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Supplementary	
  Information	
  
	
  

1.	
  The	
  effect	
  of	
  the	
  δ13C(CH4)	
  seasonal	
  cycle	
  

CH4	
  and	
  δ13C(CH4)	
  undergo	
   seasonal	
   cycles	
   (Miller	
   et	
   al.,	
   2002,	
  Tyler	
   et	
   al.,	
  

2007,	
  Dugoklencky	
  et	
  al.,	
  2009),	
  which	
  are	
  recorded	
  in	
  the	
  upper	
  firn.	
  However,	
  the	
  

inverse	
   model	
   cannot	
   reconstruct	
   the	
   seasonal	
   signal	
   (see:	
  Wang	
   et	
   al.,	
   2012	
   for	
  

further	
   discussion)	
   thus	
   it	
   has	
   to	
   be	
   assessed	
   separately.	
   The	
   amplitude	
   of	
   the	
  

seasonal	
  signal	
  at	
  the	
  SH	
  sites	
  is	
  very	
  small	
  and	
  thus	
  does	
  not	
  significantly	
  affect	
  the	
  

firn	
   profiles	
   from	
   Antarctica.	
   Therefore,	
   the	
   sensitivity	
   to	
   seasonality	
   was	
   only	
  

examined	
  for	
  the	
  NH	
  sites	
  using	
  the	
  model	
   in	
  the	
  forward	
  mode.	
  Model	
  runs	
  were	
  

performed	
  for	
  an	
  atmospheric	
  scenario	
  with	
  (Fig.	
  S1:	
  black	
  lines)	
  and	
  without	
  (Fig.	
  

S1:	
  colored	
  lines)	
  seasonality	
  and	
  the	
  difference	
  between	
  the	
  two	
  model	
  results	
  was	
  

used	
   to	
   correct	
   the	
   firn	
  data	
   for	
   seasonality.	
  These	
   corrected	
  values	
  were	
  used	
  as	
  

input	
  in	
  the	
  inverse	
  model.	
  	
  

Note	
   that	
   near-­‐surface	
   δ13C(CH4)	
   data	
   in	
   Devon	
   Island	
   firn	
   are	
   distinctly	
  

lower	
   than	
   at	
   other	
   sites,	
   although	
   seasonality	
   has	
   a	
   weak	
   impact.	
   Diffusivity	
   at	
  

Devon	
  Island	
  is	
  smaller	
  than	
  at	
  all	
  other	
  sites,	
  and	
  stronger	
  CH4	
  trends	
  are	
  observed	
  

in	
  the	
  upper	
  firn	
  than	
  at	
  other	
  sites	
  (Witrant	
  et	
  al.,	
  2012).	
  In	
  relation	
  with	
  the	
  melt	
  

layers,	
  firn	
  fractionation	
  may	
  already	
  operate	
  and	
  be	
  under-­‐estimated	
  by	
  the	
  model	
  

in	
  the	
  upper	
  Devon	
  Island	
  firn.	
  	
  	
  

	
  

2.	
  Sensitivity	
  to	
  uncertainties	
  on	
  the	
  CH4	
  scenario	
  	
  

A	
   reconstructed	
   atmospheric	
   CH4	
   scenario	
   is	
   used	
   as	
   input	
   for	
   the	
   model.	
  

This	
   scenario	
   is	
   based	
   on	
   direct	
   atmospheric	
   measurements	
   from	
   continuous	
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atmospheric	
   monitoring	
   from	
   the	
   NOAA-­‐ESRL	
   network	
   and	
   from	
   high-­‐resolution	
  

firn/ice	
  core	
  measurement	
  from	
  the	
  high	
  accumulation	
  site	
  of	
  Law	
  Dome,	
  Antarctica	
  

(Etheridge	
  et	
  al.,	
  1998,	
  MacFarling	
  Meure	
  et	
  al.,	
  2006).	
  Based	
  on	
  these	
  data,	
  two	
  CH4	
  

scenarios	
  were	
  built	
  for	
  the	
  Northern	
  (Buizert	
  et	
  al.,	
  2012)	
  and	
  Southern	
  (Witrant	
  et	
  

al.,	
   2012)	
   hemispheres.	
   As	
   shown	
   in	
   Section	
   5.3	
   of	
   the	
  main	
   paper,	
   the	
   temporal	
  

change	
   in	
   the	
  CH4	
  mixing	
   ratio	
   is	
   responsible	
   for	
   a	
   large	
   fraction	
  of	
   the	
  δ13C(CH4)	
  

variations	
  in	
  the	
  firn.	
  

