
Response	  to	  referee	  comments:	  
	  
Anonymous	  Referee	  #1	  
	  
Reviewer	  general	  comment:	  
This	   paper	   reports	   first	   combined	   formaldehyde	   measurements	   in	   the	   air,	   snow	   and	  
interstitial	  air	  in	  Antarctica.	  Formaldehyde	  is	  a	  key	  compound	  in	  atmospheric	  chemistry	  
which	   can	   play	   an	   important	   role	   in	   the	   HOx	   budget	   and	   therefore	   it	   is	   important	   to	  
characterize	   its	   sources	   and	   sinks.	   This	  manuscript	   brings	   an	   interesting	   and	   original	  
dataset	   which	   is	   thoroughly	   analyzed	   through	   different	   aspects.	   Especially	   the	  
formaldehyde	   budget	   is	   examined	   and	   confirms	   that	   snow	   is	   a	   net	   source	   of	  
formaldehyde	   at	   the	   studied	   site	   but	   simulations	   with	   a	   model	   allow	   the	   authors	   to	  
conclude	   that	   the	   gas-‐phase	   oxidation	   of	   methane	   remains	   the	   dominating	   source.	  
Generally	   the	   paper	   is	   clear	   and	   well	   written.	   Nevertheless,	   there	   are	   some	   sections	  
which	   could	   be	   improved	   to	   help	   the	   readiness	   of	   the	   paper	   (in	   terms	   of	   structure).	  
Therefore	   I	   would	   recommend	   publication	   of	   this	   paper	   in	   ACP	   once	   the	   comments	  
below	  have	  been	  ad-‐	  dressed	  (Please	  note	  that	  my	  field	  of	  expertise	  covers	  only	  partly	  
the	  results	  presented	  here).	  
	  
	  
Specific	  comments:	  
Reviewer	  comment:	  The	  abstract	  should	  give	  the	  main	  conclusions	  (main	  results)	  of	  the	  
paper	  and	  therefore	  should	  answer	  the	  objectives	  which	  are	  described	  at	  the	  end	  of	  the	  
introduction.	   It	   is	   therefore	   recommended	   to	   include	   the	   important	   result	  about	   snow	  
versus	  photochemical	  production	  contributions	  to	  the	  atmospheric	  formaldehyde	  in	  the	  
abstract.	  
	  
Authors	  response:	  Following	  the	  reviewer	  comment,	  we	  added	  the	  following	  at	  the	  end	  
of	  the	  abstract:	  “Simulations	  indicate	  that	  the	  gas-‐phase	  production	  from	  CH4	  oxidation	  
largely	  contributes	  (66%)	  to	  the	  observed	  HCHO	  mixing	  ratios.	  In	  addition,	  HCHO	  snow	  
emissions	  account	  for	  ~	  30	  %	  at	  night	  and	  ~	  10	  %	  at	  noon	  to	  the	  observed	  HCHO	  levels”	  
	  
	  
Reviewer	   comment:	   The	   introduction	   could	   be	   a	   bit	   extended	   to	   give	   some	   more	  
information	   about	   formaldehyde.	   Even	   if	   the	   authors	   have	   already	   addressed	   the	  
question	  of	  formaldehyde	  in	  remote	  areas	  in	  previous	  papers;	  a	  few	  more	  information	  is	  
needed	   for	   the	   readers	   who	   do	   not	   know	   these	   previous	   works.	   A	   short	   paragraph	  
introducing	   formaldehyde	   in	   general	   (its	  main	   sources	   and	   sinks,	   its	   lifetime)	   and	   its	  
role	  in	  atmospheric	  chemistry	  and	  especially	  in	  remote	  atmosphere	  would	  allow	  to	  have	  
a	   broader	   view	   on	   the	   importance	   of	   this	   compound	   and	  would	   better	   introduce	   the	  
objectives	  of	  this	  paper.	  
	  
