  Sea	  /	  Baffin	  Bay	  sea	  ice	  are	  related	  to	  changes	  in	  the	  North	  144	  

Atlantic	   ocean	   circulation.	   The	   principal	   component	   of	   16	   Greenland	   ice	   core	   annual	  145	  
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δ18O	   (Ortega	   et	   al.,	   2014)	   has	   evidenced	   bi-‐decadal	   variability	   closely	   linked	  with	   the	  152	  

Atlantic	  Multi-‐Decadal	  Oscillation	  (AMO)	  (Enfield	  et	  al.,	  2001;Chylek	  et	  al.,	  2011).	  Large	  153	  

Pinatubo-‐like	   volcanic	   eruptions	   act	   as	   pace-‐makers	   for	   this	   bi-‐decadal	   variability	  154	  

(Swingedouw	  et	  al.,	  2015).	  Such	  multi-‐decadal	  variability	  may	  be	  recorded	  particularly	  155	  

strongly	  at	  NEEM,	  as	   this	  signal	  would	  not	  be	  masked	  by	  NAO	  variability.	  Because	   the	  156	  

19th	   century	   is	  marked	   by	   repeated	   large	   volcanic	   eruptions,	  we	   expect	   to	   document	  157	  

their	  impacts	  on	  the	  regional	  climate	  through	  the	  NEEM	  ice	  core	  records.	  158	  

	  159	  

Here,	   we	   aim	   to	   extend	  NEEM	   climatic	   records	   back	   to	   the	   18th	   century.	   In	   order	   to	  160	  

increase	   the	   signal	   to	   noise	   ratio	   known	   to	   be	   low	   for	   individual	   Greenland	   ice	   core	  161	  

records	  (Fisher	  et	  al.,	  1985;White	  et	  al.,	  1997),	  we	  combine	  several	   individual	  shallow	  162	  

ice	  cores.	  The	  records	  of	  annual	  accumulation,	  δ18O	  and	  deuterium	  excess	  are	  compared	  163	  

with	  stacked	  records	   from	  other	  Greenland	   ice	  cores	  (Andersen	  et	  al.,	  2006;Vinther	  et	  164	  

al.,	   2010;Ortega	   et	   al.,	   2014),	   gridded	   accumulation	   and	   surface	   air	   temperature	  165	  

reconstructions	  produced	   from	   interpolation	  of	  meteorological	   and	   ice	   core	  data	   from	  166	  

multiple	   sites	   (Box	   et	   al.,	   2009;Box	   et	   al.,	   2012;Box,	   2013),	   results	   from	   different	  167	  

simulations	   of	   the	   regional	   atmospheric	   model	   MAR	   (Fettweis	   et	   al.,	   2011),	   and	   two	  168	  

atmospheric	   general	   circulation	   models	   including	   the	   representation	   of	   water	   stable	  169	  

isotopes,	   LMDZiso	   (Risi	   et	   al.,	   2010)	   and	  ECHAM5-‐wiso	   (Werner	   et	   al.,	   2011).	   The	   ice	  170	  

core	   data,	   reconstructions	   and	   simulations	   are	   described	   in	   Sect.	   2	   (Material	   and	  171	  

Methods).	  The	  results	  of	  the	  NEEM	  shallow	  ice	  core	  data	  are	  reported	  and	  discussed	  in	  172	  

Sect.	   3,	  where	   they	   are	   compared	   to	   other	   Greenland	   ice	   core	   records,	  North	  Atlantic	  173	  

SST,	   and	   indices	   of	   modes	   of	   variability.	   The	   comparison	   of	   NEEM	   results	   with	  174	  

reconstructions	   and	   simulations	   is	   performed	   in	   Sect.	   4.	   This	  model-‐data	   comparison	  175	  

will	   provide	   an	   assessment	   of	  model	   performance	   at	   NEEM,	   and	   an	   evaluation	   of	   the	  176	  

δ18O-‐temperature	  relationship	  at	  this	  site.	  This	  section	  also	  encompasses	  a	  discussion	  of	  177	  

the	   implications	   of	   the	  NEEM	   shallow	   ice	   core	   data	   for	   recent	   climate	   change	   and	   for	  178	  

past	   temperature	   reconstructions.	   This	   manuscript	   ends	   with	   conclusions	   and	  179	  

perspectives	  (Sect.	  5).	  	  180	  

	  181	  

2.	  Material	  and	  methods	  182	  

	  183	  
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	   2.1	  NEEM	  shallow	  ice	  core	  data	  190	  

	  191	  

Four	  shallow	  ice	  cores	  (Table	  1)	  were	  used	  for	  this	  study,	  with	  depths	  ranging	  from	  52.6	  192	  

to	  85.3	  m.	  They	  were	  complemented	  by	  snow	  pits	  to	  extend	  water	  stable	  isotope	  records	  193	  

to	  year	  2011.	  Altogether,	  10	  pit	  profiles	  where	  obtained	  with	  a	  depth	  resolution	  of	  2.5	  194	  

cm,	   covering	   different	   subintervals	   of	   the	   period	   2003	   to	   2011.	   Because	   density	  195	  

measurements	   were	   performed	   on	   shallow	   ice	   cores	   and	   not	   on	   pits,	   accumulation	  196	  

records	  are	  only	  available	  from	  the	  shallow	  ice	  cores.	  	  Each	  shallow	  ice	  core	  was	  cut	  into	  197	  

2	   cm	   samples,	   stored	   and	   melted	   inside	   sealed	   containers,	   and	   measurements	   were	  198	  

performed	   using	   mass	   spectrometers	   and/or	   laser	   instruments	   at	   Laboratoire	   des	  199	  

Sciences	   du	   Climat	   et	   de	   l’Environnement	   (LSCE),	   France,	   Centre	   for	   Ice	   and	   Climate	  200	  

(CPH),	  Denmark,	  Alfred-‐Wegener-‐Institute,	  Bremerhaven	  (AWI),	  Germany,	  and	  Institute	  201	  

of	  Earth	  Sciences	  (IES),	  Iceland	  (Table	  1).	  Inter-‐calibration	  was	  achieved	  using	  common	  202	  

laboratory	   reference	   waters,	   and	   measurements	   are	   reported	   against	   V-‐SMOW-‐SLAP.	  203	  

The	  accuracy	  of	  δ18O	  measurements	  is	  respectively	  0.05‰	  (LSCE,	  mass	  spectrometry),	  204	  

0.07‰	   (CPH,	   mass	   spectrometry)	   and	   0.1‰	   (laser	   instruments,	   CIC,	   LSCE,	   AWI	   and	  205	  

IES).	  The	  accuracy	  of	  δD	  measurements	  is	  0.7‰	  (AWI,	  laser	  measurements;	  LSCE,	  mass	  206	  

spectrometry	  and	  laser	  measurements)	  and	  ~1‰	  (CPH	  laser	  measurements,	   IES	   laser	  207	  

measurements	   and	  mass	   spectrometry).	  As	   a	   result,	   the	   accuracy	  of	  deuterium	  excess	  208	  

calculations	   (from	  measurements	   of	   δ18O	   and	   δD	   on	   the	   same	   samples)	   as	   estimated	  209	  

using	  a	  quadratic	  error	  varies	  between	  0.8	  and	  1.3‰.	  Altogether,	  we	  have	  performed	  210	  

isotopic	  measurements	  on	  10,500	  shallow	  ice	  core	  samples.	  211	  

	  212	  

The	  dating	  of	  the	  shallow	  ice	  cores	  was	  performed	  by	  counting	  of	  seasonal	  cycles	  in	  δ18O	  213	  

and	   verified	   using	   volcanic	   eruptions	   identified	   from	   electrical	   conductivity	  214	  

measurements.	   For	   an	   improved	   identification	   of	   individual	   years,	   back-‐diffusion	  215	  

calculation	  was	  applied	  to	  the	  δ18O	  records	  (Johnsen,	  1977;Johnsen	  et	  al.,	  2000).	  During	  216	  

the	   period	   1725-‐2007,	   the	   estimated	   accumulation	   rate	   is	   20.3±3.2	   cm	   w.e.	   yr-‐1	  217	  

(uncertainty	   ranges	   represent	   inter-‐annual	   SD).	   At	   NEEM,	   the	   accumulation	   rate	   is	  218	  

comparable	  to	  that	  at	  Summit/GRIP	  (21	  cm	  yr-‐1),	  	  ~15%	  higher	  than	  at	  NGRIP	  (17.5	  cm	  219	  

yr-‐1	   )	   and	  40%	   lower	   than	   in	  South	  Greenland	   (51	   cm	  yr-‐1	   	   at	  DYE3)	   (Andersen	  et	   al.,	  220	  

2006).	  221	  
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	  228	  

Because	   the	   magnitude	   of	   seasonal	   cycles	   in	   NEEM	  water	   stable	   isotopes	   is	   strongly	  229	  

affected	  by	  diffusion,	  and	  therefore	  decreases	  with	  depth,	  we	  decided	  here	  to	  focus	  on	  230	  

the	  annual	  mean	  signals.	  231	  

	  232	  

	   2.2	  Meteorological	  data	  and	  Greenland	  ice	  core	  data	  233	  

	  234	  

The	   NEEM	   data	   are	   compared	   with	   long	   instrumental	   records	   of	   coastal	   Greenland	  235	  

temperature,	   established	   through	   the	   combined	   homogenization	   of	   southwest	  236	  

Greenland	  meteorological	  measurements	  (Vinther	  et	  al.,	  2006),	  and	  updated	  until	  2013	  237	  

(Cappelen	  and	  Vinther,	  2014).	  Differences	  between	  surface	  air	   temperature	  variability	  238	  

at	   the	   surface	   of	   the	  Greenland	   ice	   sheet	   and	   coastal	   sites	   are	   expected	  due	   to	   effects	  239	  

associated	  with	   coastal	   sea	   ice	   changes	   (for	   coastal	   stations),	   and	   to	   the	   snow	  and	   ice	  240	  

surface	  properties	  (for	  the	  ice	  sheet),	  especially	  for	  summer	  temperature	  (Hanna	  et	  al.,	  241	  

2014).	   For	   this	   purpose,	   the	  NEEM	   ice	   core	  data	   are	   compared	   to	   the	   local	   grid	  point	  242	  

outputs	   from	   gridded	   reconstructions	   of	   Greenland	   ice	   sheet	   temperature	   and	  243	  

accumulation,	  based	  on	  a	  spatial	   interpolation	  of	  weather	  stations	  and	  annual	   ice	  core	  244	  

data	  (Box	  et	  al.,	  2012;Box	  et	  al.,	  2009;Box,	  2013).	  245	  

	  246	  

The	   fingerprints	   of	   large	   scale	  modes	   of	   variability	   are	   investigated,	   using	   the	   longest	  247	  

instrumental	   index	   of	   the	   NAO	   defined	   as	   the	   standardised	   difference	   in	   sea	   level	  248	  

pressures	   between	   Gibraltar	   and	   Iceland	   (Jones	   et	   al.,	   1997;Vinther	   et	   al.,	   2003),	   and	  249	  

indices	   of	   the	   Atlantic	   Multidecadal	   Oscillation	   (AMO)	   based	   on	   detrended	   SST	   data	  250	  

(Trenberth	  and	  Shea,	  2006;Enfield	  et	  al.,	  2001)	  and	  on	  proxy	  evidence	  (Svendsen	  et	  al.,	  251	  

2014).	   We	   also	   explored	   the	   relationships	   with	   North	   Atlantic	   winter	   and	   summer	  252	  

weather	  regimes	  (NAO+,	  NAO-‐,	  Atlantic	  ridge	  and	  Scandinavian	  blocking)	  as	  performed	  253	  

for	  other	  ice	  cores	  (Ortega	  et	  al.,	  2014)	  and	  with	  the	  Greenland	  blocking	  index	  (Hanna	  et	  254	  

al.,	  2013).	  255	  

	  256	  

The	   NEEM	   δ18O	   and	   accumulation	   records	   are	   also	   compared	   with	   records	   obtained	  257	  

from	   other	   Greenland	   shallow	   ice	   cores	   (Vinther	   et	   al.,	   2010;Andersen	   et	   al.,	  258	  

2006;Ortega	  et	  al.,	  2014).	  There	   is	  heterogeneity	   in	   the	   strength	  of	   the	   signal	   to	  noise	  259	  
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ratio	  in	  existing	  records	  from	  ice	  core	  sites.	  Most	  records	  were	  obtained	  from	  one	  single	  263	  

ice	  core,	  with	  a	  few	  exceptions	  where	  a	  stacked	  signal	  has	  been	  extracted	  from	  multiple	  264	  

shallow	   ice	   cores	   (GISP2,	   DYE3).	   The	   common	   signal	   identified	   in	   Greenland	   ice	   core	  265	  

δ18O	  (without	  NEEM)	  has	  been	  extracted	  using	  a	  principal	  component	  analysis	  (Ortega	  266	  

et	  al.,	  2014).	  The	  same	  methodology	  is	  applied	  here	  for	  accumulation	  records	  (Fig.	  S1	  in	  267	  

the	   Supplement).	   We	   herafter	   compare	   the	   NEEM	   records	   with	   the	   first	   principal	  268	  

components	  (PC1)	  of	  Greenland	  ice	  core	  δ18O	  and	  accumulation.	  269	  

	  270	  

	  271	  

	   2.3	  Atmospheric	  simulations	  272	  

	  273	  

We	   use	   outputs	   from	   simulations	   performed	   with	   three	   atmospheric	   models	   (MAR,	  274	  

LMDZiso	   and	   ECHAM5-‐wiso),	   the	   latter	   two	   equipped	   with	   the	   explicit	   modeling	   of	  275	  

water	   stable	   isotopes,	  which	  means	   that	   they	   simulate	   the	  water	   cycle	   for	   each	  water	  276	  

molecule	  and	  account	  for	  fractionation	  processes	  occurring	  during	  phase	  changes.	  These	  277	  

simulations	  are	  used	   to	  assess	  whether	   the	  NEEM	  signals	  are	  explained	  by	  changes	   in	  278	  

large-‐scale	   atmospheric	   circulation,	   whether	   models	   can	   accurately	   capture	   the	  279	  

observed	   changes	   at	  NEEM,	   and	   to	   explore	   the	  magnitude	   of	  NEEM	  warming	   and	   the	  280	  

δ18O-‐temperature	  relationship.	  281	  

	  282	  

MAR	   is	   a	   regional	   atmospheric	   model	   including	   processes	   specific	   to	   the	   ice	   sheet	  283	  

surface,	  specifically	  adjusted	  to	  have	  a	  realistic	  representation	  of	  Greenland	  climate,	  and	  284	  

widely	  used	  to	  investigate	  changes	  in	  Greenland	  ice	  sheet	  mass	  balance	  (Fettweis	  et	  al.,	  285	  

2011;Fettweis,	  2013).	  Here,	  we	  compare	  version	  3.4	  of	  the	  MAR	  model	  nudged	  against	  286	  

different	  sets	  of	  atmospheric	  reanalyses:	  ERA-‐40	  (1958-‐1979)	  (Uppala	  et	  al.,	  2005)	  and	  287	  

ERA-‐interim	  (1979-‐2014)	  (Dee	  et	  al.,	  2011),	  NCEP-‐NCAR	  v1	  (1948-‐	  2013)	  (Kalnay	  et	  al.,	  288	  

1996),	   NCEP	   20CR	   (1871-‐2012)	   (Compo	   et	   al.,	   2011).	   Hereafter,	   these	   different	  289	  

simulations	   are	   named	   MARv3.4/ERA,	   MARv3.4/NCEP	   and	   MARv3.4/20CR.	   The	  290	  

reanalyses	  are	  used	  to	  force	  every	  6	  hours	  the	  MAR	  model	  at	  the	  lateral	  boundaries	  of	  its	  291	  

integration	   domain	   with	   temperature,	   humidity,	   pressure	   and	   winds	   at	   each	   vertical	  292	  

MAR	  level	  as	  well	  as	  over	  the	  ocean	  (SST	  and	  sea	  ice	  cover).	  	  293	  

	  294	  
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LMDZiso	   is	   the	   isotopic	   version	   (Risi	   et	   al.,	   2010)	   of	   the	   LMDZ4	   atmospheric	   general	  298	  

circulation	  model	  (Hourdin	  et	  al.,	  2006).	  The	  model	  has	  a	  warm	  and	  dry	  bias	  at	  NEEM	  299	  

(Steen-‐Larsen	  et	  al.,	  2013;Steen-‐Larsen	  et	  al.,	  2011).	  It	  is	  run	  at	  2.5°×3.75°	  resolution,	  in	  300	  

a	   nudged	   simulation,	   using	   the	   Atmospheric	   Model	   Inter-‐comparison	   Project	   (AMIP)	  301	  

protocol	  and	  different	  large-‐scale	  atmospheric	  circulation	  constraints	  (ERA	  and	  20	  CR).	  	  302	  

Note	   that,	   in	   this	  case,	   the	  average	  ensemble	  of	  all	  20CR	  reanalyses	  was	  used	   to	  drive	  303	  

LMDZiso.	  We	  will	   hereafter	   distinguish	   the	   different	   LMDZiso	   simulations	   by	   naming	  304	  

them	   LMDZiso/ERA	   and	   LMDZiso/20CR.	   In	   this	   configuration,	   it	   was	   shown	   that	  305	  