	
   In	
  order	
   to	
  evaluate	
   the	
  sensitivity	
  of	
  δ13C(CH4)	
   to	
   the	
  precise	
   shape	
  of	
   the	
  

CH4	
  scenario,	
  the	
  model	
  was	
  forced	
  with	
  the	
  minimum	
  and	
  maximum	
  values	
  of	
  the	
  

CH4	
  scenarios.	
  The	
  results	
  depicted	
   in	
  Fig.	
  S2,	
   show	
  that	
   the	
  scenarios	
   inferred	
  by	
  

the	
  minimum	
   (left	
   panels:	
   green	
   line)	
   and	
   the	
  maximum	
   (left	
   panels:	
   purple	
   line)	
  

CH4	
   trends	
   are	
   within	
   the	
   uncertainty	
   envelopes	
   of	
   our	
   δ13C(CH4)	
   best-­‐guess	
  

scenario.	
   	
   However,	
   the	
   uncertainty	
   on	
   the	
   CH4	
   scenario	
   affects	
   the	
   slope	
   of	
   the	
  

reconstructed	
   δ13C(CH4)	
   trend	
   and	
   is	
   a	
   possible	
   explanation	
   for	
   the	
   difference	
  

between	
  our	
  results	
  and	
  Cape	
  Grim	
  air	
  archive	
  data.	
  

	
  
	
  

3.	
  Sensitivity	
  to	
  the	
  regularization	
  term	
  

	
   Since	
   reconstructing	
   atmospheric	
   scenarios	
   from	
   firn	
   air	
   data	
   is	
   an	
   under-­‐

constrained	
  approach	
  (less	
  data	
  than	
  degrees	
  of	
  freedom),	
  additional	
  information	
  is	
  

required	
  to	
  obtain	
  a	
  unique	
  solution.	
   	
  This	
  additional	
   information	
   is	
  provided	
  as	
  a	
  

regularization	
   term	
   “k2”	
   which	
   controls	
   the	
   smoothness	
   of	
   the	
   solution	
  

(Rommelaere	
  et	
  al.,	
  1997).	
  Higher	
  values	
  of	
  k2	
  lead	
  to	
  smoother	
  δ13C(CH4)	
  scenarios	
  

while	
   low	
   values	
   of	
   k2	
   lead	
   to	
   more	
   variable	
   solutions	
   which	
   fit	
   more	
   of	
   the	
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variability	
  of	
  firn	
  air	
  data	
  (which	
  are	
  also	
  associated	
  with	
  an	
  analytical	
  error).	
  As	
  the	
  

timescale	
   of	
   δ13C(CH4)	
   variations	
   in	
   the	
   atmosphere	
   is	
   long	
   (Tans,	
   1997),	
   the	
  

regularization	
  term	
  has	
  to	
  be	
  carefully	
  chosen	
  to	
  yield	
  a	
  smooth	
  scenario	
   that	
  still	
  

fits	
  the	
  data	
  within	
  the	
  uncertainty.	
  

	
   The	
   choice	
   of	
   the	
   optimal	
   values	
   of	
   k2	
   is	
   an	
   important	
   issue	
   recently	
  

improved	
  in	
  Witrant	
  and	
  Martinerie,	
  (2013)	
  using	
  a	
  robustness-­‐oriented	
  statistical	
  

technique.	
   In	
  order	
   to	
   investigate	
   the	
  sensitivity	
  of	
  δ13C(CH4)	
   to	
   the	
  regularization	
  

term,	
   we	
   vary	
   it	
   by	
   several	
   orders	
   of	
   magnitude.	
   Fig.	
   S3ac,	
   shows	
   the	
   effect	
   of	
  

increasing	
  the	
  regularization	
  term	
  by	
  a	
  factor	
  100	
  (long-­‐dashed	
  blue	
  lines)	
  and	
  by	
  a	
  

factor	
   10	
   (short-­‐dashed	
   blue	
   lines)	
   and	
   by	
   decreasing	
   it	
   by	
   a	
   factor	
   100	
   (long-­‐

dashed	
   green	
   lines)	
   and	
   10	
   (short-­‐dashed	
   green	
   line).	
   For	
   the	
   SH	
   sites,	
   the	
  

difference	
   among	
   the	
   scenarios,	
   long-­‐dashed	
   line,	
   short-­‐dashed	
   line	
   and	
   full-­‐line	
  

(best-­‐guess	
  scenario)	
  is	
  very	
  small.	
  For	
  the	
  NH	
  sites,	
  the	
  difference	
  is	
  larger,	
  but	
  the	
  

scenarios	
  all	
  fall	
  within	
  the	
  uncertainty	
  envelope	
  of	
  the	
  optimal	
  scenario,	
  except	
  for	
  

the	
   early	
   part	
   of	
   the	
   profile	
   for	
   the	
   factor	
   100	
   decrease.	
   Fig.	
   S3	
   shows	
   that	
   the	
  

number	
  of	
  different	
  sites	
  constraining	
  the	
  model	
  is	
  important.	
  For	
  the	
  SH,	
  where	
  7	
  

qualitatively	
   different	
   sites	
   are	
   used	
   as	
   input	
   for	
   the	
   multi-­‐site	
   inversion,	
   the	
  

regularization	
  term	
  does	
  not	
  affect	
  the	
  δ13C(CH4)	
  scenario	
  significantly,	
  whereas	
  for	
  

the	
   NH	
   with	
   only	
   3	
   sites	
   with	
   very	
   similar	
   profiles	
   the	
   scenario	
   is	
   less	
   well	
  

constrained.	
  