Authors	   response:	   Following	   the	   reviewer	   comment,	   we	   changed	   the	   introduction	   by	  
starting	  with	  an	  overall	  statement	  on	  HCHO	  as	  follows:	  “Over	  continents,	  formaldehyde	  
is	   produced	   within	   the	   atmosphere	   during	   the	   oxidation	   of	   numerous	   hydrocarbons	  
emitted	  by	  anthropogenic	  and	  natural	  sources	  and	  also	  directly	  emitted	  by	  combustion.	  
In	  the	  remote	  marine	  troposphere,	  HCHO	  is	  though	  to	  be	  mainly	  produced	  by	  the	  photo-‐
oxidation	   of	   CH4,	   the	   most	   abundant	   atmospheric	   hydrocarbon	   (Lowe	   and	   Schmidt,	  
1983).	  In	  addition	  to	  wet	  and	  dry	  deposition,	  the	  main	  sinks	  of	  HCHO	  are	  photolysis	  and	  



reaction	  with	  OH	  leading	  to	  a	  typical	  HCHO	  atmospheric	  lifetime	  of	  a	  few	  hours	  (Seinfeld	  
and	  Pandis,	  2006).	  	  
At	   remote	   high-‐latitude	   sites	   several	   studies	   were	   conducted	   over	   the	   Arctic	   and	  
Antarctic	   snowpack	   to	   evaluate	   the	   importance	   of	   the	   snowpack	   as	   a	   formaldehyde	  
source	   for	  the	  atmospheric	  polar	  boundary	   layer	  (Sumner	  and	  Shepson,	  1999;	  Yang	  et	  
al.,	  2002;	  Jacobi	  et	  al.,	  2002;	  Hutterli	  et	  al.,	  2004;	  Riedel	  et	  al.,	  1999;	  Salmon	  et	  al.,	  2008).	  
The	  understanding	  of	  the	  budget	  of	  HCHO	  in	  polar	  region	  is	  of	  importance	  since	  HCHO	  
represents	  an	  important	  source	  of	  RO2	  radicals	  in	  the	  remote	  polar	  atmosphere,	  and	  is	  
therefore	  intimately	  linked	  to	  the	  oxidative	  capacity	  of	  the	  atmosphere	  in	  these	  regions.	  
This	  is	  true	  in	  margin	  regions	  of	  Antarctica……….”	  
	  
	  
Reviewer	  comment:	  It	  is	  suggested	  to	  introduce	  the	  “method	  and	  field	  campaign”	  section	  
with	   a	   paragraph	   to	   present	   the	   overall	   experimental	   strategy	   (explaining	   that	   2	  
campaigns	  were	  performed	  and	  how	  they	  complement	  each	  other).	  
	  
Authors	  response:	  We	  agree	  that	  it	  is	  better	  to	  introduce	  the	  two	  field	  campaigns	  in	  an	  
introduction	  paragraph.	  We	  added	  the	  following	  paragraph:	  Data	  presented	  in	  this	  study	  
were	   obtained	   during	   two	   summer	   field	   campaigns	   having	   taken	   place	   at	   Concordia	  
located	  on	  the	  high	  East	  Antarctic	  plateau	  (75°06’S,	  123°33’E).	  The	  2011/12	  campaign	  
conducted	  from	  late	  November	  2011	  to	  mid-‐January	  2012	  (i.e.,	  the	  second	  OPALE	  field	  
campaign)	  was	  mainly	  dedicated	   to	  document	  HCHO	   levels	   at	   two	  different	  heights	   in	  
the	  air	  above	  the	  snow	  surface	  and	  to	  do	  a	   few	  HCHO	  measurements	   in	   interstitial	  air	  
and	  in	  snow.	  During	  the	  2012/13	  campaign	  (December	  22nd	  2012	  to	  January	  25th	  2013)	  
HCHO	  was	  measured	  at	  different	  heights	   in	  air	  and	   firn	   in	   the	   framework	  of	   the	  snow	  
tower	  experiment	  SUNITEDC	  (Evolution	  du	  Sulfate	  et	  du	  Nitrate	  de	  l'air	  et	  de	  la	  neige	  de	  
Dôme	  C).	  Hereby	  the	  priority	  was	  to	  gain	  a	  detailed	  picture	  of	  the	  HCHO	  distribution	  in	  
the	  interstitial	  air	  of	  the	  snowpack.	  	  