LMDZiso/ERA	  is	  able	  to	  resolve	  intra-‐seasonal	  variations	  in	  south	  Greenland	  and	  NEEM	  306	  

present-‐day	  water	  vapour	  isotopic	  composition	  variability	  for	  δ18O,	  but	  failed	  to	  capture	  307	  

the	   magnitude	   of	   deuterium	   excess	   variability	   especially	   for	   Arctic	   moisture	   sources	  308	  

(Bonne	  et	  al.,	  2014;Steen-‐Larsen	  et	  al.,	  2013;Steen-‐Larsen	  et	  al.,	  2014).	  	  309	  

	  310	  

ECHAM5-‐wiso	  is	  the	  isotope-‐enabled	  version	  of	  ECHAM5,	  which	  has	  been	  shown	  to	  have	  311	  

good	   performance	   for	   global,	   European,	   Siberian	   precipitation	   isotopic	   composition,	  312	  

against	  IAEA/GNIP	  precipitation	  monthly	  monitoring	  data	  (Werner	  et	  al.,	  2011;Butzin	  et	  313	  

al.,	   2014).	   Sensitivity	   tests	   have	   stressed	   the	   dependence	   of	   model	   results	   and	  314	  

performance	  to	  spatial	  resolution.	  Simulations	  used	  here	  were	  performed	  at	  a	  T63L31	  315	  

spectral	   resolution,	   corresponding	   to	   a	   grid	   size	   of	   about	   1.9°	   by	   1.9°	   and	   31	   vertical	  316	  

levels	  between	  surface	  and	  10hPa.	  The	  simulation	  spanning	  the	  years	  1957-‐2013	  is	  also	  317	  

performed	   following	   AMIP	   guidelines	   with	   a	   nudging	   technique	   towards	   ERA40	  318	  

reanalyses	  which	   implies	   relaxation	   of	   surface	   pressure,	   temperature,	   divergence	   and	  319	  

vorticity.	  This	  implies	  a	  stronger	  nudging	  that	  the	  one	  implemented	  for	  LMDZiso,	  which	  320	  

does	  not	   take	   temperature	   into	  account.	  Hereafter,	   this	  simulation	   is	  named	  ECHAM5-‐321	  

wiso/ERA.	  We	  also	  briefly	  discuss	   the	   comparison	  between	   this	  T63	   simulation	  and	  a	  322	  

T106	  simulation	  performed	  with	  the	  same	  model	  and	  nudging	  method	  (1980-‐2011),	  but	  323	  

using	  an	  improved	  horizontal	  resolution.	  324	  

	  325	  

Here,	   we	   focus	   on	   the	   comparison	   between	   annual	   mean	   (or	   daily	   precipitation-‐326	  

weighted)	   surface	   air	   temperature,	   precipitation,	   and,	   for	   LMDZiso	   and	  ECHAM5-‐wiso	  327	  

only,	   precipitation-‐weighted	   annual	  mean	  δ18O	   and	   deuterium	   excess.	   Post-‐deposition	  328	  

processes,	   which	   may	   alter	   the	   surface	   snow	   signals	   (e.g.	   wind	   redistribution,	   snow	  329	  

metamorphism,	  sublimation,	  etc.),	  are	  not	  taken	  into	  account.	  330	  
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	  331	  

In	  order	  to	  perform	  model-‐data	  comparisons	  on	  similar	  time	  intervals,	  we	  focus	  on	  the	  332	  

periods	  1958-‐2007	  (which	  encompasses	  ERA40	  simulations),	  and	  1979-‐2007	  (in	  order	  333	  

to	  cover	  the	  period	  when	  satellite	  data	  are	  used	  in	  reanalyses).	  Our	  comparison	  ends	  in	  334	  

2007	   because	   this	   is	   the	   last	   year	   for	  which	   the	   accumulation	   data	   are	   available,	   and	  335	  

because	   the	   NEEM	   isotopic	   records	   of	   the	   most	   recent	   years	   are	   a	   composite	   of	   a	  336	  

different	  number	  of	  snow	  pit	  data,	  with	  potential	  inhomogeneities.	  337	  

	   	  338	  

3.	  Results	  	  339	  

	   	  340	  

3.1	  NEEM	  records	  and	  signal	  to	  noise	  ratio	  341	  

	  342	  

The	  mean	   core-‐to-‐core	   coefficient	   of	   determination	   (R2)	   is	   respectively	   0.31,	   0.07	   and	  343	  

0.30	   for	   δ18O,	   deuterium	   excess	   and	   accumulation.	   This	   leads	   to	   respective	   signal-‐to-‐344	  

noise	  ratios	  of	  1.3,	  0.4	  and	  1.2	  for	  these	  three	  records.	  We	  conclude	  that	  our	  set	  of	  four	  345	  

cores	   is	  sufficient	   to	  extract	  a	  robust	  δ18O	  and	  accumulation	  signal,	  but	   insufficient	   for	  346	  

deuterium	  excess,	  probably	  due	  to	  larger	  analytical	  uncertainty,	  and	  larger	  core-‐to-‐core	  347	  

variability.	   Note	   that	   the	   comparison	   of	   two	   deuterium	   excess	   records	   obtained	   at	   a	  348	  

mean	   temporal	   resolution	  of	   2	   years	   at	  GRIP	   (Hoffmann	  et	   al.,	   2001)	   showed	  a	   lower	  349	  

signal	   to	   noise	   ratio	   (R2	  of	   0.02	   for	   1725-‐1979).	   Further	   investigations	   of	   deuterium	  350	  

excess	  will	  require	  either	  to	  improve	  the	  analytical	  accuracy,	  or	  the	  number	  of	  ice	  core	  351	  

records.	  In	  the	  subsequent	  parts	  of	  this	  manuscript,	  we	  will	  therefore	  be	  cautious	  not	  to	  352	  

over-‐interpret	   this	  NEEM	  deuterium-‐excess	   record.	   Following	  earlier	   studies,	  we	  have	  353	  

produced	  a	  mean	  record	  by	  calculating	  the	  average	  values	  and	  displayed	  the	  associated	  354	  

inter-‐core	  SD	  (Fig.	  2).	  355	  

	  356	  

For	  1958	  to	  2007	  (a	  period	  allowing	  comparison	  with	  simulations,	  see	  next	  section),	  the	  357	  

mean	  NEEM	  δ18O	  value	  is	  -‐33.4 ±1.1‰.	  The	  δ18O	  record	  displays	  stable	  values	  in	  the	  18th	  358	  

century,	   followed	   by	   a	   decrease	   at	   the	   beginning	   of	   the	   19th	   century,	   with	   the	   most	  359	  

depleted	   (coldest)	   decades	   occurring	   in	   the	   1810s	   and	   1830s.	   This	   cold	   phase	   is	  360	  

followed	   by	   a	   steady	   increase	   until	   the	   1870s.	   During	   the	   20th	   century,	   NEEM	   δ18O	  361	  

displays	  high	  values	  in	  the	  1920s	  and	  a	  strong	  increase	  during	  the	  most	  recent	  decades	  362	  
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(+0.77‰	   decade-‐1	   in	   1979-‐2007),	   as	   already	   identified	   from	   the	   first	   shallow	   ice	   core	  364	  

(Steen-‐Larsen	   et	   al.,	   2011).	   The	   most	   enriched	   (warmest)	   decade	   is	   observed	   at	   the	  365	  

beginning	   of	   the	   21st	   century	   (2000-‐2011).	   The	   highest	   δ18O	   annual	   mean	   value	   is	  366	  

however	  encountered	   in	  1928,	   followed	  by	  2010	  (-‐29.9	  and	   -‐30.6‰, respectively).	  The	  367	  

lowest	  δ18O	  values	  appear	   in	  1835	  and	  1983	   (-‐37.0	  and	   -‐36.5‰, respectively).	  We	  will	  368	  

further	  investigate	  the	  spatial	  structure	  of	  climatic	  and	  isotopic	  anomalies	  of	  these	  two	  369	  

years	  in	  section	  4.5.2,	  including	  a	  discussion	  of	  the	  corresponding	  large-‐scale	  modes	  of	  370	  

variability.	  371	  

	  372	  

The	  accumulation	  record	  appears	  very	  similar	  to	  the	  δ18O	  record	  with	  respect	  to	  multi-‐373	  

decadal	   changes	   (R2=0.36	   from	   11-‐year	   smoothed	   data).	   It	   is	   reported	   here	   in	   cm	   of	  374	  

water	   equivalent	   per	   year.	   The	   mean	   value	   over	   1725-‐2007	   is	   20.3±3.1	   cm	   yr-‐1,	   in	  375	  

perfect	  agreement	  with	  the	  mean	  value	  for	  the	  past	  3000	  years	  inferred	  from	  the	  NEEM	  376	  

ice	   core	   chronology,	   of	   20.3±0.3	   cm	   w.e.	   yr-‐1	   (Rasmussen	   et	   al.,	   2013)	  ;	   in	   the	   latter	  377	  

estimate,	   the	   uncertainty	   indicates	   1σ	   on	   the	   mean	   value	   based	   on	   Monte	   Carlo	  378	  

simulations.	   The	   accumulation	   record	   also	   depicts	   strong	   decadal	  minima,	   in	   the	   first	  379	  

half	  of	  the	  19th	  century,	  and	  decadal	  maxima	  in	  the	  1920s	  and	  2000s.	  It	  however	  shows	  380	  

weaker	  multi-‐decadal	  trends,	  both	  in	  the	  second	  part	  of	  the	  19th	  century	  and	  during	  the	  381	  

last	  decades.	  From	  1979	  to	  2007,	  accumulation	  has	  increased	  by	  1.6	  cm	  yr-‐1	  	  decade	  yr-‐1.	  382	  

However,	   the	   accumulation	   rate	   in	   the	  beginning	  of	   the	  21st	   century	   (2000-‐2011)	   lies	  383	  

within	  the	  average	  values	  encountered	  in	  the	  1920s	  and	  1870s.	  Similarly,	  while	  the	  δ18O	  384	  

record	  displays	  a	  much	  more	  pronounced	  minimum	  in	  1836-‐1846	  compared	   to	  1815-‐385	  

1825,	  the	  accumulation	  record	  shows	  similar	  magnitudes	  for	  these	  two	  minima	  (Fig.	  3).	  386	  

Note	   also	   that	   record	   years	   do	   not	   always	   coincide	   in	   δ18O	   and	   accumulation.	   For	  387	  

instance,	   peak	   accumulation	   is	   encountered	   in	   1933,	   followed	   by	   1928.	   A	   remarkable	  388	  

dry	  and	  cold	  year	  appears	  to	  be	  1983,	  while	  the	  years	  1878,	  1933,	  2001,	  1892	  and	  1928	  389	  

appear	  particularly	  warm	  and	  wet.	  We	  will	   further	   investigate	   the	   spatial	   structure	  of	  390	  

remarkable	  wet	  years,	  and	  cold	  and	  dry	  decades	  in	  sections	  4.5.2	  and	  4.5.3.	  391	  

	  392	  

For	  the	  period	  1958-‐2007,	  this	  close	  relationship	  between	  accumulation	  and	  δ18O	  has	  a	  393	  

slope	  of	   1.8±0.3	   cm	  yr-‐1	  ‰-‐1 (R=0.63). It is smaller than the one obtained from multi-site 394	  

decadal averages in NW Greenland (Camp Century, NEEM, NGRIP and B26) (2.1	  cm	  w.	  e.	  395	  

yr-‐1	  ‰-‐1) (Buchardt	  et	  al.,	  2012). 	  396	  
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	  412	  

The	   power	   spectra	   of	   accumulation	   and	   δ18O	   have	   different	   properties.	   Accumulation	  413	  

has	  white	   noise	   characteristics	   and	   exhibits	   significant	   periodicities	   at	   19	   years	   (99%	  414	  

confidence	   level,	   tested	  using	  MTM	  and	   SSA	  methods),	   7.8	   years	   and	  4.3	   years	   (90	   to	  415	  

95%	  confidence	  level).	  In	  contrast,	  the	  power	  spectrum	  of	  δ18O	  is	  characteristic	  of	  a	  red	  416	  

noise	  process.	  Significant	  periodicities	  are	  detected	  again	  at	  19	  years	  (90%	  confidence	  417	  

level),	   and	   also	   at	   5	   years	   	   (95%)	   and	   ~4	   years	   (99%	   confidence).	   The	   coherence	  418	  

between	  these	  two	  records	   is	  maximum	  and	  significant	  at	  99%	  confidence	   level	  at	   the	  419	  

inter-‐annual	   scale	   (3-‐5	   years)	   and	   at	   the	   bi-‐decadal	   scale	   (Fig.	   3).	   The	   relationship	  420	  

between	   accumulation	   and	   δ18O	   will	   be	   further	   discussed	   and	   compared	   with	   model	  421	  

results	  in	  Sect.	  4.1.	  422	  

	  423	  

The	   deuterium	   excess	   stack	   appears	   quite	   flat,	   with	   no	   remarkable	   long-‐term	   trend,	  424	  

consistent	   with	   the	   GRIP	   deuterium	   excess	   low-‐resolution	   record	   obtained	   from	   two	  425	  

cores	  (Hoffmann	  et	  al.,	  2001).	  For	   the	  common	  period	  (1725-‐1979),	  our	  NEEM	  record	  426	  

shows	  2.3	  times	  more	  variance	  (from	  2	  year	  average	  data)	  than	  this	  GRIP	  stack.	  There	  427	  

was	  no	  correlation	  between	  the	  original	  GRIP	  source	  records	  (when	  considering	  mean	  428	  

values	  over	  2	   to	  20	  years).	  Note	   that	   the	  quality	  of	   the	  NEEM	  stacked	   record	   is	   lower	  429	  

prior	  to	  1958	  due	  to	  the	  use	  of	  only	  3	  shallow	  ice	  cores.	  For	  1958-‐2007,	  the	  stack	  NEEM	  430	  

deuterium	   excess	   has	   a	   mean	   value	   of	   10.9 ±0.6‰.	   In	   Greenland	   surface	   snow,	  431	  

deuterium	   excess	   generally	   increases	   with	   δ18O	   depletion	   (Masson-‐Delmotte	   et	   al.,	  432	  

2005).	   NEEM	   deviates	   from	   this	   overall	   spatial	   pattern	   by	   its	   high	   deuterium	   excess	  433	  

level	   for	   the	   corresponding	  mean	   δ18O	   level.	   It	   also	   displays	  multi-‐decadal	   variability	  434	  

with	  maximum	  values	  in	  the	  1790s,	  1820s,	  1850s,	  1920s,	  and	  shows	  low	  values	  during	  435	  

the	   period	   2005-‐2010,	   although	   such	   values	   are	   not	   unusual	   in	   the	   context	   of	   earlier	  436	  

decadal	   minima	   (e.g.	   1940s).	   From	   1979	   to	   2007,	   no	   trend	   is	   detected	   in	   deuterium	  437	  

excess.	  No	  significant	  statistical	  relationship	  emerges	  between	  NEEM	  deuterium	  excess	  438	  

and	  δ18O	  or	  accumulation	  records.	  The	  lack	  of	  strong	  signals	  in	  recent	  deuterium	  excess	  439	  

is	  surprising,	  as	  one	  could	  have	  expected	  a	  relationship	  with	  recent	  changes	  in	  Arctic	  sea	  440	  

ice	  cover	  (Kurita,	  2011;Steen-‐Larsen	  et	  al.,	  2013).	   It	  could	  arise	   from	  the	   low	  signal	   to	  441	  

noise	  ratio.	  If	  the	  lack	  of	  long-‐term	  trend	  is	  a	  robust	  feature,	  this	  would	  rule	  out	  major	  442	  

changes	  in	  moisture	  origin	  during	  the	  past	  centuries.	  We	  note	  that,	  in	  the	  combination	  of	  443	  

δ18O,	   accumulation	   and	   deuterium	   excess,	   there	   is	   no	   earlier	   analogue	   to	   the	   values	  444	  
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observed	  during	  the	  last	  decade	  (record	  high	  δ18O	  together	  with	  high	  accumulation	  and	  447	  

low	  deuterium	  excess).	  448	  

	  449	  

	   3.2	  Comparison	  with	  other	  Greenland	  ice	  core	  records	  450	  

	  451	  

We	   have	   calculated	   the	   inter-‐annual	   correlation	   coefficients	   of	   NEEM	   δ18O	   and	  452	  

accumulation	   with	   other	   Greenland	   records,	   as	   well	   as	   with	   their	   respective	   first	  453	  

principal	  component	  (PC1),	   for	  the	  period	  1761-‐1966.	  We	  have	  also	  tested	  correlation	  454	  

calculations	  with	  de-‐trended	  records.	  Tables	  S1	  and	  S2	  report	  the	  detailed	  results.	  455	  

	  456	  

For	   δ18O	   (Table	   S1,	   Fig.	   4),	   NEEM	   data	   are,	   as	   expected,	   weakly	   correlated	  with	   data	  457	  

from	  South	  or	  East	  Greenland	  (R=0.15	  to	  0.25)	  and	  more	  strongly	  correlated	  with	  data	  458	  

from	   Central	   Greenland	   (R=0.30	   with	   GISP2)	   and	   specifically	   with	   the	   closest	   North-‐459	  