	
  

4.	
  Deep	
  firn	
  data	
  

In	
  the	
  multisite	
  scenario	
  reconstruction,	
  the	
  deepest	
  data-­‐points	
  at	
  each	
  site	
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were	
  excluded,	
  because	
  the	
  correction	
  for	
  isotopic	
  fractionation	
  is	
  very	
  uncertain	
  in	
  

the	
  deep	
   firn.	
  Two	
  different	
  ways	
  of	
  excluding	
  deep	
   firn	
  data	
  were	
  used.	
  The	
   first	
  

method	
  is	
  used	
  in	
  the	
  main	
  article:	
  the	
  data	
  points	
  showing	
  the	
  strongest	
  deviations	
  

from	
   the	
   modeled	
   isotopic	
   fractionation	
   in	
   firn	
   are	
   removed	
   (Fig.	
   5	
   of	
   the	
   main	
  

paper,	
  also	
  shown	
  in	
  Fig.	
  S4,	
  black	
  lines).	
  Alternatively	
  (second	
  method	
  used	
  here)	
  

all	
   data	
   below	
   the	
   lock-­‐in	
   depth	
   (LIDgas	
   in	
   Table	
   2	
   of	
   Witrant	
   et	
   al.,	
   2012)	
   are	
  

removed.	
   The	
   results	
   are	
   provided	
   in	
   Fig.	
   S4,	
   red	
   and	
   green	
   lines.	
   Both	
  methods	
  

show	
  very	
  similar	
  results.	
  However,	
  removing	
  all	
  data	
  points	
  below	
  the	
  LID	
  reduces	
  

the	
  length	
  of	
  the	
  period	
  of	
  the	
  reconstructed	
  atmospheric	
  trend	
  (more	
  firn	
  data	
  are	
  

excluded).	
  

	
  

5.	
  Accounting	
  for	
  inter-­‐laboratory	
  calibration	
  differences	
  

Inconsistencies	
  between	
  different	
  datasets	
  can	
  arise	
  due	
  to	
  calibration	
  scale	
  

differences	
  between	
   laboratories.	
  Since	
   the	
   largest	
  amount	
  of	
  data	
  presented	
  here	
  

was	
  measured	
  at	
  the	
  LGGE,	
  all	
  the	
  results	
  are	
  converted	
  to	
  the	
  LGGE	
  scale,	
  based	
  on	
  

the	
   following	
   arguments.	
   Note	
   that	
   the	
   LGGE	
   system	
   is	
   no	
   longer	
   operational	
  

prohibiting	
  direct	
  intercalibration	
  with	
  the	
  other	
  systems.	
  10	
  firn	
  gas	
  samples	
  from	
  

NGRIP	
  have	
  been	
  measured	
  by	
  IMAU.	
  Those	
  samples	
  were	
  covering	
  the	
  same	
  depth	
  

range	
  as	
  the	
  samples	
  measured	
  at	
  the	
  LGGE	
  6	
  years	
  earlier	
  but	
  were	
  not	
  the	
  same	
  

set	
  of	
  samples.	
  However,	
  all	
  measurements	
  of	
  firn	
  air	
  from	
  similar	
  depths	
  have	
  been	
  

compared	
  and	
  the	
  average	
  δ13C(CH4)	
  difference	
  measured	
  between	
  IMAU	
  and	
  LGGE	
  

is	
  0.14	
  ±	
  0.07‰.	
  The	
  IMAU	
  data	
  are	
  corrected	
  for	
  this	
  offset.	
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To	
   link	
  the	
  data	
   from	
  CIC	
  to	
  the	
  LGGE	
  scale,	
  CIC	
  measured	
  NEEM	
  2008	
  firn	
  

samples	
  from	
  the	
  European	
  hole	
  (NM-­‐EU-­‐08),	
  which	
  were	
  measured	
  at	
  IMAU	
  and	
  an	
  

average	
  difference	
  of	
  0.14+/-­‐0.02	
  ‰	
  has	
  been	
  measured	
  between	
  the	
  IMAU	
  and	
  CIC,	
  

yielding	
  a	
  difference	
  of	
  0	
  +/-­‐0.07	
  ‰	
  between	
  CIC	
  and	
  LGGE.	
  The	
  intercalibration	
  is	
  

supported	
   by	
   Sperlich	
   et	
   al.	
   (2012)	
   and	
   (2013)	
   who	
   referenced	
   the	
   CIC	
   setup	
  

directly	
  to	
  the	
  VPDB	
  scale,	
  to	
  optimize	
  the	
  measurement	
  accuracy.	
  