In	  the	  following	  section	  we	  first	  describe	  the	  analytical	  method	  used	  to	  measure	  
HCHO.	   Then,	   for	   each	   campaign	  we	   present	   on	   site	  measurement	   set	   up	   and	   applied	  
working	  conditions,	  as	  well	  as	  achieved	  detection	  limits	  in	  air,	  interstitial	  air	  and	  snow	  
(Sect.	  2.2	  and	  2.3).	  Finally,	  the	  model	  used	  to	  discuss	  the	  different	  source	  contributions	  
to	  the	  atmospheric	  HCHO	  budget	  at	  Concordia	  are	  briefly	  introduced	  in	  Sect.	  2.4.	  	  
	  
	  
Reviewer	  comment:	  The	  2011/2012	  field	  experiment	  (P32031,	  L23):	  could	  you	  give	  the	  
standard	  deviation	  	  
	  
Author	  response:	  The	  standard	  deviation	  is	  reported	  now:	  	  
“Comparison	  of	  the	  two	  15	  m	  long	  airlines	  made	  by	  putting	  their	  air	  entries	  at	  the	  same	  
height	  (1	  m)	  showed	  no	  systematic	  differences	  (mean	  difference	  of	  2.5	  ±	  40	  pptv	  over	  10	  
h).	  “	  
	  
	  
Reviewer	   comment:	   associated	   to	   the	   mean	   difference?	   (P32033,	   L13):	   “the	  
contamination	   of	   firn	   air	   became	   weaker”:	   would	   it	   be	   possible	   to	   quantify	   this	  
contamination	  and	  to	  show	  that	  it	  did	  not	  affect	  the	  presented	  results?	  
	  
Author	   response:	  We	   added	   the	   absolute	   value	   of	   firn	   air	  measured	   at	   the	   end	   of	   the	  



experiment,	   and	   we	   can	   argue	   that	   this	   value	   is	   in	   good	   agreement	   with	   the	   firn	   air	  
measurements	  realized	  in	  2012/13.	  The	  text	  was	  revised	  as	  following:	  
“At	   the	   end	   of	   the	   season,	   the	   contamination	   of	   firn	   air	   became	   quasi	   insignificant	   as	  
suggested	  by	  the	  observed	  HCHO	  values	  at	  that	  time	  (400	  pptv	  at	  a	  depth	  of	  10	  cm)	  that	  
are	   far	   lower	   than	   those	   observed	   at	   the	   beginning	   of	   the	   campaign	   and	   are	   in	   good	  
agreement	  with	  those	  obtained	  during	  the	  2012/13	  campaign.	  Thus,	  it	  was	  possible…”	  
	  
	  
Reviewer	  comment:	  (P32038	  L20):	  The	  daily	  cycle	  mentioned	  from	  14	  to	  18	  December	  
is	   not	   clear	   for	  me	   (for	   example	   data	   at	  midnight	   have	   the	   same	   value	   than	   at	   12h).	  
Section	  6	  mentions	  an	  amplitude	  of	  45	  pptv	  but	  this	   is	  only	  valid	   for	  the	  period	  19-‐28	  
December.	  Could	  this	  be	  discussed	  more	  detailed?	  
	  
Author	  response:	  Thanks	   for	   this	  comment,	  you	  are	  absolutely	  right	  and	  we	  reworded	  
this	  paragraph	  as	  following:	  	  

“From	  December	  14th	  to	  18th,	  only	  a	  small	  day/night	  difference	  of	  HCHO	  values	  can	  
be	  observed	  with	  slightly	   lower	  daytime	  values	  (116	  pptv	  between	  8:00	  LT	  and	  14:00	  
LT)	   than	   nighttime	   values	   (126	   pptv	   between	   15:00	   LT	   and	   7:00	   LT).	   During	   the	  
following	   period	   (December	   19th	   to	   28th)	   when	   air	   temperatures	   were	   enhanced,	   a	  
marked	  daily	  cycle	  (amplitude	  close	  to	  30	  pptv)	  characterized	  by	  a	  broad	  minimum	  from	  
7:00	  LT	  to	  15:00	  LT	  and	  a	  broad	  maximum	  from	  16:00	  LT	  to	  6:00	  LT	  is	  observed.”	  