West	  Greenland	   records	   (R>0.40	  with	  B29	   and	  NGRIP).	  Note	   that	   the	   strength	   of	   this	  460	  

correlation	   also	   depends	   on	   the	   signal	   to	   noise	   ratio	   of	   each	   ice	   core	   record,	   and	   is	  461	  

therefore	  enhanced	  when	  comparing	  NEEM	  results	  with	  stacks	  obtained	  from	  multiple	  462	  

shallow	  ice	  cores	  (e.g.	  GRIP).	  	  463	  

	  464	  

The	  correlation	  coefficient	  between	  NEEM	  δ18O	  and	  the	  first	  principal	  component	  (PC1)	  465	  

of	  all	  Greenland	  annual	  δ18O	  records	  spanning	  1761	  to	  1966	  (Ortega	  et	  al.,	  2014)	  is	  0.48	  466	  

at	  annual	  scale,	  and	  increases	  to	  0.67	  for	  5-‐year-‐average	  data.	  NEEM	  δ18O	  and	  Greenland	  467	  

δ18O	   PC1	   (Fig.	   5)	   share	   common	   inter-‐annual	   (R2=0.24)	   and	   multi-‐decadal	   (R2=0.51)	  468	  

variations.	  	  469	  

	  470	  

Altogether,	  the	  spatial	  patterns	  of	  correlations	  with	  NEEM	  accumulation	  are	  similar	  but	  471	  

with	  smaller	  strength	  than	  those	  of	  δ18O	  (Fig.	  4).	  NEEM	  accumulation	  record	  (Table	  S2,	  472	  

Fig.	  4)	   is	  only	  weakly	   correlated	   (at	   annual	   scale)	  with	   records	   from	  South	  Greenland	  473	  

(e.g.	  R=0.11	  with	  DYE2,	  p=0.05)	  and	  Central	  Greenland	  (e.g.	  R=0.15	  with	  GRIP,	  p=0.01).	  474	  

We	   again	   observe	   the	   strongest	   relationship	   with	   the	   closest	   ice	   cores	   (B29,	   Camp	  475	  

Century	   and	   NGRIP)	   where	   correlation	   coefficients	   reach	   R=0.38	   (p=0.000)	   with	  476	  

however	  one	  exception	  (B26,	  insignificant	  correlation).	  By	  contrast,	  the	  correlation	  with	  477	  

valerie masson� 28/5/15 13:19
Supprimé: ure478	  

valerie masson� 28/5/15 13:20
Supprimé: ure479	  

valerie masson� 28/5/15 13:21
Supprimé: ure480	  
valerie masson� 28/5/15 13:22
Supprimé: ure481	  



	   14	  

Camp	  Century	  is	  stronger	  for	  accumulation	  than	  for	  δ18O.	  These	  correlations	  increase	  for	  482	  

low	  frequencies	  (R=0.63	  with	  NGRIP	  for	  5-‐year	  average	  data).	  	  	  483	  

	  484	  

The	   correlation	   between	   NEEM	   accumulation	   and	   the	   Greenland	   accumulation	   stack	  485	  

(Andersen	   et	   al.,	   2006),	   which	   mostly	   relies	   on	   ice	   cores	   from	   South	   and	   Central	  486	  

Greenland,	   is	   only	  0.28	   at	   annual	   scale	   and	  0.27	   for	  5-‐year	   average	  data	   (not	   shown).	  	  487	  

Both	   the	  NEEM	   accumulation	   record	   and	   the	   Greenland	   accumulation	   stack	   depict	   an	  488	  

increase	   in	  multi-‐decadal	  variability	   in	   the	  19th	  century,	  but	   they	  diverge	   in	   the	  1970s	  489	  

(not	   shown).	   This	  would	   deserve	   to	   be	   further	   explored	   for	   instance	   by	   investigating	  490	  

patterns	  of	  moisture	  transport	  towards	  NEEM	  during	  this	  time	  period,	  which	  is	  marked	  491	  

by	  a	  retreat	  of	  Baffin	  Bay	  sea	  ice	  cover	  and	  out-‐of-‐phase	  changes	  between	  the	  Labrador	  492	  

and	   Norwegian	   seas	   (Drinkwater	   et	   al.,	   2013).	   The	   correlation	   between	   the	   NEEM	  493	  

accumulation	  record	  and	  the	  PC1	  of	  accumulation	  is	  much	  higher	  than	  with	  the	  South-‐494	  

Central	   Greenland	   accumulation	   stack	   (Table	   S2).	   This	   coherency	   is	   maximum	   at	   the	  495	  

decadal	  scale,	  reaching	  R2=0.30	  (Fig.	  5).	  At	  this	  decadal	  scale,	  we	  note	  that	  both	  NEEM	  496	  

accumulation	  and	  accumulation	  PC1	  depict	  a	  sharper	  minimum	  in	  the	  1810s	  compared	  497	  

to	   the	   1830s,	   in	   contrast	   with	   the	   δ18O	   data.	   We	   also	   observe	   that	   the	   coherency	  498	  

between	  NEEM	  and	  accumulation	  PC1	  is	  less	  good	  in	  the	  most	  recent	  overlapping	  period	  499	  

(1940s	  to	  1960s),	  without	  identifying	  a	  clear	  explanation	  for	  this	  feature.	  500	  

	  501	  

This	   comparison	   stresses	   the	   quality	   of	   the	   Greenland-‐scale	   climate	   information	  502	  

archived	   in	   the	   NEEM	   stack	   δ18O	   and	   accumulation	   records,	   and	   identifies	   specific	  503	  

features	   of	   NEEM	   regional	   variability.	   These	   specificities	   will	   be	   further	   explored	   in	  504	  

section	  4.4	  by	  mapping	   the	  spatial	   structure	  associated	  with	  remarkable	  cold/dry	  and	  505	  

warm/wet	  years	  and	  decades.	  506	  

	  507	  

3.3	  Comparison	  with	  regional	  climate	  508	  

	  509	  

In	   this	   section	   and	   the	   following	   parts	   of	   this	   manuscript,	   we	   systematically	   report	  510	  

correlation	   coefficients	   (R)	   and	   not	   determination	   coefficients	   (R2)	   as	   results	   of	  511	  

statistical	  analyses,	  to	  inform	  as	  well	  about	  the	  sign	  of	  the	  relationship.	  512	  

	  513	  
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The	  NEEM	  δ18O	  and	  accumulation	  records	  are	  significantly	  correlated	  with	  the	  historical	  515	  

record	  of	  South	  West	  Greenland	  instrumental	  temperature	  (Table	  S3).	  For	  accumulation,	  516	  

correlation	   coefficients	   are	   comparable	   for	  winter	   (DJFM)	   and	   summer	   (JJAS),	   around	  517	  

R=0.25.	   For	  δ18O,	   stronger	   correlation	   coefficients	   are	   identified,	   from	   0.32	   (DJFM)	   to	  518	  

0.49	   (JJAS)	   (Table	   S3),	  with	   0.44	   for	   annual	  mean	   temperature	   (not	   shown).	  We	   note	  519	  

that	   the	   strength	   of	   the	   correlation	   of	   NEEM	   δ18O	   with	   coastal	   SW	   Greenland	  520	  

temperature	  is	  comparable	  with	  the	  strength	  of	  its	  correlation	  with	  the	  δ18O	  PC1.	  	  521	  

	  522	  

The	   NEEM	   δ18O,	   deuterium	   excess	   and	   accumulation	   are	   also	   significantly	   correlated	  523	  

with	  North	  Atlantic	  SST	  (Fig.	  6).	  The	  correlation	  patterns	  are	  similar	  when	  using	  annual,	  524	  

5	  and	  10-‐year	  smoothed	  data,	  and	  the	  strength	  of	  the	  correlation	  is	  larger	  for	  5	  and	  10-‐525	  

year	   smoothed	  data.	  NEEM	  δ18O	  and	  accumulation	  are	  positively	   related	   to	  SST	   in	   the	  526	  

subpolar	  gyre,	  with	  a	   stronger	   relationship	   for	  δ18O	   than	   for	  accumulation.	  Deuterium	  527	  

excess	  is	  negatively	  related	  to	  SST,	  with	  a	  weak	  correlation	  coefficient	  which	  may	  arise	  528	  

from	  the	  low	  signal	  to	  noise	  level	  in	  our	  dataset	  (Fig.	  6).	  This	  can	  be	  understood	  through	  529	  

the	   fact	   that	   a	  warmer	  North	  Atlantic	   favors	   enhanced	   evaporation,	   and	   subsequently	  530	  

becomes	  a	  dominant	  moisture	  source	  to	  NEEM.	  A	  larger	  contribution	  of	  nearby	  moisture	  531	  

sources	   is	   expected	   to	   favor	   warmer	   and	   wetter	   conditions,	   reduced	   en-‐route	  532	  

distillation,	   and	   less	   depleted	   δ18O	   than	   for	   long	   distance	   moisture	   transport,	   or	   for	  533	  

Arctic	  moisture.	  Similarly,	  a	  larger	  contribution	  of	  North	  Atlantic	  moisture	  formed	  under	  534	  

relatively	  wet	  evaporation	  conditions	  is	  expected	  to	  produce	  a	  smaller	  deuterium	  excess	  535	  

than	   for	   Arctic	   air	   masses,	   associated	   with	   stronger	   kinetic	   evaporation	   at	   sea	   ice	  536	  

margins,	   and	   therefore	   higher	   deuterium	   excess.	   We	   assume	   that	   surface	   humidity	  537	  

effects	   would	   be	   dominant	   over	   surface	   temperature	   effects.	   These	   patterns	   are	   fully	  538	  

consistent	  with	   the	   information	   provided	   by	   surface	  water	   vapor	  monitoring	   recently	  539	  

achieved	   in	   south	   Greenland	   (Bonne	   et	   al.,	   2014)	   and	   at	   NEEM	   (Steen-‐Larsen	   et	   al.,	  540	  

2013),	  which	  support	  this	  interpretation.	  	  541	  

	  542	  

These	   analyses	   confirm	   that	   the	   NEEM	   ice	   cores	   record	   large-‐scale	   temperature	  543	  

information.	  In	  the	  next	  section,	  we	  will	  therefore	  investigate	  the	  relationship	  between	  544	  

NEEM	  records	  and	  modes	  of	  variability.	  545	  

	  546	  
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	   3.4	  Comparison	  with	  modes	  of	  variability	  550	  

	  551	  

NEEM	   accumulation	   and	   δ18O	   records	   only	   display	   a	   weak	   but	   significant	   anti-‐552	  

correlation	   with	   winter	   and	   summer	   NAO	   (Table	   S3),	   much	   smaller	   than	   for	   South	  553	  

Greenland	   ice	   cores	   where	   the	   correlation	   coefficient	   is	   below	   -‐0.3	   (Vinther	   et	   al.,	  554	  

2003;Ortega	   et	   al.,	   2014).	   The	   statistical	   relationship	   between	   the	   NEEM	   and	   South	  555	  

Greenland	   ice	   cores	   may	   therefore	   arise	   from	   this	   simultaneous	   impact	   of	   the	   NAO	  556	  

imprint,	  in	  both	  regions.	  	  	  557	  

	  558	  

The	  last	  decade	  is	  marked	  by	  changes	  in	  circulation	  patterns,	  with	  the	  emergence	  of	  the	  559	  

Arctic	  dipole	  (Zhang	  et	  al.,	  2008).	  In	  order	  to	  investigate	  the	  fingerprints	  of	   large	  scale	  560	  

Arctic	   atmospheric	   circulation	   in	   Greenland	   ice	   cores,	   we	   have	   peformed	   a	   linear	  561	  

correlation	  analysis	  of	  the	  two	  first	  principal	  components	  of	  sea	  level	  pressure	  North	  of	  562	  

70°N	   and	   NEEM	   records	   (Table	   S4).	   The	   first	   component	   is	   related	   to	   the	   Arctic	  563	  

Oscillation	   (AO),	   while	   the	   second	   component	   is	   related	   to	   the	   Arctic	   Dipole	   (not	  564	  

shown).	  Due	  to	  uncertainties	  in	  the	  early	  part	  of	  the	  pressure	  dataset	  (prior	  to	  1930),	  we	  565	  

have	  tested	  the	  robustness	  of	  correlations	  for	  two	  time	  periods	  (1870-‐2010	  and	  1930-‐566	  

2010)	  and	  for	  different	  data	  smoothing	  (no	  smoothing,	  3	  and	  5	  years).	  Correlations	  are	  567	  

strongest	   and	  most	   stable	   (R>0.3)	   for	  NEEM	   	  δ18O	  and	  accumulation	  with	  AO	  and	   the	  568	  

Arctic	   Dipole	   at	   3-‐5	   year	   smoothing,	   while,	   despite	   its	   low	   signal	   to	   noise	   ratio,	  569	  

deuterium	  excess	  is	  only	  significantly	  correlated	  with	  AO	  at	  5	  year	  smoothing.	  570	  

	  571	  

We	  have	  also	  investigated	  the	  statistical	  linear	  relationships	  between	  NEEM	  records	  and	  572	  

the	   four	   main	   North	   Atlantic	   weather	   regimes	   for	   winter	   (DJFM)	   and	   summer	   (JJAS)	  573	  

(Table	   S5).	   For	   winter	   weather	   regimes,	   the	   only	   statistically	   significant	   correlation	  574	  

emerges	   for	   δ18O	   with	   the	   Atlantic	   Ridge	   regime,	   thus	   confirming	   its	   influence	   over	  575	  

northern	  Greenland	  (Ortega	  et	  al.,	  2014).	  For	  summer	  weather	  regimes,	  despite	  its	  low	  576	  

signal	  to	  noise	  ratio,	  deuterium	  excess	  is	  significantly	  anti-‐correlated	  with	  Scandinavian	  577	  

Blocking,	  while	  no	   robust	   feature	   emerges	   for	  NEEM	  accumulation,	   and	  NEEM	  δ18O	   is	  578	  

significantly	  correlated	  with	  NAO-‐	  and	  anti-‐correlated	  with	  NAO+	  (Table	  S5).	  We	  have	  579	  

also	   tested	   the	   correlation	   of	   NEEM	   records	   with	   Greenland	   blocking	   (Hanna	   et	   al.,	  580	  

2013),	   which	   is	   known	   to	   have	   a	   strong	   imprint	   on	   coastal	   Greenland	   summer	  581	  
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temperature	  and	  melting.	  We	  also	  detect	  a	  significant	  positive	  correlation	  between	  the	  589	  

Greenland	  blocking	  index	  (same	  as	  in	  Hanna	  et	  al.,	  2013)	  and	  both	  NEEM	  annual	  mean	  590	  

δ18O	  (1948-‐2011,	  R=0.29)	  and	  NEEM	  accumulation	  (1948-‐2007,	  R=0.26)	  (not	  shown).	  591	  

	  592	  

We	  conclude	  that	  the	  inter-‐annual	  climate	  variability	  at	  NEEM	  is	  only	  weakly	  driven	  by	  593	  

North	   Atlantic	   or	   Arctic	   weather	   regimes	   and	   atmospheric	   modes	   of	   variability.	   This	  594	  

variability	  seems	  more	  likely	  dominated	  by	  changes	  in	  the	  sub-‐polar	  North	  Atlantic.	  595	  

	  596	  

As	   expected	   from	   the	   spatial	   patterns	   of	   correlation	   between	   NEEM	   data	   and	   North	  597	  

Atlantic	   SST	   (Fig.	   6),	   significant	   correlation	   is	   detected	   between	   NEEM	   records	   and	  598	  

different	  indices	  of	  the	  Atlantic	  Multi-‐decadal	  Oscillation.	  The	  strength	  of	  this	  correlation	  599	  

increases	  using	  low-‐pass	  filtered	  data,	  and	  peaks	  with	  a	  2	  year	  lag.	  For	  11-‐year	  running	  600	  

averages	   (not	   shown),	   it	   reaches	   up	   to	   0.44	   for	   δ18O,	   and	   is	   slightly	   lower	   for	  601	  

accumulation.	  A	  recent	  proxy-‐based	  AMO	  reconstruction	  (AMO3)	  only	  shows	  significant	  602	  

correlation	  with	  deuterium	  excess.	  This	   is	   consistent	  with	  observations	   showing	   large	  603	  

changes	  in	  deuterium	  excess	  with	  lower	  values	  for	  North	  Atlantic	  moisture	  and	  higher	  604	  

values	  for	  Arctic	  moisture	  (Kurita,	  2011;Bonne	  et	  al.,	  2014;Steen-‐Larsen	  et	  al.,	  2013).	  	  605	  

	  606	  

At	  multi-‐annual	   and	   longer	   time	   scales,	   the	   NEEM	   ice	   core	   records	  may	   therefore	   be	  607	  

closely	   related	   to	   changes	   in	   North	   Atlantic	   ocean	   circulation.	   This	   provides	   an	  608	  

explanation	   for	   the	   close	   relationship	   between	   NEEM	   records	   and	   the	   PC1	   of	   other	  609	  