No	
  systematic	
  differences	
  between	
  LGGE,	
  NIWA	
  and	
  CSIRO	
  were	
  reported	
  for	
  

δ13C(CH4)	
  anaylsis	
  in	
  previous	
  studies	
  (Aballain,	
  2002,	
  page	
  82	
  and	
  S.	
  Bernard,	
  PhD	
  

Thesis,	
  2004).	
  	
  

The	
  differences	
  between	
   the	
  different	
  measurement	
   systems	
   and	
   the	
  LGGE	
  

are	
   summarized	
   in	
  Table	
   S1.	
  These	
   intercalibration	
  offsets	
   are	
  of	
   the	
  order	
  of	
   the	
  

analytical	
   precision	
   of	
   individual	
   laboratories	
   and	
   smaller	
   than	
   the	
   reconstructed	
  

temporal	
  trends.	
  

	
  

6.	
  Forward	
  model	
  forced	
  with	
  the	
  Cape	
  Grim-­‐DEO8	
  scenario	
  

 As an alternative way to assess the consistency between previously published data 

and the complete firn air dataset, an atmospheric scenario was built solely from 

atmospheric and DE08 data (Fig. S5, left panel) and used as input to the LGGE-GIPSA 

forward model of gas transport in firn. Note that NIWA data was preferred to NOAA data 

here because inter-calibration tests showed no significant discrepancies between LGGE, 

CSIRO and NIWA data (Aballain, 2002, page 82), whereas no direct comparison with 

LGGE data is available for NOAA data. A recent comparison of NIWA and NOAA 

atmospheric data series suggest a shift of 0.132±0.22 ‰ (Levin et al., 2012). Fig. S5 
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shows that a scenario using NIWA, Cape Grim and DEO8 as input in the forward model 

leads to large discrepancies between the data points and the modeled concentrations in 

firn (Fig. S5b). This shows that using DEO8, even though it is a high accumulation rate 

site, to build a reference δ13CH4 atmospheric trend does not improve the consistency 

between the datasets. The DE08 firn was sampled in 1993. The two next sampling were 

performed at South Pole (SPO95) and Vostok (VOS) in 1995. These similar drill dates 

imply that upper firn air samples at those three sites have similar ages. However, 

simulating δ13C(CH4) at SPO95 and VOS with a DE08 based atmospheric scenario leads 

to large differences with the data well above the lock-in depth, where firn fractionation is 

limited. Thus, uncertainties associated to intercalibration offsets or associated to 

experimental issues (Kr interference) between the different laboratories could also cause 

the discrepancies observed.  

7. Dispersive mixing tests 

	
   The	
  possible	
  occurrence	
  of	
  dispersive	
  or	
  non-­‐fractionating	
  transport	
  within	
  

the	
  lock-­‐in	
  zone	
  has	
  been	
  recently	
  introduced	
  and	
  formulated	
  as	
  a	
  gas	
  independent	
  

diffusive	
   term	
   (Severinghaus	
  et	
   al.,	
   2010,	
   Supplement).	
  This	
   term	
   is	
   similar	
   to	
   the	
  

term	
   used	
   to	
   represent	
   convective	
   mixing	
   in	
   the	
   upper	
   firn.	
   In	
   the	
   absence	
   of	
   a	
  

quantitative	
  criterion	
  to	
  discriminate	
  between	
  molecular	
  diffusion	
  (characterised	
  by	
  

a	
  gas	
  dependent	
  diffusion	
  coefficient	
  Dmolec)	
  and	
  dispersive	
  transport	
  (characterized	
  

by	
   a	
   gas	
   independent	
   diffusion	
   coefficient	
   Deddy),	
   different	
   relative	
   fractions	
   of	
  

diffusion	
  versus	
  dispersion	
  terms	
  have	
  been	
  used	
  (Buizert	
  et	
  al.,	
  2012;	
  Trudinger	
  et	
  

al.,	
  2013).	
  It	
  should	
  be	
  noted	
  that	
  the	
  differences	
  between	
  our	
  results	
  and	
  previous	
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δ13C(CH4)	
   firn	
  air	
  studies	
  cannot	
  be	
  caused	
  by	
  the	
  effect	
  of	
  dispersive	
  transport	
   in	
  

the	
   lock-­‐in	
   zone	
   because	
   this	
   new	
   concept	
   was	
   not	
   used	
   in	
   the	
   earlier	
   studies	
  

(Francey	
  et	
  al.,	
  1999,	
  	
  Bräunlich	
  et	
  al.,	
  2001,	
  Sowers,	
  GBC,	
  2005).	
  	