In	   section	   6	  we	   also	   now	   specify	   “As	  mentioned	   in	   Sect.	   3	   (see	   also	   Fig.	   9a)	   the	  
diurnal	   HCHO	   cycle	   observed	   over	   the	   period	   from	   19th	   to	   28th	   December	   2011	   is	  
characterized	  by	  a	  daytime	  minimum	  with	  amplitude	  reaching	  30	  pptv.”	  

	  
	  
Reviewer	  comment:	  As	  the	  paper	  is	  currently	  pretty	  long,	  I’m	  wondering	  if	  it	  could	  be	  a	  
bit	   shortened	  and	  more	   focused	  on	   its	  main	  objectives	   (sources	  and	  sinks	  of	  HCHO	   in	  
Concordia,	   section	   6).	   For	   this,	   some	   intermediate	   results	   could	   be	   presented	   in	   the	  
supplementary	  material	  and	  only	   their	  main	  outcome	  would	  be	  presented	   in	   the	  main	  
text.	  Two	  sections	  who	  could	  potentially	  be	  moved	  to	  the	  supplementary	  material	  would	  
be	   sections	   4.3.1	   (just	   mentioning	   the	  main	   conclusion	   that	   the	   “polar	   snow	   appears	  
often	  under-‐	  saturated	  with	  a	  particularly	  large	  depletion	  at	  Concordia”)	  and	  section	  5.2	  
(giving	  only	  the	  results	  from	  this	  other	  approach	  to	  calculate	  fluxes	  and	  all	  details	  being	  
shifted	  to	  the	  supplementary	  material).	  
	  
Author	  response:	  	  
We	  feel	  that	  parts	  of	  paper	  that	  can	  usually	  be	  put	  as	  supplementary	  material	  are	  details	  
on	   well-‐know	   approaches	   or	   data.	   This	   is	   	   neither	   the	   case	   for	   section	   4.3.1	   nor	   for	  
section	  5.2.	  
	  
Concerning	  section	  4.3.1,	  over	  the	  last	  20	  years,	  several	  studies	  aimed	  to	  investigate	  the	  
physical	  processes	  driving	  the	  air/snow	  partitioning	  of	  HCHO.	  This	  is	  indeed	  a	  key	  point	  
for	   which	   knowledge	   is	   mandatory	   to	   parameterize	   HCHO	   air/snow	   exchanges	   in	  
atmospheric	   chemistry	   model	   simulations.	   Until	   now	   two	   laboratory	   studies	   were	  
performed	  on	  ice	  (Burkhart	  et	  al.,	  2002,	  Barret	  et	  al.,	  2011)	  in	  which	  it	  was	  revealed	  that	  
the	   thermodynamic	   equilibrium	   is	   the	   driving	   process	   of	   the	   air/ice	   partitioning.	  
However	  a	  direct	  comparison	  between	  these	  laboratory	  data	  and	  relationship	  between	  
air	  and	  snow	  observed	  in	  the	  nature	  was	  before	  this	  present	  study	  limited	  to	  snow-‐pit	  in	  