Greenland	   ice	   cores,	   in	   which	   contrasted	   regional	   impacts	   of	   weather	   regimes	   are	  610	  

damped.	  611	  

	  612	  

4.	  Discussion:	  comparison	  of	  NEEM	  data	  with	  reconstructions	  613	  

and	  simulations	  614	  

	  615	  

4.1	  Accumulation	  616	  

	  617	  

We	  first	  compare	  the	  NEEM	  accumulation	  record	  with	  outputs	  of	  the	  Greenland	  gridded	  618	  

accumulation	   reconstruction,	   and	   with	   annual	   mean	   precipitation	   from	   nudged	  619	  
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simulations	  performed	  with	  MAR,	  ECHAM5-‐wiso	  and	  LMDZiso,	  at	  the	  grid	  points	  closest	  625	  

to	  NEEM	  (Fig.	  7).	  We	  note	  that	  the	  use	  of	  precipitation	  instead	  of	  the	  net	  surface	  mass	  626	  

balance	   introduces	  artifacts	   in	   this	   comparison,	   as	  we	  do	  not	   account	   for	   sublimation,	  627	  

deposition	  or	  wind	  erosion.	  Sublimation	  is	  negligible	  in	  all	  simulations.	  Only	  does	  MAR	  628	  

account	  for	  deposition	  and	  wind	  erosion	  effects.	  In	  this	  model,	  deposition	  represents	  an	  629	  

additional	  mass	  gain	  of	  12%	  at	  NEEM	  (not	  shown).	  630	  

	  631	  

While	   average	   precipitation	   in	   the	   different	   sets	   of	   MAR	   simulation	   is	   in	   very	   good	  632	  

agreement	  with	  NEEM	  data,	  we	  observe	  a	  dry	  bias	  in	  the	  gridded	  reconstruction	  and	  in	  633	  

both	  LMDZiso	  simulations,	  as	  well	  as	  a	  wet	  bias	  for	  ECHAM5-‐wiso/ERA.	  The	  magnitude	  634	  

of	  the	  inter-‐annual	  standard	  deviation	  appears	  proportional	  to	  the	  mean	  accumulation	  635	  

value,	  and	  therefore	  the	  inter-‐annual	  variability	  is	  underestimated	  for	  models	  with	  a	  dry	  636	  

bias,	  and	  overestimated	   for	   those	  with	  a	  wet	  bias.	  The	   inter-‐annual	  variability	  of	  MAR	  637	  

simulated	   precipitation	   is	   larger	   (13	   to	   29%)	   than	   the	   observed	   variability	   of	   NEEM	  638	  

accumulation.	  639	  

	  640	  

The	   correlation	   coefficient	   between	   the	   NEEM	   record	   and	   these	   datasets	   (Table	   2)	  641	  

varies	   from	   0.5	   (LMDZiso/20CR	   and	   reconstruction)	   to	   0.8	   (MAR	   and	   ECHAM5-‐wiso	  642	  

using	  ERA	  atmospheric	   fields).	   	  Prior	  to	  1958,	  the	  historical	  LMDziso/20CR	  simulation	  643	  

and	   the	   reconstruction	   perform	   quite	   poorly.	  Within	   the	   time	   interval	   common	   to	   all	  644	  

simulations,	   better	   agreement	   is	   observed	  when	  using	  ERA	   then	  when	  using	  NCEP	  or	  645	  

20CR	  reanalyses	  (based	  on	  LMDZiso	  and	  MAR	  simulations).	  	  646	  

	  647	  

We	   observe	   an	   increasing	   trend	   from	   1979	   to	   2007	   by	   1.6	   cm	   w.e.	   yr-‐1,	   per	   decade	  648	  

(Table	  2).	  This	  increasing	  trend	  is	  well	  captured	  by	  all	  MAR	  simulations	  and	  LMDZ/ERA,	  649	  

underestimated	   by	   LMDZiso/20CR	   (which	   has	   a	   dry	   bias)	   and	   slightly	   overestimated	  650	  

(but	  within	  uncertainties)	  by	  ECHAM5-‐wiso/ERA	  (which	  has	  a	  wet	  bias).	  	  651	  

	  652	  

4.2	  δ18O	  and	  deuterium	  excess	  653	  

	  654	  

We	  now	  compare	  the	  NEEM	  δ18O	  record	  with	  precipitation	  weighted	  δ18O	  from	  nudged	  655	  

simulations	  performed	  with	  the	  models	  resolving	  water	  stable	  isotopes	  (ECHAM5-‐wiso	  656	  
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and	  LMDZiso),	  at	  the	  grid	  points	  closest	  to	  NEEM	  (Fig.	  8,	  Table	  3).	  Models	  underestimate	  661	  

the	  δ18O	  depletion	  at	  NEEM	  by	  4.4‰	  (ECHAM5-‐wiso/ERA)	  to	  6.8‰	  (LMDZiso/20CR).	  662	  

The	   correlation	   coefficient	   between	   the	   simulated	   and	   observed	   δ18O	   is	   0.68	   (1958-‐663	  

2007)	   for	   ECHAM5-‐wiso/ERA,	   and	   0.75	   (1979-‐2007)	   with	   LMDZiso/ERA.	   The	  664	  

LMDZiso/20CR	  simulation	  underestimates	  isotopic	  variability	  by	  a	  factor	  of	  two,	  shows	  665	  

a	   comparatively	   lower	   correlation	   (R=0.41,	   1958-‐2007),	   and	   does	   not	   reproduce	   the	  666	  

recent	   increasing	   trend.	   The	   correlation	   strength	   between	   LMDZiso/20CR	   and	   NEEM	  667	  

δ18O	   is	   stable	   at	   R=0.40	   since	   1930;	   prior	   to	   1930,	   it	   drops	   to	   about	   R=0.20	   (with	   or	  668	  

without	  detrending).	  All	  the	  other	  simulations	  perform	  reasonably	  well	  in	  terms	  of	  their	  669	  

ability	   to	   capture	   the	   observed	   trend	   from	   1979	   to	   2007	   (0.77±0.25 ‰	  per	   decade).	  670	  

Again,	  simulations	  nudged	  to	  ERA	  perform	  better	  than	  those	  nudged	  to	  20CR.	  671	  

	  672	  

One	   reason	   for	   the	   specific	   features	   of	   the	   LMDZiso/20CR	   simulation	   lies	   in	   the	  673	  

atmospheric	   reanalyses	   themselves.	   The	   20CR	   reanalyses	   provide	   an	   ensemble	   of	  674	  

realisations	  which	  are	  consistent	  with	  the	  assimilated	  data.	  The	  nudging	  of	  LMDZiso	  was	  675	  

performed	  using	  the	  average	  winds	  of	  all	  20CR	  ensemble	  members,	  leading	  to	  a	  strong	  676	  

smoothing	   of	   synoptic	   variability.	   An	   alternative	   choice	   could	   be	   to	   drive	   the	  677	  

atmospheric	  	  model	  using	  a	  randomly	  selected	  member	  of	  the	  20CR	  ensemble.	  	  678	  

	  679	  

We	  can	  also	  compare	  the	  accumulation-‐δ18O	  relationships	  from	  NEEM	  with	  those	  from	  680	  

the	   simulations	   (Fig.	   9).	   In	   addition	   to	   its	   wet	   and	   δ18O	   enriched	   bias,	   ECHAM5-‐681	  

wiso/ERA	  produces	  a	  stronger	  accumulation-‐δ18O	  slope	  than	  observed	  (2.6±0.8	  cm	  yr-‐1	  682	  

‰-‐1	  	  compared	  to	  1.8 ±0.3	  cm	  yr-‐1	  ‰-‐1	  from	  NEEM	  data,	  1958-‐2007),	  but	  shows	  more	  683	  

dispersion	   (R=0.44)	   than	   observed	   (R=0.63)	   (not	   shown).	   In	   ECHAM5-‐wiso,	   model	  684	  

biases	  are	  at	   least	  partly	  related	  to	  the	  coarse	  resolution	  of	  the	  T63	  simulation.	  This	  is	  685	  

demonstrated	   for	   the	  period	  1980-‐2012	   through	   the	  comparison	  of	  a	  T63	  and	  a	  T106	  686	  

simulation	   (both	  nudged	   to	  ERA-‐interim).	  At	  NEEM,	   the	  T106	   simulation	   (not	   shown)	  687	  

produces	  lower	  temperatures	  (ΔΤ=-‐2.9°C),	  more	  depleted	  (Δδ18O	  =-‐1.7‰)	  and	  slightly	  688	  

reduced	   precipitation	   amounts	   (ΔP=-‐0.8	   cm/year),	   compared	   to	   the	   T63	   simulation.	  689	  

LMDZiso/ERA	  strongly	  underestimates	  the	  strength	  of	  the	  observed	  relationship,	  with	  a	  690	  

slope	  of	  1.1 ±0.4	  cm	  yr-‐1	  ‰-‐1	  (1979-‐2007,	  R=0.44),	  to	  compare	  with	  the	  observed	  slope	  691	  

(2.0 ±0.4	  cm	  yr-‐1	  ‰-‐1,	  1979-‐2007,	  R=0.69	  for	  NEEM);	  in	  the	  LMDZiso/20CR	  simulation,	  692	  
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no	   relationship	   is	   observed	  between	   these	   two	  variables.	  This	   again	   suggests	   a	   better	  699	  

representation	  of	  synoptic	  weather	  systems	  in	  ERA	  than	  20CR,	  and	  caveats	  in	  moisture	  700	  

advection	   towards	   north-‐west	   Greenland	   in	   LMDZiso	   and	   ECHAM5-‐wiso	   at	   T63	  701	  

resolution,	  possibly	  related	  to	  the	   low	  spatial	  resolution	  of	   the	  models,	  which	  may	  not	  702	  

resolve	  correctly	  the	  small	  scale	  storms	  observed	  in	  this	  area.	  703	  

	  704	  

We	   finally	   note	   that	   the	   observed	   and	   simulated	   recent	   accumulation-‐δ18O	   temporal	  705	  

relationship	  differs	  from	  the	  relationship	  inferred	  from	  the	  Holocene	  NEEM	  chronology	  706	  

(2.5	  cm	  water	  equivalent	  per	  ‰)	  (S.	  Buchardt,	  pers.	  comm.).	  707	  

	  708	  

The	  comparison	  between	  simulations	  and	  NEEM	  deuterium	  excess	  data	  (Fig.	  10,	  Table	  709	  

4)	   raises	   further	   questions.	   We	   have	   already	   stressed	   the	   weak	   signal-‐to-‐noise	   ratio	  710	  

within	  the	  individual	  NEEM	  shallow	  ice	  core	  records.	  With	  this	  caveat	  in	  mind,	  we	  note	  711	  

that	   ECHAM5-‐wiso/ERA	   correctly	   captures	   the	  mean	   level	   and	   variance	   of	   deuterium	  712	  

excess	  at	  NEEM	  for	  1958-‐2007,	  despite	  its	  wet	  and	  δ18O	  enriched	  biases.	  LMDZiso	  again	  713	  

underestimates	   the	   variance	   using	   the	   20CR	   simulation,	   and	   produces	   very	   low	  714	  

deuterium	  excess	  levels	  in	  the	  ERA	  simulation.	  The	  correlation	  coefficient	  is	  low	  for	  all	  715	  

LMDZiso	   outputs.	   We	   observe	   a	   significant	   correlation	   between	   ECHAM5-‐wiso/ERA	  716	  

deuterium	  excess	  and	  NEEM	  data	  (R=0.47).	  Despite	  the	  low	  signal-‐to-‐noise	  ratio	  in	  our	  717	  

record,	  this	  suggests	  that	  there	  could	  be	  information	  on	  large-‐scale	  moisture	  transport	  718	  

in	  NEEM	  deuterium	  excess,	  as	  also	  suggested	  by	  its	  correlation	  with	  NAO.	  719	  

	  720	  

	  Finally,	   both	   ECHAM5-‐wiso/ERA	   and	   LMDZiso/ERA	   produce	   a	   decreasing	   trend	   in	  721	  

deuterium	  excess	  during	  1979-‐2007,	  while	  no	  trend	  is	  observed	  in	  our	  NEEM	  records.	  722	  

This	   may	   suggest	   that	   models	   simulate	   changes	   in	   north-‐west	   Greenland	   moisture	  723	  

sources	  associated	  with	  recent	  warming,	  which	  are	  not	  supported	  by	  the	  (noisy)	  NEEM	  724	  

data.	  Model-‐data	  comparisons	  with	  in	  situ	  surface	  water	  vapour	  monitoring	  have	  shown	  725	  

the	  caveats	  of	   these	  models	  which	   fail	   to	  correctly	  simulate	  the	  high	  deuterium	  excess	  726	  

associated	  with	  air	  mass	  trajectories	  from	  the	  Arctic	  (Steen-‐Larsen	  et	  al.,	  2013).	  Issues	  727	  

may	  also	  arise	  from	  post	  deposition	  effects	  which	  are	  not	  understood	  (Steen-‐Larsen	  et	  728	  

al.,	   2014).	   Further	   investigations	   are	   needed,	   especially	   with	   respect	   to	   the	   seasonal	  729	  

trends	  in	  deuterium	  excess	  in	  the	  simulations	  and	  ice	  core	  records,	  with	  the	  challenge	  of	  730	  
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diffusion	  effects.	  Our	  conclusions	  are	  limited	  by	  the	  large	  inter-‐core	  deviations	  and	  the	  742	  

low	  signal	  to	  noise	  ratio	  in	  the	  stack	  deuterium	  excess	  signal.	  743	  

	  744	  

4.3	  Surface	  air	  temperature	  and	  relationship	  with	  δ18O	  745	  

	  746	  

Here,	  we	  compare	  the	  NEEM	  δ18O	  with	  temperature	  data	  from	  the	  composite	  record	  of	  747	  

coastal	   stations	   (Vinther	   et	   al.,	   2006),	   the	   gridded	   reconstruction	   based	   on	   the	  748	  

interpolation	   of	   coastal	   and	  Greenland	   automatic	  weather	   station	   information	   (Box	   et	  749	  

al.,	  2009),	  and	  simulations	  performed	  with	  the	  different	  atmospheric	  models.	  750	  

	  751	  

We	  first	  discuss	  the	  annual	  mean	  temperature.	  For	  the	  period	  1958-‐2011,	  annual	  mean	  752	  

surface	  snow	  temperature	  is	  estimated	  at	  -‐28.15±0.13°C	  from	  the	  least	  square	  inversion	  753	  

of	  NEEM	  borehole	  temperature	  measurements.	  The	  annual	  mean	  temperature	  estimate	  754	  

from	   PARCA	   AWS	   surface	   air	   temperature	   measurements,	   available	   for	   2009-‐2011,	  755	  

is	   	  -‐26.8±1.8°C.	   This	   range	   is	   consistent	  with	   the	  mean	   surface	   air	   temperature	   in	   the	  756	  

MAR	   simulation,	   and	   the	   temperature	   reconstruction	  updated	   from	   (Box	   et	   al.,	   2009),	  757	  

scaled	  against	  another	  regional	  model	  and	  independent	  of	  NEEM	  ice	  core	  data.	  However,	  758	  

the	  atmospheric	  general	  circulation	  models	  have	  warm	  biases	  (about	  2°C	  for	  ECHAM5-‐759	  

wiso/ERA	   at	   T106,	   5°C	   for	   ECHAM5-‐wiso/ERA	   at	   T63,	   and	   up	   to	   8°C	   for	  760	  

LMDZiso/20CR),	  consistent	  with	  the	  lack	  of	  depletion	  for	  the	  simulated	  δ18O.	  While	  the	  761	  

NCEP	   nudging	   leads	   to	   an	   underestimation	   of	   variance,	   the	   observed	   variance	   is	  well	  762	  

captured	  using	  the	  ERA	  forcing	  for	  all	  models.	  763	  

	  764	  

Before	  comparing	  the	  NEEM	  ice	  core	  records	  with	  the	  model	  outputs,	  we	  first	  compare	  765	  

the	   representation	   of	   annual	   mean	   precipitation	   δ18O	   and	   temperature,	   in	   the	  766	  

LMDZiso/ERA	  and	  ECHAM5-‐wiso/ERA	  simulations.	  The	  model	  results	  are	  significantly	  767	  

correlated	  at	  the	  inter-‐annual	  scale	  from	  1979	  to	  2007,	  with	  a	  correlation	  coefficient	  of	  768	  

0.95	  for	  surface	  air	  temperature	  and	  0.83	  for	  precipitation	  δ18O.	  They	  however	  produce	  769	  

different	   trends	   and	   different	   results	   for	   specific	   warm/cold	   years.	   As	   a	   result,	   they	  770	  

simulate	   different	   relationships	   between	   δ18O	   and	   temperature.	   At	   the	   inter-‐annual	  771	  

scale,	  LMDZiso/ERA	  produces	  a	  slope	  of	  0.5‰	  per	  °C,	  with	  a	  correlation	  coefficient	  of	  772	  

0.59;	  ECHAM5-‐wiso/ERA	  produces	  a	  slope	  of	  0.8‰	  per	  °C,	  with	  a	  stronger	  correlation	  773	  
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coefficient	   (0.79).	   These	   results	   are	   strongly	   constrained	   by	   the	   cold	   event	   of	   1982-‐774	  