  

	
   We	
  tested	
  the	
  effect	
  of	
  a	
  potential	
  dispersive	
  transport	
  in	
  the	
  LIZ	
  by	
  splitting	
  

the	
  diffusivity	
  for	
  13CH4	
  into	
  a	
  dispersive	
  fraction	
  (where	
  the	
  diffusion	
  coefficient	
  in	
  

free	
  air	
  of	
  12CH4	
  is	
  used	
  for	
  both	
  isotopologues)	
  and	
  the	
  normal	
  molecular	
  diffusion	
  

fraction	
  where	
   the	
  different	
  diffusion	
  coefficients	
   in	
   free	
  air	
  of	
   12CH4	
  and	
  13CH4	
  are	
  

used.	
   The	
   relative	
   fractions	
   of	
   the	
   two	
   diffusive	
   terms	
   as	
   a	
   function	
   of	
   Dtotal	
  were	
  

scaled	
  to	
  the	
  NEEM-­‐EU	
  CIC	
  model	
  diffusivities	
  in	
  Buizert	
  et	
  al.	
  (2012).	
  For	
  12CH4	
  the	
  

diffusivity	
  does	
  not	
  change	
  in	
  this	
  setup.	
  This	
  test	
  is	
  similar	
  to	
  Scenario	
  1	
  in	
  Buizert	
  

et	
   al.,	
   (2012)	
   and	
   does	
   not	
   require	
   re-­‐tuning	
   diffusivity	
   profiles	
   at	
   all	
   sites.	
   This	
  

implementation	
  method	
  is	
  motivated	
  by	
  the	
  fact	
  that	
  using	
  the	
  CIC	
  model	
  dispersive	
  

mixing	
  fraction	
  also	
  for	
  12CH4	
  would	
  require	
  re-­‐tuning	
  diffusivity	
  profiles	
  at	
  all	
  sites:	
  

a	
  drawback	
  of	
  representing	
  dispersive	
  mixing	
  as	
  a	
  gas	
  independent	
  diffusive	
  term	
  is	
  

that	
  all	
  gases	
  are	
  not	
  affected	
  equally.	
  Buizert	
  et	
  al.	
  (2012)	
  have	
  chosen	
  CO2	
  as	
  the	
  

reference	
   gas	
   for	
  which	
   dispersive	
  mixing	
   and	
  molecular	
   diffusion	
   have	
   the	
   same	
  

effect.	
  Hence	
  CO2	
   is	
  not	
  affected	
  by	
  dispersive	
  mixing	
  whereas	
  δ13C(CO2)	
   is.	
   In	
   the	
  

case	
  of	
  CH4,	
  both	
  CH4	
  and	
  δ13C(CH4)	
  are	
  affected.	
  

	
   Based	
  on	
  the	
   fact	
   that	
  DE08	
   is	
   less	
  affected	
  by	
   firn	
   fractionation	
  than	
  other	
  

sites	
  (see	
  Section	
  5.4	
  of	
  the	
  main	
  article	
  and	
  Buizert	
  et	
  al.,	
  2012),	
  we	
  performed	
  the	
  

SH	
   dispersive	
   mixing	
   test	
   using	
   the	
   DE08	
   and	
   atmospheric	
   data	
   based	
   scenario	
  

described	
   in	
   the	
  previous	
   section,	
   and	
   the	
   forward	
   firn	
  model.	
  The	
   comparison	
  of	
  

Fig.	
  S5b	
  (no	
  dispersive	
  mixing)	
  and	
  Fig.	
  S6b	
  (with	
  dispersive	
  mixing)	
  confirms	
  the	
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weaker	
   impact	
  of	
   firn	
   fractionation	
   in	
  the	
   lock-­‐in	
  zone	
  at	
  DE08	
  compared	
  to	
  other	
  

sites.	
  However,	
  major	
  discrepancies	
  between	
  model	
  results	
  and	
  firn	
  data	
  above	
  the	
  

lock-­‐in	
  depth	
   remain	
   (e.g.	
   at	
  Vostok	
   and	
   South	
  Pole	
  1995,	
   as	
   discussed	
   in	
   Section	
  

5.4),	
  thus	
  dispersive	
  mixing	
  in	
  the	
  lock	
  in	
  zone	
  does	
  not	
  allow	
  to	
  reconcile	
  the	
  DE08	
  

firn	
  and	
  ice	
  based	
  scenario	
  with	
  results	
  at	
  other	
  sites.	
  