Greenland	   and	   in	   the	   snowpack	   in	   Alaska	   (here	   the	   comparison	   between	   ice	   and	   air	  
having	  be	  done	  using	  ambient	  air	  concentration	  since	  no	  interstitial	  air	  measurements	  
were	   available).	   The	   data	   set	   gained	   in	   our	   study	   allows	   to	   complete	   these	   sparse	  
comparisons	   with	   Antarctic	   data	   (not	   yet	   available)	   to	   draw	   an	   more	   representative	  
picture	  of	  the	  real	  HCHO	  firn/air	  equilibrium	  encountered	  in	  polar	  snow.	  The	  fact	  that	  
laboratory	  air-‐ice	  studies	  and	  relationship	  observed	  at	  polar	  sites	  do	  not	  agree	  is	  a	  very	  
important	   result,	   and	   shows	   that	   the	   ice/air	   equilibrium	   parameters	   derived	   from	  
laboratory	  studies	  cannot	  be	  applied	  for	  real	  polar	  conditions.	  Therefore	  we	  think	  this	  
paragraph	  brings	  new	  insights	  on	  this	  topic	  and	  has	  to	  remains	  in	  the	  main	  manuscript.	  	  
	  
In	  Section	  5.2	  HCHO	  snow	  fluxes	  are	  calculated	  on	  the	  basis	  of	  gradients	  between	  firn-‐
air	   and	   atmosphere.	   On	   a	   first	   sight	   this	   might	   be	   redundant	   to	   the	   HCHO	   flux	  
calculations	   made	   on	   the	   base	   of	   atmospheric	   gradients	   in	   section	   5.1.	   However	   as	  
detailed	   in	   section	   5.1,	   the	   calculations	   made	   on	   the	   base	   of	   atmospheric	   HCHO	  
gradients	  between	  1	  cm	  and	  1	  m	  are	  very	  low	  and	  relatively	  inaccurate.	  Therefore	  it	  is	  
very	   important	   to	   use	   an	   alternative	  method	   independent	   to	   the	   commonly	   used	   flux	  
calculation	  done	  in	  section	  5.1.	  In	  contrary	  to	  former	  studies	  in	  which	  only	  a	  few	  firn	  air	  
data	  points	  were	  available,	  our	  data	  set	  allows	  indeed	  for	  the	  first	  time	  to	  do	  a	  reliable	  
estimation	  of	  the	  snow	  air	  HCHO	  flux	  on	  the	  base	  of	  atmospheric	  and	  firn-‐air	  HCHO	  data.	  	  
The	  fact	  that	  HCHO	  fluxes	  calculated	  with	  both	  methods	  are	  in	  agreement	  strengthened	  
the	  reliability	  of	   the	  HCHO	  flux	  estimation,	  what	   is	   important	  since	  this	  parameter	  has	  
an	  important	  influence	  on	  the	  HCHO	  budget	  discussed	  in	  section	  6.	  Given	  the	  innovative	  
character	  of	  such	  a	  comparison	  we	  feel	  that	  it	  is	  legitimate	  to	  keep	  this	  paragraph	  in	  the	  
main	  manuscript.	  
	  
	  
Reviewer	  comment:	  If	  other	  sections	  are	  shortened,	  the	  discussion	  on	  the	  results	  from	  
the	  main	   section	   (6)	   could	   then	  be	   slightly	  extended.	   Section	  6.2	   could	   compare	   these	  
results	  with	  other	  diurnal	  cycles	  of	  formaldehyde	  observed	  in	  Antarctica	  (and	  comments	  
on	  similarities/differences).	  	  
	  