1983.	   When	   focusing	   on	   the	   multi-‐decadal	   scale,	   the	   two	   models	   produce	   different	  775	  

amplitudes	   of	   temperature	   and	  δ18O	   trends	   (Table	   6).	   ECHAM5-‐wiso/ERA	   produces	   a	  776	  

multi-‐decadal	  slope	  of	  0.85‰	  per	  °C,	  while	  LMDZiso/ERA	  produces	  a	  slope	  of	  1.26‰	  777	  

per	  °C.	  778	  

	  779	  

The	   inter-‐annual	   correlation	  coefficient	  between	  annual	  mean	   temperature	  and	  NEEM	  780	  

ice	  core	  δ18O	  (Table	  5)	  is	  very	  weak	  for	  the	  LMDZiso/20CR	  simulation,	  and	  varies	  from	  781	  

0.31	   to	   0.49	   for	   the	   ERA	   nudged	   simulations	  with	  MAR,	   ECHAM5-‐wiso	   and	   LMDZiso.	  782	  

Such	   correlation	   strengths	   comparable	   to	   those	   obtained	  within	   each	   simulation,	   and	  783	  

comparable	  to	  those	  obtained	  between	  the	  NEEM	  ice	  core	  δ18O	  and	  the	  simulated	  δ18O.	  784	  

For	  ECHAM5-‐wiso	  and	  LMDZiso,	  we	  observe	  a	  stronger	  correlation	  with	  precipitation-‐785	  

weighted	   temperatures	   (calculated	   from	   monthly	   outputs)	   than	   with	   annual	   mean	  786	  

temperature	  (R	  increases	  up	  to	  0.67	  in	  LMDZiso).	  This	  is	  not	  consistent	  with	  the	  recent	  787	  

finding	  that	  the	  isotopic	  composition	  of	  summer	  surface	  snow	  may	  record	  a	  continuous	  788	  

signal	   due	   to	   exchanges	  with	   the	   surface	   vapor	   isotopic	   composition,	   itself	   related	   to	  789	  

temperature,	  rather	  than	  a	  precipitation-‐weighted	  signal	  (Steen-‐Larsen	  et	  al.,	  2014).	  790	  

	  791	  

Correlations	   calculated	   from	   the	   gridded	   reconstruction	   are	   comparable	   with	   those	  792	  

obtained	  using	  atmospheric	  model	  outputs	  (0.55	  for	  the	  first	  reconstruction),	  and	  a	  loss	  793	  

of	   correlation	   prior	   to	   1958	   (down	   to	   0.3-‐0.4).	   When	   considering	   SW	   Greenland	  794	  

instrumental	   temperature,	   the	   strength	   of	   the	   correlation	   with	   NEEM	   ice	   core	   δ18O	  795	  

depends	  on	  the	  season	  and	  is	  strongest	  in	  JJAS,	  as	  previously	  reported,	  where	  it	  reaches	  796	  

0.42	   for	  1958-‐2011.	   Surprisingly,	   the	   correlation	  with	  DJFM	   temperature	   reported	   for	  797	  

the	   whole	   common	   time	   span	   (back	   to	   1780)	   has	   vanished	   during	   the	   most	   recent	  798	  

decades,	   suggesting	   a	   decoupling	   between	   the	   drivers	   of	   winter	   coastal	   surface	   air	  799	  

temperature	  and	  ice	  sheet	  δ18O,	  possibly	  associated	  with	  the	  impacts	  of	  coastal	  sea	  ice	  800	  

retreat	  near	  meteorological	  stations.	  801	  

	  802	  

During	  the	  recent	  period	  (1979	  to	  2007),	  all	  the	  temperature	  data	  from	  reconstructions	  803	  

and	   simulations	   depict	   an	   increasing	   trend	   (Table	   5),	  with	   a	  magnitude	   ranging	   from	  804	  

0.58°C	  per	  decade	  (MAR)	  to	  0.81	  (ECHAM5-‐wiso/ERA)	  and	  up	  to	  0.98	  using	  the	  updated	  805	  

gridded	   reconstruction	   (Box	   et	   al.,	   2009).	   The	   high	   end	   is	   consistent	   with	   the	  806	  
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temperature	   trend	   inferred	   from	   the	   NEEM	   borehole	   temperature	   profile	   using	   1000	  809	  

Monte-‐Carlo	   type	   simulations,	   estimated	   at	   0.96±0.02°C	   per	   decade	   (1979-‐2011).	   For	  810	  

SW	   coastal	   Greenland	   instrumental	   temperature,	   the	   warming	   is	   stronger	   in	   winter	  811	  

(0.95°C	   per	   decade)	   than	   in	   summer	   (0.61°C	   per	   decade).	   This	   may	   arise	   from	  812	  

associated	  changes	  in	  local	  sea	  ice	  cover.	  	  813	  

	  814	  

Greenland	  warming	  since	  1979	  is	  strongly	  driven	  by	  changes	  in	  large-‐scale	  atmospheric	  815	  

circulation	  (Fettweis	  et	  al.,	  2013;Hanna	  et	  al.,	  2013;Hanna	  et	  al.,	  2014),	  possibly	  arising	  816	  

from	   internal	   variability	   (Ding	   et	   al.,	   2014).	   We	   now	   take	   advantage	   of	   these	   recent	  817	  

increase	   in	   both	   δ18O	   and	   temperature	   to	   estimate	   a	   multi-‐decadal	   temporal	   δ18O-‐818	  

temperature	   relationship	   at	  NEEM.	   For	   this	   purpose,	  we	   can	   calculate	   this	   slope	   from	  819	  

LMDZiso/ERA	   and	   ECHAM5-‐wiso/ERA	   simulations,	   based	   on	   multi-‐decadal	   trends	   in	  820	  

each	  parameter;	  we	  can	  also	  calculate	  the	  slope	  using	  NEEM	  δ18O	  and	  all	  reconstructions	  821	  

and	   simulations	   for	   the	   magnitude	   of	   the	   temperature	   trend	   (Fig.	   11,	   Table	   6).	   The	  822	  

resulting	  ranges	  of	  slopes	  converge	  within	  1.05	  ±0.2‰	  per	  °C;	  this	  uncertainty	  does	  not	  823	  

account	   for	   the	   uncertainty	   associated	   with	   the	   estimation	   of	   each	   trend.	   From	   the	  824	  

longest	  temperature	  information	  available	  from	  the	  MAR-‐20CR	  simulation	  and	  from	  the	  825	  

reconstruction,	   and	   the	   NEEM	   ice	   core	   δ18O	   data	   (not	   shown),	   it	   appears	   that	   the	  826	  

isotope-‐temperature	   relationship	   is	   not	   stable	   through	   time.	   When	   calculated	   over	  827	  

running	  30-‐year	  periods,	  the	  inter-‐annual	  slope	  has	  an	  average	  value	  of	  0.4	  ±0.3	  ‰	  per	  828	  

°C	  (R=0.32).	  It	  is	  strongly	  enhanced	  in	  the	  last	  decades	  as	  well	  as	  during	  the	  1920s	  (up	  829	  

to	  0.8‰	  per	  °C	  using	  the	  reconstruction	  and	  1‰	  per	  °C	  using	  MAR).	  	  830	  

	  831	  

This	  slope	   is	  unusually	  strong,	  as	   it	   is	  even	  higher	   than	  spatial	  gradients	   in	  Greenland	  832	  

(Sjolte	   et	   al.,	   2011;Masson-‐Delmotte	   et	   al.,	   2011)	   and	   higher	   than	   the	   large	   slope	  833	  

recently	  observed	  in	  surface	  water	  vapour	  at	  NEEM	  (Steen-‐Larsen	  et	  al.,	  2014).	  Both	  the	  834	  

correlations	   with	   temperature	   and	   the	   magnitude	   of	   the	   slope	   are	   stronger	   than	  835	  

observed	   from	  vapour	   data	   in	   south	  Greenland	   (Bonne	   et	   al.,	   2014),	   and	   inter-‐annual	  836	  

variations	   during	   the	   last	   decades	   using	   long	   precipitation	   isotopic	   time	   series	   e.g.	   in	  837	  

Europe	   (Rozanski	   et	   al.,	   1992),	   or	   Canada	   (Birks	   and	   Edwards,	   2009),	   which	   usually	  838	  

show	  slopes	  of	   less	   than	  0.5‰	  per	   °C.	  This	  suggests	   that	  specific	  amplifying	  processes	  839	  

are	  at	  play	  around	  NEEM,	  which	  increase	  the	  sensitivity	  of	  vapor	  and	  snowfall	  isotopic	  840	  

composition	  to	  local	  surface	  air	  temperature	  changes.	  The	  first	  potential	  candidate	  is	  the	  841	  
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change	  in	  precipitation	  intermittency	  /	  seasonality.	  If	  the	  recent	  warming	  is	  associated	  844	  

with	  enhanced	   summer	   snowfall	   to	   the	  expense	  of	  winter	   snowfall,	   then	   this	  will	   also	  845	  

produce	  an	  enrichment	  of	  δ18O.	  However,	  none	  of	  the	  atmospheric	  simulations	  exploited	  846	  

here	   depicts	   any	   significant	   trend	   in	   the	   fraction	   of	   summer	   to	   annual	   precipitation	  847	  

during	  1979-‐2007.	  Another	  potential	  amplifier	  lies	  in	  the	  retreat	  of	  the	  sea	  ice	  cover	  in	  848	  

the	   Labrador	   Sea	   /	   Baffin	   Bay.	   A	   reduced	   sea	   ice	   cover	   may	   amplify	   regional	  849	  

temperature	  changes,	  and	  favor	  enhanced	  storminess	  and	  enhanced	  precipitation	  (Noël,	  850	  

2014),	  thus	  bringing	  more	  local	  moisture	  during	  summer.	  A	  stronger	  contribution	  from	  851	  

such	  nearby	  moisture	  sources	  is	  expected	  to	  enrich	  δ18O,	  in	  contrast	  with	  long	  distance	  852	  

transport	  of	  moisture	  from	  the	  North	  Atlantic,	  associated	  with	  strong	  distillation	  (Bonne	  853	  

et	   al.,	   2014;Bonne	   et	   al.,	   2015).	   Water	   tagging	   simulations	   performed	   within	   high-‐854	  

resolution	  atmospheric	  models	  could	  help	  to	  test	  the	  validity	  of	  this	  hypothesis.	  	  Indeed,	  855	  

sensitivity	   tests	   performed	   under	   warmer-‐than	   present	   boundary	   conditions	   derived	  856	  

from	   climate	   projections	   show	   that	   Greenland	   δ18O-‐temperature	   relationships	   are	  857	  

sensitive	  to	  patterns	  of	  nearby	  SST	  and	  sea	  ice	  changes	  (Sime	  et	  al.,	  2013).	  We	  suspect	  858	  

that	  differences	  in	  simulated	  moisture	  origin	  may	  also	  account	  for	  the	  50%	  difference	  in	  859	  

the	   simulated	   temporal	   δ18O-‐temperature	   relationship	   at	   NEEM	   in	   LMDZiso/ERA	   and	  860	  

ECHAM5-‐wiso/ERA	   for	   1979-‐2007,	   and	   for	   the	   model-‐data	   mismatch	   for	   deuterium	  861	  

excess.	  862	  

	  863	  

4.4	   Relationship	   between	   surface	   air	   temperature	   and	  864	  

accumulation	  865	  

	  866	  

Using	   the	   temperature	   trends	   from	   1979	   to	   2007	   described	   in	   Table	   6,	   and	   the	  867	  

accumulation	  trend	  from	  the	  NEEM	  ice	  core	  data	  or	   from	  the	  different	  models,	  we	  can	  868	  

also	   estimate	   the	   multi-‐decadal	   relationship	   between	   surface	   air	   temperature	   and	  869	  

accumulation/precipitation	   (Table	   7).	   It	   is	   reported	   in	   percentage	   of	   accumulation	   or	  870	  

precipitation	  increase	  per	  °C	  of	  temperature.	  871	  

	  872	  

Large	  differences	  emerge	  within	  the	  different	  atmospheric	  simulations,	  with	  the	  lowest	  873	  

slope	   in	  ECHAM5-‐wiso	   (8.5%	  per	   °C)	  and	   the	  highest	  one	   from	  MAR/ERA	  (15.9%	  per	  874	  

°C).	  When	  using	   the	  NEEM	  accumulation	   data	  with	   the	   three	   temperature	   time	   series	  875	  
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inferred	  from	  observations	  (the	  coastal	  instrumental	  record,	  the	  gridded	  reconstruction	  876	  

and	   the	  borehole	  profile	   inversion),	   the	   estimated	   slope	   is	   of	   8.6±0.8%	  per	   °C.	   Larger	  877	  

values	   are	   systematically	   obtained	   when	   using	   temperature	   outputs	   from	   the	  878	  

atmospheric	   models.	   When	   considering	   all	   sources	   of	   information,	   we	   obtain	   a	  879	  

relationship	  of	  11±3%	  per	  °C	  880	  

	  881	  

At	   NEEM,	   this	   estimated	   multi-‐decadal	   accumulation	   sensitivity	   to	   temperature	   is	  882	  

significantly	   larger	   than	  expected	   from	  thermodynamical	  effects	  at	   the	  global	  scale	   for	  883	  

water	   vapour	   (+7%	   per	   °C)	   and	   than	   simulated	   by	   global	   climate	   models	   for	  884	  

precipitation	  at	  the	  global	  scale	  (+3%	  per	  °C)	  (IPCC,	  2013).	  This	  implies	  that,	  at	  NEEM,	  885	  

accumulation	   sensitivity	   to	   temperature	   is	   driven	   by	   dynamical	   processes	   associated	  886	  

with	  storm	  track	  changes.	  887	  

	  888	  

We	  therefore	  identify	  unusually	  strong	  responses	  of	  both	  δ18O	  and	  accumulation	  to	  the	  889	  

local	   temperature	   increase	   over	   the	   past	   decades.	   Further	   investigations	   of	   moisture	  890	  

transport	  changes	  are	  needed	  to	  explore	  the	  processes	  at	  play,	  such	  as	  changes	  in	  storm	  891	  

tracks	  associated	  with	  sea-‐ice	  retreat	  in	  the	  Baffin	  Bay	  area.	  892	  

	  893	  

4.5	   Implications	   of	   NEEM	   shallow	   ice	   core	   data	   for	   recent	  894	  

climate	  change	  895	  

	  896	  

Here,	  we	   discuss	   results	   obtained	   at	   NEEM	   in	   a	   broader	   Greenland	   context.	   First,	   we	  897	  

report	   the	   spatial	   patterns	   of	   Greenland	   surface	  warming.	   Second,	  we	   investigate	   the	  898	  

strength	  of	  extreme	  warm-‐wet	  years	  identified	  in	  our	  NEEM	  ice	  core	  records	  (1928	  and	  899	  

2010	  temperature	  anomalies;	  1933	  accumulation	  anomaly)	  in	  other	  Greenland	  records.	  900	  

Third,	  we	  compare	  the	  cold/dry	  decades	  of	  1815-‐1825	  and	  1836-‐1846	   in	  different	   ice	  901	  

core	   records.	   Finally,	   we	   investigate	   the	   response	   to	   volcanic	   eruptions	   in	   the	   NEEM	  902	  

records.	  903	  

	  904	  

4.5.1	  Spatial	  patterns	  of	  recent	  Greenland	  surface	  warming	  905	  

	  906	  
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In	   the	   previous	   section,	  we	   have	   used	   different	  model	   results	   to	   provide	   estimates	   of	  909	  

recent	   temperature	   change	   at	   NEEM.	   Fig.	   12	   compares	   the	   spatial	   pattern	   of	   annual	  910	  

mean	   Greenland	   warming	   directly	   from	   NCEP	   and	   ERA	   reanalyses,	   as	   well	   as	   MAR	  911	  

driven	   by	   these	   reanalyses,	   from	   1979	   to	   2011.	   In	   reanalyses,	   very	   large	   surface	  912	  

warming	   trends	   are	   depicted	   in	   South,	   West	   and	   East	   Greenland	   (+2.4°C).	   However,	  913	  

smaller	   trends	  are	  produced	   in	  places	  where	  meteorological	  data	   are	   assimilated	   (e.g.	  914	  

the	   south	   Greenland	   tip,	   or	   Summit	   station),	   suggesting	   that	   reanalyses	   may	  915	  

overestimate	   the	   overall	   surface	   warming	   trend.	   Such	   caveats	   may	   arise	   from	  916	  

parameterizations	   of	   boundary	   layer	   processes	   and	   interactions	   between	   the	  917	  

atmosphere	  and	  the	  snow	  surface.	  Differences	  in	  the	  spatial	  pattern	  of	  warming	  are	  also	  918	  

noticeable,	  especially	  in	  Northern	  Greenland.	  	  919	  

	  920	  

By	   contrast,	   MAR	   simulates	  minimum	  warming	   in	   South-‐East	   and	   Central	   Greenland,	  921	  

and	  maximum	  warming	  in	  the	  North	  and	  North	  East	  sectors,	  together	  with	  the	  western	  922	  

coast	   in	   the	   MAR/ERA	   simulation.	   The	   MAR/ERA	   simulation	   produces	   stronger	  923	  

Greenland	   warming,	   and	   a	   “warming	   hotspot”	   located	   in	   central	   north	   Greenland,	  924	  

reaching	  NEEM.	  	  925	  

	  926	  

Evaluating	   the	   validity	   of	   these	   simulations	   (and	   the	   exact	   location	   of	   the	   warming	  927	  