	
   No	
  high	
  accumulation	
  rate	
  site	
  based	
  trend	
  scenario	
  is	
  available	
  for	
  the	
  NH,	
  

thus	
  the	
  NH	
  dispersive	
  mixing	
  test	
  was	
  performed	
  using	
  our	
  inverse	
  scenario	
  model	
  

and	
  Kr	
  corrected	
  data	
  (Fig.	
  S7).	
  The	
  comparison	
  of	
   those	
  results	
  with	
  Fig.	
  8	
  of	
   the	
  

main	
   article	
   shows	
   that	
   the	
   early	
   part	
   of	
   the	
   reconstructed	
   atmospheric	
   trend	
   is	
  

affected	
   by	
   dispersive	
   mixing.	
   This	
   is	
   consistent	
   with	
   the	
   calculated	
   estimate	
   of	
  

Buizert	
  et	
  al.	
  (2012)	
  of	
  about	
  0.5	
  ‰	
  uncertainty	
  for	
  δ13C(CH4)	
  in	
  the	
  lock-­‐in	
  zone.	
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Table	
  S1:	
  Intercalibration	
  difference	
  in	
  δ13C(CH4)	
  between	
  LGGE	
  and	
  other	
  laboratories.	
  
	
  

Laboratories	
   IMAU	
   CIC	
   CSIRO	
   NIWA	
   NOAA	
  

LGGE	
  
0.14	
  

+/-­‐0.07	
  ‰	
  

0	
  

+/-­‐	
  0.07	
  ‰	
  

No	
  

systematic	
  

difference	
  

No	
  

systematic	
  

difference	
  

No	
  

intercalibration	
  

available	
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Figure	
  S1:	
  Model	
  estimate	
  of	
   the	
  effect	
  of	
  seasonality	
  on	
  δ13C(CH4)	
   in	
   firn.	
  Measured	
  isotopic	
  ratios	
  
are	
   shown	
   as	
   black	
   circles	
  with	
   error	
   bars.	
   Simulated	
   values	
  with	
   constant	
   atmospheric	
   trends	
   in	
  
δ13C(CH4)	
   and	
   without	
   seasonal	
   cycle	
   are	
   plotted	
   as	
   black	
   lines,	
   simulated	
   values	
   with	
   constant	
  
atmospheric	
   trends	
   and	
   perpetual	
   mean	
   seasonal	
   cycle	
   are	
   plotted	
   as	
   green	
   dashed	
   lines.	
   The	
  
increasing	
   isotopic	
   ratios	
   with	
   depth	
   obtained	
   from	
   constant	
   scenarios	
   (black	
   lines)	
   illustrate	
   the	
  
effect	
  of	
  gravitational	
  fractionation.	
  The	
  purple	
  and	
  blue	
  dashed	
  lines	
  illustrate	
  the	
  effect	
  of	
  shifting	
  
the	
  final	
  date	
  of	
  the	
  simulation	
  (drill	
  date)	
  by	
  plus	
  or	
  minus	
  15	
  days	
  respectively.	
  The	
  green	
  dots	
  are	
  
the	
   measurement	
   values	
   corrected	
   for	
   the	
   difference	
   between	
   model	
   results	
   without	
   seasonality	
  
(black	
  solid	
  lines)	
  and	
  with	
  seasonality	
  (green	
  dashed	
  lines).	
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Figure	
  S2:	
  Multi-­‐site	
  δ13C(CH4)	
  trend	
  reconstructions	
  (a,c)	
  and	
  their	
  match	
  to	
  the	
  firn	
  data	
  (b,d)	
  in	
  the	
  
NH	
  (a,b)	
  and	
  SH	
  (c,d)	
  for	
  different	
  input	
  scenarios	
  of	
  the	
  historic	
  CH4	
  evolution	
  (see	
  text).	
  a,c,Inferred	
  
isotope	
  scenario	
  for	
  minimum	
  (green),	
  maximum	
  (purple)	
  or	
  best	
  estimate	
  (black)	
  CH4	
  scenario	
  used	
  
in	
   the	
   inversion.	
   Uncertainty	
   limits	
   for	
   the	
   best	
   estimate	
   are	
   shown	
   as	
   dashed	
   lines.	
   Right	
   panels:	
  
Isotope	
  profiles	
  at	
  NM-­‐EU-­‐08	
  (purple),	
  NM-­‐09	
  (red),	
  NGR	
  (green)	
  and	
  DI	
  (black)	
  for	
  the	
  NH	
  and	
  DE08	
  
(orange),	
  BI(purple),	
  SPO-­‐95	
  (dark	
  blue),	
  SPO-­‐01	
  (light	
  blue),	
  DML	
  (black),	
  DC	
  (green),	
  VOS	
  (brown)	
  
for	
  the	
  SH.	
  Equal	
  weight	
  is	
  given	
  to	
  all	
  sites	
  and	
  for	
  SPO-­‐01	
  the	
  diffusivity	
  from	
  SPO-­‐95	
  is	
  used.	
  Points	
  
from	
  the	
  deep	
  firn	
  that	
  were	
  left	
  out	
  for	
  the	
  multi-­‐site	
  reconstruction	
  are	
  shown	
  in	
  grey.	
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Figure	
   S3:	
   Sensitivity	
   of	
  δ13C(CH4)	
   reconstructions	
   to	
   the	
   regularization	
   term.	
  Multi-­‐site	
  δ13C(CH4)	
  
trend	
  reconstructions	
  (left	
  panels)	
  and	
  their	
  match	
  of	
  the	
  firn	
  data	
  (right	
  panels).	
  a	
  and	
  c:	
  Black	
  lines	
  
(with	
  dashed	
   lines	
   as	
   confidence	
   intervals)	
   show	
   the	
   result	
  with	
  optimized	
   regularization	
   term	
  k2,	
  
which	
   is	
   compared	
   to:	
   regularization	
   term	
   increased	
   by	
   a	
   factor	
   of	
   100	
   (long-­‐dashed	
   blue	
   line),	
  
regularization	
  term	
  increased	
  by	
  a	
  factor	
  of	
  10	
  (short-­‐dashed	
  blue	
  line),	
  regularization	
  term	
  reduced	
  
by	
  a	
  factor	
  of	
  100	
  (long-­‐dashed	
  green	
  line)	
  and	
  regularization	
  term	
  reduced	
  by	
  a	
  factor	
  of	
  10	
  (short-­‐
dashed	
   green	
   line).	
   b	
   and	
   d:	
   Comparison	
   of	
  model	
   results	
   to	
   the	
   data.	
   Solid	
   lines	
   show	
   the	
  model	
  
results	
   with	
   the	
   optimized	
   regularization	
   term,	
   short-­‐dashed	
   lines	
   the	
   results	
   with	
   regularization	
  
term	
  reduced	
  by	
  a	
  factor	
  of	
  100	
  and	
  long-­‐dashed	
  lines	
  the	
  results	
  with	
  regularization	
  term	
  increased	
  
by	
   a	
   factor	
   of	
   100.	
   Equal	
  weight	
   for	
   all	
   sites	
   and	
  modified	
   diffusivity	
   for	
   SPO-­‐01	
   (using	
   diffusivity	
  
from	
  SPO-­‐95)	
  were	
  used.	
  Points	
  from	
  the	
  deep	
  firn	
  that	
  were	
  left	
  out	
  for	
  the	
  multi-­‐site	
  reconstruction	
  
are	
  shown	
  in	
  grey.	
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Figure	
  S4:	
  Multi-­‐site	
  δ13C(CH4)	
  trend	
  reconstructions	
  (a	
  and	
  d),	
  the	
  fit	
  to	
  the	
  firn	
  data	
  (b	
  and	
  e)	
  and	
  
the	
  difference	
  between	
  model-­‐data	
  	
  (c	
  and	
  f).	
  NH	
  sites	
  (a,	
  b	
  and	
  c)	
  and	
  SH	
  sites	
  (d,	
  e	
  and	
  f)	
  when	
  all	
  
data	
  points	
  below	
  the	
  LID	
  are	
  excluded	
   in	
   the	
   inversion.	
  Multi-­‐site	
   inversion	
  with	
  equal-­‐weight	
   for	
  
each	
  site	
  (red	
  lines)	
  and	
  with	
  single	
  site	
  RMS	
  difference	
  based	
  weight	
  for	
  each	
  site	
  (green	
  lines)	
  (a,d).	
  
Optimal	
  scenarios	
  are	
  shown	
  as	
  continuous	
  lines	
  and	
  uncertainty	
  envelopes	
  as	
  dashed	
  lines.	
  The	
  grey	
  
curve	
  (a,d)	
  represents	
  air-­‐archive	
  from	
  Cape	
  Grim	
  (Francey	
  et	
  al.,	
  1998)	
  and	
  continuous	
  atmospheric	
  
monitoring	
  data	
  from	
  the	
  NOAA-­‐ESRL	
  network.	
  The	
  black	
  lines	
  on	
  panels	
  a	
  and	
  b	
  represent	
  the	
  red	
  
lines	
  in	
  Fig.	
  5	
  of	
  the	
  main	
  paper.	
  When	
  all	
  points	
  below	
  the	
  lock-­‐in	
  depth	
  are	
  excluded	
  ,the	
  scenarios	
  
are	
  much	
  shorter	
  (red	
  and	
  green	
  lines).	
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Figure	
   S5:	
   SH	
   (a)	
   atmospheric	
   scenario	
   for	
   δ13C	
   (black	
   line)	
   based	
   on	
   NIWA	
   atmospheric	
   data	
   at	
  