“hotspot”)	  would	  require	  to	  map	  recent	  warming	  using	  a	  network	  of	  automatic	  weather	  928	  

stations	  as	  well	  as	  ice	  core	  records,	  (including	  accumulation,	  water	  stable	  isotopes	  and	  929	  

borehole	   temperature	   profiles),	   for	   instance	   by	   updating	  measurements	   at	   earlier	   ice	  930	  

core	   sites.	   	   Implementing	   water	   stable	   isotopes	   in	   MAR	   may	   also	   provide	   an	  931	  

independent	  validation	  tool.	  932	  

	  933	  

4.5.2	  Characteristics	  of	  extreme	  warm-‐wet	  years:	  2010,	  1928	  and	  1933	  934	  

	  935	  

We	  now	   investigate	   the	   spatial	   structure	  of	   extreme	  events	   as	   recorded	   in	  Greenland,	  936	  

with	  a	  focus	  on	  2010	  and	  1928	  for	  temperature	  and	  δ18O,	  and	  1933	  for	  accumulation.	  In	  937	  

order	  to	  have	  common	  metrics,	  the	  strength	  of	  each	  anomaly	  (calculated	  with	  respect	  to	  938	  

the	   average	   values	   for	   the	   earlier	   30	   years,	   considered	   as	   the	   background	   climate)	   is	  939	  

reported	   in	   standard	   deviation	   units,	   calculated	   for	   the	   preceding	   three	   decades.	   This	  940	  

approach	  allows	  us	  to	  make	  best	  use	  of	  existing	  datasets.	  	  941	  
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	  944	  

In	   NEEM	   δ18O,	   2010	   scores	   2.1	   while	   1928	   scores	   3.1.	   This	   differs	   from	   the	   SW	  945	  

Greenland	   temperature	   composite,	   where	   2010	   scores	   2.8,	   to	   compare	   with	   2.1	   for	  946	  

1928.	   Only	   during	   July	   does	   1928	   has	   a	   stronger	   expression	   than	   2010	   in	   southern	  947	  

Greenland	  monthly	   temperature	  (Fig.	  13,	   left	  panel).	  The	   fact	   that	  NEEM	  ice	  core	  δ18O	  948	  

records	  1928	  with	  the	  most	  enriched	  value	  is	  consistent	  with	  the	  known	  large	  fraction	  949	  

of	   snowfall	   deposited	   in	   summer	   at	   NEEM,	   leading	   to	   a	   summer	   bias	   in	   δ18O.	  950	  

Alternatively,	   it	   is	   also	   possible	   that	   feedbacks	   acting	   above	   the	   ice	   sheet	   amplified	  951	  

summer	  warming	  during	  1928	  with	  respect	  to	  the	  temperature	  anomaly	  which	  occurred	  952	  

at	  the	  coast,	  as	  observed	  during	  summer	  2012	  (Bennartz	  et	  al.,	  2013;Bonne	  et	  al.,	  2015).	  953	  

Such	   feedback	  mechanisms	   are	   not	   inconsistent	   with	   the	   spatial	   pattern	   of	   the	   1928	  954	  

anomaly	   (Fig.	   13,	   right	   panel)	   which	   exhibits	   anomalous	   warming	   at	   the	   South-‐West	  955	  

Greenland	  coast	  and	  above	  the	  North-‐West	  ice	  sheet,	  with	  increasing	  strength	  from	  B16,	  956	  

Camp	  Century	  and	  North	  GRIP,	  and	  maximum	  strength	  at	  NEEM.	  	  957	  

	  958	  

We	  then	  investigate	  similarly	  the	  spatial	  structure	  of	  accumulation	  anomalies	  recorded	  959	  

in	  1928	  (for	  comparison	  with	  the	  pattern	  of	  temperature	  and	  δ18O	  anomalies)	  and	  1933	  960	  

(when	  NEEM	   ice	  core	  data	  depict	   the	  wettest	  year)	   (Fig.	  14).	  The	  strongest	  anomalies	  961	  

are	  in	  both	  cases	  identified	  at	  NEEM	  (respectively	  4.3	  and	  4.9	  standard	  deviation	  units).	  962	  

In	  1928,	  accumulation	  anomalies	  above	  2	  standard	  deviations	  are	  only	  recorded	  in	  NW	  963	  

Greenland,	   consistent	   with	   the	   pattern	   of	   δ18O	   anomalies.	   This	   contrasts	   with	   more	  964	  

widespread	   accumulation	   anomalies	   identified	   in	   1933	   from	   south	   to	   north-‐west	  965	  

Greenland.	  As	  a	  result,	  the	  strength	  of	  the	  1933	  anomaly	  is	  about	  twice	  stronger	  in	  the	  966	  

accumulation	  PC1	  than	  the	  strength	  of	  the	  1928	  accumulation	  anomaly.	  	  967	  

	  968	  

During	  summer	  (JJAS)	  1928,	   large-‐scale	  circulation	   is	  marked	  by	   increased	  occurrence	  969	  

of	  NAO-‐	  (and	  a	  negative	  summer	  NAO	  index)	  and	  a	  very	  large	  decrease	  in	  the	  occurrence	  970	  

of	   the	   Scandinavian	   Blocking	   regime;	   the	   AMO	   index	   is	   neutral.	   By	   contrast,	   1933	   is	  971	  

characterized	   by	   a	   decreased	   occurrence	   of	   NAO-‐	   weather	   regimes	   (and	   a	   positive	  972	  

summer	   NAO	   index),	   an	   increased	   occurrence	   of	   Scandinavian	   Blocking,	   warm	   North	  973	  

Atlantic	   SST	   (positive	  AMO),	   and	   the	   second	  most	   active	  Atlantic	   hurricane	   season	  on	  974	  

record	  (from	  May	  to	  November)	  (Landsea,	  2007).	  None	  of	  these	  large-‐scale	  modes	  show	  975	  

exceptional	  variability	  during	  these	  two	  periods.	  	  976	  
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	  980	  

This	  suggests	  that	  processes	  other	  than	  large-‐scale	  North	  Atlantic	  weather	  regimes	  are	  981	  

at	  play	  in	  driving	  these	  NW	  Greenland	  extreme	  years,	  as	  also	  observed	  during	  summer	  982	  

2012	  (Bonne	  et	  al.,	  2015).	  	  983	  

	  984	  

4.5.3	  Characteristics	  of	  extreme	  cold-‐dry	  decades:	  1815-‐1825	  and	  1836-‐1846	  985	  

	  986	  

We	   now	   compare	   the	   two	   coldest	   and	   driest	   11-‐year	   intervals	   of	   the	   19th	   century,	   as	  987	  

depicted	   by	   NEEM	   and	   PC1	   δ18O	  and	   accumulation	   records	   (Fig.	   15).	   The	   strength	   of	  988	  

decadal	   anomalies	   is	   again	   calculated	   from	  1761-‐1966	  mean	  values,	   and	   standardized	  989	  

against	   the	   corresponding	   standard	   deviation	   of	   running	   11-‐year	   averages.	   For	  990	  

accumulation,	  NEEM	  depicts	  the	  strongest	  anomaly	  in	  1815-‐1825	  (NEEM	  score	  -‐2.0,	  PC1	  991	  

score	  -‐1.6),	  while	  accumulation	  PC1	  has	  the	  strongest	  anomaly	  in	  1836-‐1846	  (PC1	  score	  992	  

-‐2.0,	   NEEM	   score	   -‐1.7).	   During	   the	   first	   period,	   the	   driest	   conditions	   are	   encountered	  993	  

along	  the	  NW	  Greenland	   ice	  divide	  (from	  Camp	  Century	  to	  NEEM,	  NGRIP,	  Summit	  and	  994	  

Crete).	  During	  the	  second	  period,	  there	  is	  a	  much	  more	  homogeneous	  pattern,	  depicting	  995	  

dry	   conditions	   above	   all	   of	   Greenland	  with	   the	   exception	   of	   the	   NE	   sector;	   the	   driest	  996	  

conditions	  are	  observed	  at	  Summit	  and	  NEEM.	  For	  δ18O,	  NEEM	  shows	  a	  slightly	  stronger	  997	  

anomaly	   in	  1836-‐1846	  (score	   -‐1.5)	   than	   in	  1815-‐1825	  (score	   -‐1.4);	   this	  also	  contrasts	  998	  

with	  δ18O	  PC1,	  which	  captures	  a	  similar	  strength	  of	  anomaly	  in	  1815-‐1825	  (score	  -‐1.5)	  999	  

but	   no	   exceptional	   anomaly	   in	   1836-‐1846	   (score	   -‐0.4).	   In	   1815-‐1825,	   the	   spatial	  1000	  

structure	   of	   δ18O	   anomalies	   show	   widespread	   Greenland	   cooling,	   with	   increasing	  1001	  

magnitude	   northwards,	   maximum	   at	   NGRIP	   and	   NEEM.	   In	   1836-‐1846,	   the	   spatial	  1002	  

structure	   is	   more	   heterogeneous,	   and	   the	   strongest	   δ18O	   anomalies	   are	   encountered	  1003	  

along	   a	  NW/SE	   central	  Greenland	   transect	   (from	  NEEM	   to	  Renland).	  This	   comparison	  1004	  

shows	  contrasted	  magnitudes	  and	  spatial	  coherency	  of	  anomalies	  in	  1815-‐1825	  (strong	  1005	  

and	  widespread	  anomaly	   in	  δ18O)	  and	  1836-‐1846	   (strong	  and	  widespread	  anomaly	   in	  1006	  

accumulation).	   It	   would	   be	   very	   interesting	   to	   have	   such	   spatial	   information	   on	  1007	  

deuterium	  excess	  anomalies,	  which	  could	  help	  to	  detect	  changes	  in	  moisture	  origin.	  1008	  

	  	  1009	  

Unfortunately,	   it	   is	   not	   yet	   possible	   to	   compare	   the	   instrumental	   NAO	   changes	   in-‐1010	  

between	   these	   two	   decades,	   due	   to	   the	   length	   of	   this	   record.	   The	  mean	  NAO	   index	   is	  1011	  

positive	   in	  1836-‐1846	   in	  DJF	   (index	  of	  0.3),	   and	  negative	   in	   JJAS	   (index	  of	   -‐0.40).	  The	  1012	  
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proxy-‐based	  AMO	  reconstruction	  depicts	  a	  strong	  decrease	  of	  North	  Atlantic	  SST	   from	  1014	  

1815-‐1825	  (AMO	  index	  of	  -‐0.13)	  to	  1836-‐1846	  (index	  of	  -‐0.64).	  The	  1836-‐1846	  period	  1015	  

is	  characterized	  by	  the	  most	  negative	  11-‐year-‐average	  anomalies	   in	  summer	  NAO,	  and	  1016	  

the	  most	  negative	  11-‐year-‐average	  anomalies	  in	  the	  historical	  AMO	  reconstruction.	  	  1017	  

	  1018	  

The	  combination	  of	  strong	  negative	  anomalies	   in	  summer	  NAO	  and	  north	  Atlantic	  SST	  1019	  

(through	  AMO)	   therefore	   seem	   to	   play	   a	   key	   role	   in	   driving	   remarkably	   cold	   and	   dry	  1020	  

decades	  at	  NEEM,	  which	  reflect	  Greenland	  widespread	  anomalies.	  	  1021	  

	  1022	  

4.5.4	  Fingerprint	  of	  volcanic	  forcing	  1023	  

	  1024	  

Here,	   we	   have	   simply	   investigated	   the	   response	   of	   NEEM	   δ18O,	   accumulation	   and	  1025	  

deuterium	  excess	  following	  nine	  main	  volcanic	  eruptions	  of	  that	  period	  (in	  1809,	  1815,	  1026	  

1823,	  1831,	  1835,	  1884,	  1903,	  1963	  and	  1991).	  We	  observe	  (Supplementary	  Material,	  1027	  

Fig.	   S2)	   a	   systematic	  δ18O	  depletion	   (cooling)	   in	   the	  1-‐6	   years	   following	   eruptions,	   an	  1028	  

equivocal	   response	   of	   accumulation	   with	   a	   weak	   decrease	   in	   the	   1-‐4	   years	   following	  1029	  

eruptions,	   and	   no	   significant	   response	   of	   deuterium	   excess.	   This	   rather	   long	   lasting	  1030	  

response	  may	   be	   related	   to	   regional	   responses	   such	   as	   changes	   in	   Baffin	   Bay	   sea	   ice	  1031	  

cover,	   in	   addition	   to	   the	   known	   impact	   of	   volcanic	   forcing	   on	   NAO	   (Ortega	   et	   al.,	   in	  1032	  

press)	   and	   North	   Atlantic	   bidecadal	   variability	   (Swingedouw	   et	   al.,	   2015).	   The	   NEEM	  1033	  

and	   other	   Greenland	   ice	   core	   records	   offer	   a	   benchmark	   against	   which	   the	   climate	  1034	  

model	   response	   to	   volcanic	   forcing	   and	   their	   internal	   variability	   can	   be	   tested.	  1035	  

Expanding	   the	   NEEM	   record	   to	   the	   last	   millennium	   is	   needed	   to	   further	   assess	   the	  1036	  

robustness	  of	  the	  signals.	  1037	  

	  1038	  

4.6	  Implications	  for	  NEEM	  deep	  ice	  core	  interpretation	  1039	  

	  1040	  

If	   the	  strong	   isotope-‐temperature	  relationship	  observed	   for	   the	   last	  30	  years	  at	  NEEM	  1041	  

(and	  also	  inferred	  for	  the	  1920s)	  is	  valid	  for	  earlier	  warm	  periods,	  despite	  differences	  in	  1042	  

climate	   forcings	   and	   boundary	   conditions	   (Masson-‐Delmotte	   et	   al.,	   2011;Sime	   et	   al.,	  1043	  

2013),	   then	   one	   should	   use	   this	   regional	   isotope-‐temperature	   relationship	   for	   the	  1044	  

interpretation	  of	  NEEM	  isotopic	  records.	  A	  comparison	  of	  borehole	  temperature	  records	  1045	  

is	  needed	  to	  validate	  this	  hypothesis,	  for	  instance	  for	  the	  Early	  Holocene.	  It	  is	  however	  1046	  
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consistent	  with	  the	   isotope-‐temperature	  relationship	   inferred	  at	  NEEM	  from	  estimates	  1055	  

of	  abrupt	  temperature	  changes	  during	  abrupt	  events	  of	  the	  last	  deglaciation	  and	  several	  1056	  

Dansgaard-‐Oeschger	   events,	   and	   which	   is	   stronger	   than	   for	   other	   Greenland	   sites	  1057	  

(Guillevic	  et	  al.,	  2013;Buizert	  et	  al.,	  2014).	  Processes	  underlying	  the	  amplification	  of	  the	  1058	  

isotope-‐temperature	  relationship	  in	  the	  last	  few	  decades	  need	  to	  be	  better	  understood	  1059	  

before	  we	  can	  apply	  it	  with	  confidence	  to	  earlier	  changes,	  caused	  by	  different	  forcings.	  1060	  

The	  remaining	  of	  this	  section	  is	  thus	  speculative.	  1061	  

	  1062	  

For	  the	  last	  interglacial	  period,	  the	  observed	  δ18O	  anomaly	  of	  3.6	  ‰ at NEEM deposition 1063	  

site would then translate into 3.6±0.7°C warming, instead of the estimate of 7.5 ± 1.8 °C	  1064	  

(NEEM,	   2013)	   that	   was	   obtained	   using	   the	   Greenland	   average	   Holocene	   isotope-‐1065	  

temperature	   relationship	   (Vinther	   et	   al.,	   2009).	  Moreover,	   if	   the	   accumulation-‐isotope	  1066	  

relationship	  extracted	  here	  from	  shallow	  ice	  cores	  also	  applies	  for	  past	  warm	  period,	  the	  1067	  

last	   interglacial	  δ18O	  anomaly	  of	  3.6‰	  at	  NEEM	  deposition	  site	  would	  also	  indicate	  an	  1068	  

increase	   in	  annual	  mean	  accumulation	  by	  approximately	  one	  third.	  There	   is	  no	  reason	  1069	  

for	   the	   temperature-‐accumulation	   and	   isotope-‐accumulation	   relationships	   to	   remain	  1070	  

constant	   through	   time.	   Indeed,	   due	   to	   the	   strong	   change	   in	   summer	   insolation	  during	  1071	  

the	  last	  interglacial	  period,	  climate	  models	  simulate	  a	  strong	  increase	  in	  the	  fraction	  of	  1072	  

summer	   to	   annual	   precipitation	   (Masson-‐Delmotte	   et	   al.,	   2011)	   which	   may	   modify	  1073	  

relationships	  between	  annual	  mean	   temperature,	  δ18O	  and	  accumulation.	  δ15N	  records	  1074	  

from	   the	   NEEM	   ice	   core	   should	   be	   used	   to	   independently	   test	   the	   validity	   of	   these	  1075	  

temperature	  and	  accumulation	  estimates	  using	  firn	  modeling.	  	  1076	  