Arrival	
  Heights	
  (Antarctica,	
  Lowe	
  et	
  al.,	
  1991),	
  the	
  Cape	
  Grim	
  air	
  archive	
  (Francey	
  et	
  al.,	
  1999),	
  and	
  
DE08	
  firn	
  and	
  ice	
  data	
  (Ferretti	
  et	
  al.,	
  2005).	
  Black	
  stars	
  show	
  the	
  dataset	
  used	
  to	
  build	
  the	
  scenario,	
  
blue	
  circles	
  show	
  the	
  whole	
  Ferretti	
  et	
  al.	
  (2005)	
  dataset	
  also	
  including	
  the	
  lower	
  accumulation	
  rate	
  
DSS	
  site.	
  (b)	
  Comparison	
  of	
  the	
  firn	
  data	
  with	
  model	
  results	
  obtained	
  by	
  using	
  the	
  panel	
  (a)	
  scenario	
  
as	
  input	
  to	
  the	
  LGGE-­‐GIPSA	
  forward	
  model	
  of	
  gas	
  transport	
  in	
  firn.	
  The	
  light	
  blue	
  dashed	
  line	
  shows	
  
results	
  for	
  South	
  Pole	
  2001	
  obtained	
  with	
  the	
  South	
  Pole	
  1995	
  diffusivity.	
  (c)	
  model-­‐data	
  differences	
  
(for	
  SP2001	
  with	
  the	
  original	
  diffusivity).	
  	
  The	
  site	
  names	
  and	
  color	
  codes	
  are	
  as	
  given	
  in	
  the	
  legend	
  
of	
  Fig.	
  1.	
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Figure	
  S6:	
  Dispersive	
  mixing	
  test	
   for	
   the	
  SH	
  sites.	
  SH	
  (a)	
  atmospheric	
  scenario	
   for	
  δ13C	
  (black	
   line)	
  
based	
  on	
  NIWA	
  atmospheric	
  data	
  at	
  Arrival	
  Heights	
  (Antarctica,	
  Lowe	
  et	
  al.,	
  1991),	
  the	
  Cape	
  Grim	
  air	
  
archive	
  (Francey	
  et	
  al.,	
  1999),	
  and	
  DE08	
  firn	
  and	
  ice	
  data	
  (Ferretti	
  et	
  al.,	
  2005).	
  Black	
  stars	
  show	
  the	
  
dataset	
   used	
   to	
   build	
   the	
   scenario,	
   blue	
   circles	
   show	
   the	
  whole	
   Ferretti	
   et	
   al.	
   (2005)	
   dataset	
   also	
  
including	
   the	
   lower	
  accumulation	
  rate	
  DSS	
  site.	
   (b)	
  Comparison	
  of	
   the	
   firn	
  data	
  with	
  model	
  results	
  
obtained	
  by	
  using	
  the	
  panel	
  (a)	
  scenario	
  as	
  input	
  to	
  the	
  LGGE-­‐GIPSA	
  forward	
  model	
  of	
  gas	
  transport	
  
in	
  firn	
  including	
  dispersive	
  mixing.	
  (c)	
  model-­‐data	
  differences	
  with	
  dispersive	
  mixing.	
  The	
  site	
  names	
  
and	
  color	
  codes	
  are	
  as	
  given	
  in	
  the	
  legend	
  of	
  Fig.	
  1.	
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Figure	
  S7:	
  Dispersive	
  mixing	
  test	
  for	
  the	
  NH	
  sites.	
  (a)	
  NH	
  multi-­‐site	
  δ13C(CH4)	
  trend	
  scenarios	
  based	
  
on	
  Kr	
  corrected	
  firn	
  data	
  without	
  dispersive	
  mixing	
  (red	
  curves,	
  same	
  as	
  Fig.	
  8	
  of	
   the	
  main	
  article)	
  
and	
  with	
   dispersive	
  mixing	
   (black	
   curves).	
   (b)	
   The	
   fit	
   to	
   the	
   firn	
   data	
  with	
   dispersive	
  mixing.	
   (c)	
  
model-­‐data	
  differences	
  with	
  dispersive	
  mixing.	
  The	
  continuous	
  grey	
  curve	
  (a)	
  represents	
  continuous	
  
atmospheric	
   monitoring	
   data	
   from	
   the	
   NOAA-­‐ESRL	
   network.	
   The	
   dashed	
   grey	
   curve	
   shows	
   the	
  
preferred	
  multi-­‐site	
  scenario	
  based	
  on	
  non	
  Kr-­‐corrected	
  data	
  (red	
  continuous	
  line	
  in	
  Fig.	
  5a	
  of	
  main	
  
article).	
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