	  1077	  

These	  scenarios	  are	  important	  for	  driving	  ice	  sheet	  models,	  for	  the	  comparison	  between	  1078	  

climate	  simulations	  and	  last	  interglacial	  ice	  core	  records,	  and	  for	  the	  assessment	  of	  the	  1079	  

vulnerability	  of	  the	  Greenland	  ice	  sheet	  to	  given	  levels	  of	  regional	  warming.	  Indeed,	  ice	  1080	  

sheet	  modelling	  experiments	  constrained	  by	  ice	  core	  data	  supporting	  the	  presence	  of	  ice	  1081	  

in	  Greenland	   from	  the	   last	   interglacial	  period,	  and	  also	   limited	   ice	   thickness	  change	  at	  1082	  

NEEM	   (IPCC,	   2013),	   have	   suggested	   that	   Greenland	   contributed	   1.4‐4.3	  m	   sea	   level	  1083	  

equivalent	  to	  the	  global	  5-‐10	  m	  sea	  level	  rise	  of	  the	  last	  interglacial	  period.	  This	  finding,	  	  1084	  

combined	  with	   the	   initial	   estimate	  of	   temperature	   change	   at	  NEEM,	   implied	   that	   such	  1085	  

Greenland	   retreat	   was	   concurrent	   with	   a	   multi-‐millennial	   8°C	   warming.	   Such	   large	  1086	  

warming	  was	  however	  not	   captured	  by	   state-‐of-‐the-‐art	   climate	  models	   in	   response	   to	  1087	  
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orbital	   forcing	   (Capron	   et	   al.,	   2014).	   Limited	   ice	   sheet	   response	  with	   very	   large	   local	  1096	  

warming	   is	   also	   difficult	   to	   reconcile	   with	   ice	   sheet	   simulations	   (IPCC,	   2013).	   A	   4°C	  1097	  

warming	  amplitude,	  as	  suggested	  by	  our	  study,	  would	  reduce	  model-‐data	  mismatches,	  1098	  

and	  has	  implications	  on	  the	  vulnerability	  of	  the	  Greenland	  ice	  sheet	  to	  regional	  warming.	  1099	  

	  1100	  

Another	  implication	  of	  this	  study	  will	  be	  for	  the	  climatic	  interpretation	  of	  the	  Holocene	  1101	  

NEEM	  accumulation	  and	  δ18O	  records.	  We	  have	  stressed	  the	  sensitivity	  of	  NEEM	  records	  1102	  

to	   changes	   in	   temperature,	   as	  well	   as	   the	   imprint	   of	   summer	  NAO,	   and,	   at	   the	  multi-‐1103	  

decadal	  scale,	  the	  imprint	  of	  AMO.	  	  1104	  

	  1105	  

5.	  Conclusions	  and	  perspectives	  1106	  

	  1107	  

We	   have	   produced	   and	   described	   a	   reference	   north-‐west	   Greenland	   stack	   record	   for	  1108	  

δ18O	  and	  accumulation.	  At	  NEEM,	   these	  datasets	  show	  a	  strong	  sensitivity	   to	   local	  and	  1109	  

Greenland	   temperature,	   as	   well	   as	   to	   North	   Atlantic	   subpolar	   gyre	   SST.	   Different	  1110	  

patterns	  emerge	  from	  changes	  in	  δ18O	  and	  accumulation	  with	  respect	  to	  recent	  trends,	  1111	  

extreme	  cold/warm	  and	  dry/wet	  years.	  NEEM	  shallow	  ice	  core	  records	  are	  affected	  by	  1112	  

changes	  in	  atmospheric	  circulation,	  but	  with	  weaker	  relationships	  with	  winter	  NAO	  than	  1113	  

in	   central	   or	   southern	   Greenland;	   we	   confirm	   the	   impact	   of	   the	   Atlantic	   Ridge	   and	  1114	  

Greenland	  blocking	  weather	  regimes	  in	  north-‐west	  Greenland.	  	  1115	  

	  1116	  

NEEM	  climate	  variability	  is	  marked	  by	  a	  large	  multi-‐decadal	  variability,	  which	  is	  closely	  1117	  

related	  to	  the	  Atlantic	  Multi-‐decadal	  Oscillation	  indices	  and	  enhanced	  at	  the	  beginning	  of	  1118	  

the	  19th	  century.	  We	  report	  extreme	  cold	  and	  dry	  decades	  of	  the	  19th	  century	  depicted	  in	  1119	  

NEEM	  ice	  cores.	  Our	  ice	  core	  record	  could	  be	  further	  compared	  with	  historical	  sources,	  1120	  

such	  as	  diaries	   from	  the	  British	  and	  Danish	  Royal	  Navy	  officers	  who	  explored	  the	  East	  1121	  

and	  West	  Greenland	  coasts	  in	  the	  1820s-‐1830s.	  For	  instance,	  Captain	  Graah	  qualitatively	  1122	  

describes	  an	  extremely	  cold	  and	  dry	  winter	  in	  1829-‐1830,	  following	  the	  persistence	  of	  1123	  

sea	   ice	   along	   South-‐West	   Greenland	   during	   summer	   1829	   (Graah,	   2014).	   In	   parallel,	  1124	  

quantitative	   oceanographic	   and	   meteorological	   measurements	   were	   performed	   by	  1125	  

Captain	  John	  Ross	  along	  West	  Greenland,	  during	  the	  same	  period	  (Ross	  and	  Ross,	  1835).	  1126	  

The	  mechanisms	  responsible	  for	  these	  cold	  and	  dry	  decades	  may	  involve	  the	  impact	  of	  1127	  

repeated	  volcanic	  eruptions	  on	  the	  North	  Atlantic	  SST	  and	  the	  Baffin	  Bay	  /	  Labrador	  sea	  1128	  
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ice	   extent,	   and	   should	   motivate	   further	   investigations	   using	   historical	   climate	  1134	  

simulations.	  1135	  

	  1136	  

Progress	   is	   required	   on	   the	   accuracy	   of	   deuterium	   excess	   measurements	   using	   laser	  1137	  

instruments,	   and	   in	   the	   number	   of	   initial	   source	   records	   to	   be	   stacked,	   in	   order	   to	  1138	  

extract	  a	  robust	  signal	  from	  the	  analytical	  and	  inter-‐core	  noise.	  We	  note	  a	  hint	  for	  large-‐1139	  

scale	   atmospheric	   circulation	   control	   on	   deuterium	   excess,	   from	   the	   relationship	  1140	  

observed	  with	  the	  North	  Atlantic	  SST	  and	  some	  similarity	  between	  our	  record	  and	  the	  1141	  

ECHAM5-‐wiso/ERA	  simulation.	  	  1142	  

	  1143	  

Our	  model-‐data	   comparison	   stresses	   a	   generally	  better	  performance	   from	  simulations	  1144	  

nudged	  to	  ERA	  reanalysis	  when	  compared	  to	  the	  simulations	  nudged	  to	  NCEP	  and	  20CR	  1145	  

reanalyses.	  The	  MAR/20CR	  simulated	  temperature	  and	  accumulation	  show	  reasonable	  1146	  

skill	   prior	   to	   1930	   with	   respect	   to	   the	   NEEM	   shallow	   ice	   core	   data,	   with	   correlation	  1147	  

coefficients	   above	   R=0.4	   (1871-‐1930).	   This	  motivates	   an	   ongoing	   effort	   to	   implement	  1148	  

water	  stable	  isotopes	  in	  the	  MAR	  model	  for	  direct	  comparison	  with	  ice	  core	  records.	  1149	  

	  1150	  

If	   we	   focus	   on	   the	   recent	   warming	   (1979-‐2007),	   the	   biases	   of	   atmospheric	   general	  1151	  

circulation	   model	   results	   for	   mean	   precipitation	   amounts	   at	   NEEM	   site	   affect	   the	  1152	  

magnitude	  of	  their	  simulated	  inter-‐annual	  variability	  and	  precipitation	  trends.	  The	  large	  1153	  

increase	   in	   temperature	   inferred	   from	   borehole	   data	   and	   gridded	   temperature	  1154	  

reconstructions	   is	  captured	  by	  all	  atmospheric	  models,	  as	  well	  as	   the	   large	   increase	   in	  1155	  

δ18O.	  However,	  LMDZiso/ERA	  and	  ECHAM5-‐wiso/ERA	  simulate	  a	  decrease	  in	  deuterium	  1156	  

excess,	  which	  is	  not	  detected	  in	  the	  NEEM	  shallow	  ice	  core	  records.	  	  1157	  

	  1158	  

Combining	  observations	  and	  simulations	  of	   local	  δ18O	  and	  temperature,	  we	  focused	  on	  1159	  

the	   isotope-‐temperature	   relationship	   emerging	   during	   the	  most	   recent	   period,	   where	  1160	  

warming	  is	  reaching	  levels	  above	  pre-‐industrial	  conditions,	  and	  where	  a	  global	  warming	  1161	  

signal	   is	   present	   in	   Greenland,	   in	   addition	   to	   the	   impact	   of	   changes	   in	   atmospheric	  1162	  

circulation	  (Fettweis	  et	  al.,	  2013;Hanna	  et	  al.,	  2014).	  During	  the	  period	  1979-‐2007,	  we	  1163	  

observe	   a	   very	   strong	   dependency	   of	   NEEM δ18O	   to	   local	   temperature	   at	   the	   multi-‐1164	  

decadal	  scale,	  with	  a	  twice	  larger	  slope	  than	  inferred	  from	  Holocene	  variations	  in	  other	  1165	  

Greenland	   ice	   cores	   (Vinther	   et	   al.,	   2009).	  We	   also	   report	   a	   high	   sensitivity	   of	   NEEM	  1166	  
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accumulation	   to	   temperature.	   Further	   work	   is	   needed	   to	   understand	   the	   amplifying	  1167	  

mechanisms	  at	  play	  and	  their	  potential	  validity	  for	  earlier	  warm	  periods	  caused	  by	  other	  1168	  

mechanisms	   (such	   as	   the	   climate	   response	   to	   orbital	   forcing	   for	   the	   last	   interglacial	  1169	  

period).	  Similarly,	  the	  decoupling	  of	  changes	  in	  accumulation	  and	  δ18O,	  which	  emerges	  1170	  

from	  the	  shallow	  ice	  core	  data	  (especially	  for	  1979-‐2007),	  may	  have	  implications	  for	  the	  1171	  

interpretation	  of	  ice	  core	  data.	  	  If	  applicable	  to	  earlier	  periods	  of	  North	  Atlantic	  warming	  1172	  

and	   Arctic	   sea	   ice	   retreat,	   these	   findings	   have	   implications	   for	   the	   interpretation	   of	  1173	  

NEEM	   ice	   core	   data	   for	   past	   warm	   episodes	   (e.g.	   early	   Holocene	   and	   last	   interglacial	  1174	  

period).	  	  1175	  
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Table	   1.	   NEEM	   shallow	   ice	   core	   data:	   name	   of	   the	   core,	   depth	   range	   (upper	   to	   lower	  1454	  

depth),	  time	  span	  (start	  and	  end	  years),	  and	  laboratory	  where	  analyses	  where	  performed.	  1455	  

Note	  that	  the	  δD	  measurements	  of	  2007	  S3	  were	  performed	  at	  LSCE	  only	  down	  to	  19.65	  m	  1456	  

(year	  1960.5).	  	  1457	  

	  1458	  

	  1459	  

Ice	  core	  name	   2007	  S3	   2008	  S2	   2008	  S3	   2010	  S2	  

Depth	   range	  

(m)	  

1.15-‐80.05	  m	   0.025-‐52.55	  m	   0.875-‐85.25	  m	   1.275-‐	  53.9	  	  

Time	   span	  

(years	  CE)	  

1739.2-‐2005.6	   1852.5-‐2008.3	   1724.6-‐2007.4	   1852.9-‐2008.3	  
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Analyses	   (lab.	  

name)	  

CIC/LSCE	   IES	   AWI	   CIC	  

Number	   of	  

samples	  

2938	   2101	   3376	   2106	  

	  1460	  

	   	  1461	  



	   45	  

Table	  2.	  Comparison	  of	  NEEM	  accumulation	  (cm	  water	  equivalent	  per	  year)	  with	  gridded	  1462	  

data	  from	  the	  reconstruction	  (Box	  et	  al.,	  2012)	  and	  from	  simulations.	  The	  mean	  values	  and	  1463	  

standard	  deviations	  are	  reported	  for	  1958-‐2007.	  	  1464	  

	  1465	  

Accumulation	  

(cm	  w.e./year)	  

Mean	  

1958-‐2007	  

	  

Standard	  

deviation	  

1958-‐2007	  

R	  

1958-‐2007	  

	  

R	   before	  

1958	  

Trend	   per	  

decade	  

1979-‐2007	  

NEEM	  	  

	  

20.2	   3.1	   	   	   1.6±0.7	  

MARv3.4/ERA	  

(1958-‐2007)	  

19.5	   4.0	   0.79	  

(p=0.000)	  

	   1.8±0.8	  

MARv3.4/NCEP	  

(1948-‐2007)	  

20.6	   3.6	   0.68	  

(p=0.000)	  

0.61	  

(p=0.027)	  

1.4±0.8	  

MARv3.4/20CR	  

(1871-‐2007)	  

19.8	   4.2	   0.71	  

(p=0.000)	  

0.57	  

(p=0.000)	  

1.7±0.9	  

ECHAM5-‐

wiso/ERA	   (1958-‐

2007)	  

29.1	   5.4	   0.76	  

(p=0.000)	  

	   2.0±1.2	  

LMDZiso/20CR	  	  

(1871-‐2007)	  

14.0	   2.3	   0.53	  

(p=0.000)	  

0.23	  

(p=0.003)	  

0.7±0.5	  

LMDZiso/20CR	  

(1979-‐2007)	  

14.0	   2.4	   0.69	  

(p=0.000)	  

	   0.7±0.5	  

LMDZiso/ERA	  

(1979-‐2007)	  

16.0	  	   2.3	  	   0.59	  

(p=0.000)	  

	   1.3±0.5	  

Reconstruction	  

(1840-‐1999)	  

	  

21.4	   2.3	   0.53	  

(p=0.000)	  

0.19	  

(p=0.018)	  

not	  

available	  

up	  to	  2007	  

	  1466	  

	   	  1467	  
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	  1468	  

Table	  3.	  Comparison	  of	  NEEM	  δ18O	  with	  simulations.	  1469	  

	  1470	  

δ18O	  	  

‰	  

Mean	  

	  

Standard	  

deviation	  

R	  

	  

Trend	   per	  

decade	  

1979-‐2007	  

NEEM	  

(1958-‐2007)	  

-‐33.4	   1.1	   	   0.77±0.25	  

ECHAM5-‐

wiso/ERA	  

(1958-‐2007)	  

-‐29.0	   1.0	   0.68	  

(p=0.000)	  

0.69±0.18	  

LMDZiso/20CR	  

(1958-‐2007)	  

-‐26.8	   0.6	   0.	  41	  

(p=0.002)	  

0.19±0.12	  

LMDZiso/20CR	  

(1979-‐2007)	  

-‐26.6	   0.5	   0.40	  

(p=0.015)	  

0.19±0.12	  

LMDZiso/ERA	  

(1979-‐2007)	  

-‐26.3	  	   1.0	   0.75	  

(p=0.000)	  

0.82±0.17	  

	  1471	  

	   	  1472	  
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	  1473	  

Table	   4.	   Comparison	   of	   NEEM	   deuterium	   excess	   with	   simulations,	   performed	   for	   1958-‐1474	  

2007	  and	  for	  1979-‐2007.	  1475	  

	  1476	  

Time	  

span	  

Deuterium	  

excess	  (‰)	  

Mean	   Standard	  

deviation	  

R	  with	  NEEM	  

1958-‐

2007	  

NEEM	   10.9	   0.6	   	  

1958-‐

2007	  

ECHAM5-‐wiso	  

ERA	  

10.8	   0.6	   0.47	  (p=0.000)	  

1958-‐

2007	  

LMDZiso	  20CR	   11.7	   0.4	   0.27	  (p=0.029)	  

1979-‐

2007	  

LMDZiso	  20CR	   11.5	   0.3	   0.34	  	  

(p=0.035)	  

1979-‐

2007	  

LMDZiso	  ERA	   3.8	  	   0.6	  	   -‐0.32	  

(p=0.045)	  	  

	  1477	  

	   	  1478	  
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Table	  5.	  Comparison	  of	  NEEM	  δ18O	  with	  temperature	  reconstructions	  and	  simulations.	  1479	  

	  1480	  

Temperature	  

(°C)	  

Mean	  

1958-‐

2007	  

	  

Standard	  

deviation	  

1958-‐2007	  

	  

R	   with	   NEEM	  

δ18O	  (T)	  

1958-‐2007	  

	  

R	   with	   NEEM	  

δ18O	  

(weighted	  T)	  

R	   with	  

NEEM	  δ18O	  

before	  1958	  

Trend	   per	  

decade	  

1979-‐2007	  

MARv3.4/ERA	  

1958-‐2007	  

-‐27.5	   1.0	   0.31	  

(p=0.0015)	  

0.25	  

(p=0.045)	  

	   0.58±0.22	  

MARv3.4/NCEP	  

1948-‐2007	  

-‐27.1	   1.1	   0.21	  

(p=0.077)	  

0.26	  

(p	  =0.034)	  

0.62	  

(p=0.024)	  

0.63±0.24	  

MARv3.4/20CR	  

1871-‐2007	  

-‐26.4	   1.0	   0.23	  

(p=0.051)	  

0.21	  

(p=0.074)	  

0.33	  

(p=0.000)	  

0.58±0.21	  

ECHAM5-‐

wiso/ERA	  

1958-‐2007	  

-‐23.0	   1.2	   0.43	  

(p=0.001)	  

0.59	  

(p=0.000)	  

	   0.81±0.24	  

LMDZiso/20CR	  

1958-‐2007	  

-‐19.8	   0.8	   0.08	  

(p=0.290)	  

0.44	  

(p=0.001)	  

0.08	  

(p=0.231)	  

0.19±0.18	  

LMDZiso/20CR	  

1979-‐2007	  

-‐19.8	   0.8	   0.27	  

(p=0.078)	  

0.41	  

(p=0.013)	  

	   0.19±0.18	  

LMDZiso	  ERA	  

1979-‐2007	  

-‐21.2	   1.1	   0.49	  

(p=0.003)	  

0.67	  

(p=0.000)	  

	   0.65±0.22	  

Reconstruction	  

1840-‐2007	  

-‐31.1	   1.2	   0.37	  

(p=0.004)	  

	   0.42	  

(p=0.000)	  

0.98±0.22	  

SW	   coastal	  

Greenland	  T	  

DJFM	  

JJAS	  

ANN	  

1784-‐2007	  

	  

	  

-‐8.6	  

5.7	  

-‐1.6	  

	  

	  

2.8	  

0.9	  

1.4	  

	  

	  

0.01	  (p=0.473)	  

0.42(p=0.001)	  

0.22(p=0.062)	  

	  

	  

	  

	  

	  

0.35	  

(p=0.000)	  

0.46	  

(p=0.000)	  

0.45	  

(p=0.000)	  

	  

	  

0.95±0.69	  

0.61±0.18	  

0.83±0.32	  

	  1481	  

	   	  1482	  
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	  1483	  

Table	   6.	   Calculations	  of	  NEEM	  -‐	  δ18O	   temporal	   slope	   for	   the	  period	  1979-‐2007	  using	  all	  1484	  

sources	   of	   information	   (6	   temperature	   estimates	   and	   3	   δ18O	   estimates).	   For	   each	   data	  1485	  

source,	   the	  slope	   is	  calculated	  based	  on	  the	  ratio	  of	  the	  multi-‐decadal	  trends	   forδ18O	  and	  1486	  

for	  temperature.	  The	  reported	  statistics	  are	  the	  mean	  and	  standard	  deviation	  of	  trends	  and	  1487	  

slopes	   calculated	   for	   all	   listed	   source	   datasets.	   Here,	   NEEM	   temperature	   reconstruction	  1488	  

refers	  to	  the	  dataset	  of	  Box	  et	  al	  (2009).	  1489	  

	  1490	  

Source data Temperature trend 

(°C per decade) 

δ18O trend 

(‰ per decade) 

Ratio 

‰ per °C  

NEEM	  δ18O 

Annual mean SW 

costal temperature	  

0.83±0.32	   0.77±0.25	   0.93	  

NEEM	  δ18O 

NEEM	   temperature	  

reconstruction	  	  

0.98±0.27	   0.77±0.25	   0.79	  

NEEM	  δ18O 

NEEM	   borehole	  

temperature	  

inversion	  

0.96±0.02	   0.77±0.25	   0.80	  

NEEM	  δ18O 

MARv3.4/ERA	  

temperature	  

0.58±0.22	   0.77±0.25	   1.33	  

NEEM	  δ18O 

MARv3.4/NCEP	  

temperature	  

0.63±0.24	   0.77±0.25	   1.22	  

NEEM	  δ18O 

MARv3.4/20CR	  

temperature	  

0.58±0.21	   0.77±0.25	   1.33	  

NEEM	  δ18O 

LMDZiso/ERA	  

temperature	  

0.65±0.22	   0.77±0.25	   1.18	  
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NEEM	  δ18O 

ECHAM-‐5wiso/ERA	  

temperature	  

0.81±0.24	   0.77±0.25	   0.95	  

LMDZiso/ERA	   δ18O 

and temperature 

0.65±0.22	   0.82±0.17	   1.26	  

ECHAM5-‐wiso/ERA	  

δ18O and 

temperature 

0.81±0.24	   0.69±0.18	   0.85	  

Statistics	   0.74	  ±0.14	  (n=10)	   0.76±0.07	  (n=3)	   1.05±0.23	  (n=10)	  

	  1491	  

	  1492	  

	   	  1493	  
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Table	  7.	  Calculations	  of	  NEEM	  accumulation-‐surface	  air	  temperature	  relationship	  for	  the	  1494	  

period	  1979-‐2007	  using	  all	  sources	  of	  information.	  1495	  

	  1496	  

Source data Accumulation-temperature relationship 

% per °C  

NEEM	  accumulation 

Annual mean SW costal temperature	  

9.5	  

NEEM	  accumulation 

NEEM	  temperature	  reconstruction	  	  

8.1	  

NEEM	  accumulation 

NEEM	  borehole	  temperature	  inversion	  

8.2	  

NEEM	  accumulation 

MARv3.4/ERA	  temperature	  

13.6	  

NEEM	  accumulation	  	  

MARv3.4/NCEP	  temperature	  

12.6	  

NEEM	  accumulation	  	  

MARv3.4/20CR	  temperature	  

13.6	  

NEEM	  accumulation	  	  

LMDZiso/ERA	  temperature	  

12.2	  

NEEM	  accumulation	  	  

ECHAM-‐5wiso/ERA	  temperature	  

9.8	  

MARv3.4/ERA	   precipitation	   and	  

temperature	  

15.9	  

MARv3.4/NCEP	   precipitation	   and	  

temperature	  

10.8	  

MARv3.4/20CR	   precipitation	   and	  

temperature	  

14.8	  

LMDZiso/ERA	   precipitation and 

temperature 

12.5	  

ECHAM5-‐wiso/ERA	   precipitation and 

temperature 

8.5	  

Statistics	  for	  all	  sources	  of	  information	   11.6±2.6	  (n=13)	  

	  1497	  
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	  1498	  

List	  of	  Figures	  1499	  

	  1500	  

	  1501	  

Figure	   1.	   Map	   of	   Greenland	   showing	   the	   position	   of	   ice	   core	   records	   (red)	   and	  1502	  

meteorological	   stations	   (green)	   used	   to	   establish	   a	   SW	   Greenland	   instrumental	  1503	  

temperature	   record.	   The	   grey/white	   shading	   indicates	   elevation	   (source:	   NOAA/GLOBE,	  1504	  

http://www.ngdc.noaa.gov/mgg/topo/globe.html).	  1505	  

	  1506	  
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	  1507	  
Figure	  2.	  NEEM	  records	  from	  shallow	  ice	  cores	  and	  snow	  pits,	  from	  top	  to	  bottom:	  	  δ18O,	  1508	  

deuterium	   excess	   (“d”)	   (both	   reported	   in	   	   ‰),	   and	   accumulation	   (in	   m/yr).	   The	   thin	  1509	  

colored	   lines	   represent	   annual	   averages,	   and	   the	   shading	   the	   standard	   deviation	  within	  1510	  

individual	   ice	   core	   records.	   The	   thick	   lines	   display	   11	   year	   binomial	   smoothing.	   The	  1511	  

horizontal	  dotted	  line	  shows	  the	  average	  values	  from	  1850	  to	  2011.	  The	  dashed	  black	  lines	  1512	  

display	  the	  number	  of	  shallow	  ice	  core	  records	  through	  time	  (from	  1	  to	  4)	  as	  well	  as	  the	  1513	  

number	   of	   pit	   records	   (from	  1	   to	   10)	   spanning	  2003-‐2011.	  No	  accumulation	   estimate	   is	  1514	  

available	  from	  these	  pit	  data	  due	  to	  the	  lack	  of	  systematic	  density	  measurements.	  1515	  
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Figure	  3.	  a):	  Comparison	  of	  z-‐scores	  of	  accumulation	  (blue)	  and	  δ18O	  (red)	  (dashed	  lines,	  1516	  

annual	  values;	  thick	  solid	  lines,	  11	  year	  average	  values).	  Power	  spectrum	  of	  accumulation	  1517	  

(b),	  δ18O	   (c)	  and	  coherency	   (d)	   calculated	  using	   the	  Multi-‐Taper	  method	   (resolution	  2,	  3	  1518	  

tapers,	  adaptative	  spectrum	  in	  blue,	  tested	  against	  compatible	  white	  or	  red	  noise	  processes	  1519	  

shown	   here	   in	   red	   at	   90%	   confidence	   level).	   Harmonic	   signals	   (spikes	   in	   the	   spectrum	  1520	  

corresponding	   to	   a	   periodic	   or	   quasi-‐periodic	   signal	   in	   frequency,	   amplitude	   and	  phase)	  1521	  

are	  shown	  with	  a	  black	  rectangle.	  1522	  

	  1523	  

Fig.	  3a)	  1524	  

	  1525	  

	  1526	  
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Fig.	  3b)	  1535	  

	  1536	  

	  1537	  

	  1538	  

	   	  1539	  
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	  1540	  

	   	  1541	  

	  1542	  

Figure	   4.	   Spatial	   distribution	   of	   correlation	   coefficients	   between	   NEEM	   accumulation	  1543	  

(top)	  and	  other	  Greenland	  accumulation	  records,	  and	  between	  NEEM	  δ18O	   (bottom)	  and	  1544	  

other	   Greenland	   temperature	   and	   δ18O	   records.	  We	   have	   also	   displayed	   the	   correlation	  1545	  

with	   the	   PC1	   of	   other	  Greenland	   records	   (white	   rectangle)	   and	   the	   correlation	  with	   SW	  1546	  

Greenland	  instrumental	  temperature	  data	  (repeating	  the	  same	  value	  for	  the	  three	  coastal	  1547	  

sites	  used	  to	  make	  the	  temperature	  stack	  record)	  (white	  rectangles).	  We	  used	  correlation	  1548	  

coefficients	   for	   the	  same	  period	  (1761-‐1966),	  without	  detrending	  (Tables	  S1,	  S2	  and	  S3).	  	  1549	  

Note	  that	  insignificant	  correlations	  are	  represented	  by	  the	  white	  filled	  circles.	  1550	  

	  1551	  

	  1552	  

	  1553	  
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1554	  
`	  1555	  
Figure	   5.	   Top:	   Comparison	   between	   NEEM	   δ18O	   z-score (red, no unit)	   with	   the	   first	  1556	  

principal	   component	   (PC1)	   of	   16	   Greenland	   annual	   δ18O	   records	   (Ortega	   et	   al.,	   2014)	  1557	  

(black, no unit).	   Bottom:	   Comparison	  between	  NEEM	  δ18O	  z-score (red, no unit)	  with	   the	  1558	  

first	   principal	   component	   (PC1)	  of	   13	  Greenland	  annual	  accumulation	   records	   (common	  1559	  

with	   those	   used	   for	   δ18O)	   calculated	   using	   the	   same	  methodology	   as	   published	   for	   δ18O	  1560	  

(black, no unit; see Suppl. Fig. S1).	  Annual	  mean	  data	  are	   shown	  as	  dotted	   lines,	   and	  11	  1561	  

year	  binomial	  averages	  are	  shown	  as	  bold	  lines.	  We	  also	  report	  the	  respective	  coefficients	  1562	  

of	  determination	  between	   the	  annual	  mean	  NEEM	  data	  and	   the	  PC1	  (p-‐values	  are	   lower	  1563	  

than	  10-‐9).	  1564	  
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Figure	  6.	  Correlation	  coefficients	  between	  NEEM	  δ18O,	  accumulation	  and	  deuterium	  excess	  1566	  

records	  and	  HadSST	  gridded	  SST	  data,	  using	  5-‐year	  smoothed	  data,	   for	   the	  period	  1870-‐1567	  

2010.	  The	  hatching	  highlights	  areas	  where	   correlation	   coefficients	  are	  not	   significant	  at	  1568	  

the	  95%	  confidence	   level.	  From	   top	   to	  bottom,	   (a) δ18O,	   (b)	  accumulation,	   (c)	  deuterium	  1569	  

excess.	  1570	  

	  1571	  

Figure	  6a)	  δ18O	  1572	  

1573	  
	  	  1574	  

	   	  1575	  



	   59	  

	  1576	  

Figure	  6b)	  deuterium	  excess	  1577	  

	  1578	  

Figure	  6c)	  accumulation	  1579	  

	  1580	  

	   	  1581	  
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	  1582	  

	  1583	  

Figure	   7.	   Comparison	   of	  NEEM	  accumulation	  with	   the	   reconstruction	   and	   precipitation	  1584	  

from	   simulations,	   in	   cm	   of	   water	   equivalent	   per	   year.	   Results	   are	   shown	   for	   annual	  1585	  

averages,	  as	  well	  as	  for	  a	  11	  year	  binomial	  smoothing.	  1586	  
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	  1588	  

Figure	  8.	  	  Comparison	  of	  NEEM	  δ18O	  with	  δ18O	  simulations	  (in	  	  ‰).	  	  1589	  

	  1590	  

	  1591	  

Figure	  9.	   	  Relationship	  between	  accumulation	  or	  precipitation	  (cm	  water	  equivalent	  per	  1592	  

year)	  and	  δ18O	  (‰)	  in	  NEEM	  ice	  core	  stack	  (red)	  and	  in	  different	  simulations	  (colors).	  	  1593	  

	  1594	  

	   	  1595	  
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	  1596	  

Figure	  10.	  	  Comparison	  of	  NEEM	  deuterium	  excess	  (d,	  in	  ‰)	  with	  simulations.	  1597	  

	  1598	  

	  1599	  

	  1600	  

Figure	   11.	   	   Comparison	   of	   NEEM	   δ18O	   (red,	   in	   ‰)	   with	   gridded	   temperature	  1601	  

reconstructions	  and	  simulations	  (in	  °C).	  1602	  
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	  1604	  

	  1605	  

Figure	  12.	  Map	  of	  surface	  air	  temperature	  change	  calculated	  from	  1979	  to	  2011	  (°C)	  for	  	  1606	  

a)	  ERA-‐interim,	  b)	  NCEP,	  c)	  MAR/ERA	  and	  d)	  MAR/NCEP.	  	  1607	  

	  1608	  

	  1609	  

	  1610	  

	  1611	  

	   	  1612	  
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	   	   	  1613	  

	  1614	  

Figure	   13.	   Temperature	   and	  δ18O	   anomalies	   during	   1928.	   Left,	   comparison	   of	   seasonal	  1615	  

temperature	   anomalies	   in	   1928	   and	   2010.	   Polar	   graph	   showing	   the	   anomaly	   of	   SW	  1616	  

Greenland	   temperature	   with	   respect	   to	   the	   average	   values	   of	   the	   earlier	   30	   years	  1617	  

(respectively	   1898-‐1927,	   and	   1980-‐2009)	   in	   standard	   deviation	   units	   (scaled	   to	   the	  1618	  

respective	  standard	  deviation	  of	  each	  30	  year	  interval),	  for	  1928	  (blue)	  and	  2010	  (red),	  as	  1619	  

a	   function	   of	   the	   month	   (angle).	   The	   angle	   represents	   the	   month	   (anti-‐clockwise,	   from	  1620	  

January	  to	  December);	  the	  distance	  to	  the	  disk	  center	  represents	  standard	  deviation	  units	  1621	  

(extreme	  monthly	   values	   will	   therefore	   be	   located	   on	   the	   outer	   part	   of	   the	   disk,	   with	   a	  1622	  

radius	   above	   1).	   Right,	   map	   showing	   the	   strength	   of	   the	   1928	   temperature	   and	   δ18O	  1623	  

anomalies	   for	   SW	   coastal	   temperature	   (white	   rectangle),	   for	   the	   PC1	   of	   Greenland	  δ18O	  1624	  

(white	  rectangle	  labeled	  PC1)	  and	  for	  each	  ice	  core	  site,	  with	  respect	  to	  the	  average	  values	  1625	  

in	  1898-‐1927	  and	  expressed	  in	  standard	  deviation	  units.	  1626	  

	   	  1627	  
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	   	  1628	  

Figure	   14.	   Accumulation	   anomalies	   during	   1928	   and	   1933	  with	   respect	   to	   the	   average	  1629	  

values	   of	   1898-‐1927,	   in	   standard	   deviation	   units	   (scaled	   to	   the	   standard	   deviation	   of	  1630	  

accumulation	  in	  1893-‐1927),	  for	  1928	  (left)	  and	  1933	  (right),	  as	  a	  function	  of	  the	  month	  1631	  

(angle).	  1632	  

	   	  1633	  
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	   	  1634	  

	  1635	  

	  1636	  

	  1637	  

Figure	  15.	  Map	  of	  accumulation	  (top)	  and	  δ18O	  (bottom)	  anomaly	  during	  1815-‐1825	  (left)	  1638	  

and	  1836-‐1846	  (right)	  (corresponding	  respectively	  to	  the	  coldest-‐driest	  11-‐year	  periods	  in	  1639	  

PC1	   and	   NEEM),	   calculated	   from	   individual	   records,	   as	   anomalies	   from	   the	   1761-‐1966	  1640	  

average,	   and	   divided	   by	   the	   standard	   deviation	   of	   11-‐year	   averages	   for	   1761-‐1966	   (in	  1641	  

standard	  deviation	  units).	  	  1642	  
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