Author	   response:	  HCHO	  data	  obtained	   in	  Antarctica	   are	   available	   from	   the	  South	  Pole	  
where	   no	   daily	   cycle	   is	   expected	   in	   relation	   to	   unchanged	   solar	   radiations	   over	   the	  
course	  of	  the	  day,	  	  and	  at	  coastal	  sites.	  At	  the	  coastal	  site	  of	  Dumont	  d’Urville,	  Preunkert	  
et	  al.,	  2013	  detected	  a	  daily	  HCHO	  cycle	  with	  a	  maximum	  in	  the	  afternoon.	  As	  discussed	  
by	  the	  authors	  of	  this	  previous	  paper,	  the	  shape	  of	  the	  daily	  HCHO	  cycle	  is	  a	  result	  of	  the	  
interplay	   between	   the	   daily	   cycles	   of	   the	   different	  HCHO	   sources	   and	   sinks.	   However	  
these	   daily	   variations	   of	   OH	   mixing	   ratios,	   photolytic	   rates,	   snow	   HCHO	   emission	  
advected	   at	   the	   site	   (there	   is	   no	   snowpack	   at	   the	   immediate	   vicinity	   of	   the	   site)	   and	  
HCHO	   deposition	   are	   again	   dependent	   on	   the	   daily	   variation	   of	   other	   parameter	  
including	   boundary	   layer	   height,	   which	   are	   very	   site	   specific.	   Preunkert	   et	   al.,	   2013	  
made	   a	   sensitivity	   study	   in	  which	  parameters	  were	   adapted	   to	   achieve	   in	   simulations	  
the	   observed	   shape	   of	   the	   daily	  HCHO	   course	   at	  DDU.	  Hereby	   it	   became	   obvious	   that	  
only	   little	  changes	  of	   the	  daily	  course	  of	   input	  parameter	  can	  already	  change	  the	  daily	  
course	  of	  HCHO.	  In	  view	  of	  that,	  we	  feel	  that	  a	  discussion	  on	  differences	  on	  diurnal	  cycle	  
of	  HCHO	  between	  coastal	  and	  inland	  sites	  is	  quite	  complicated	  and	  not	  directly	  useful	  for	  
this	  paper	  focused	  on	  the	  inland	  site	  of	  Dome	  Concordia.	  
	  
	  



Reviewer	  comment:	  The	  simulations	  were	  performed	  on	  a	  mean	  case;	  what	  about	  case	  
studies	  for	  one	  or	  two	  specific	  days?	  
	  
Authors	  response:	  Simulations	  were	  averaged	  over	  the	  period	  from	  19th	  to	  28	  December	  
(i.e.	   over	   9	   days)	   to	   reduce	   uncertainties	   of	  measured	   and	  modeled	   input	   parameter.	  
Furthermore,	  we	  restricted	  the	  simulations	  to	  clear	  sky	  conditions	  and	  over	  these	  9	  days	  
we	  have	  discarded	  around	  40	  hours	  during	  which	  non-‐clear	  sky	  conditions	  took	  place.	  
For	   these	   reasons	  we	  prefer	   to	   discuss	   simulations	   and	   observations	   averaged	   over	   a	  
few	  days.	  	  	  
	  
	  
Reviewer	  comment:	  Fig.6	  :	  why	  does	  the	  figure	  mix	  a	  simulated	  value	  (at	  7cm	  below	  the	  
snow	  surface)	  with	  observed	  values?	  
	  
Author	  response:	  The	  firn	  air	  mixing	  ratios	  at	  a	  depth	  of	  7	  cm	  are	  absolutely	  needed	  in	  
our	  study	  to	  calculate	  HCHO	  snow	  fluxes	  on	  the	  base	  of	  firn	  air/air	  gradients,	  since	  the	  
maximum	  of	  HCHO	   in	   firn	   air	   is	   assumed	   to	  be	   located	  7	   cm	  below	   the	   surface	   and	   a	  
constant	  diffusivity	  coefficient	  is	  assumed	  in	  calculations	  (see	  discussions	  is	  section	  5.2).	  
In	   the	   absence	   of	   measurements	   at	   7	   cm	   below	   the	   surface,	   values	   were	   therefore	  
extrapolated	  from	  those	  observed	  at	  deeper	  depths.	  
	  
	  
Technical	  Comments	  
Reviewer	  comment:	  P32032,	  L16	  and	  19:	  29	  or	  28	  December?	  
	  
Author	  response:	  OK	  right,	  we	  changed	  to	  28	  December.	  
	  
Reviewers	  comment:	  Several	  figures	  currently	  are	  difficult	  to	  read	  (small	  and	  often	  the	  
colors	  are	  difficult	  to	  distinguish,	  especially	  for	  figure	  2).	  
	  
Authors	  response:	  We	  agree	  that	  some	  figures	  are	  rather	  complex	  and	  difficult	  to	  read	  as	  
they	   stand.	   We	   here	   took	   special	   care	   that	   the	   print	   quality	   of	   the	   final	   figures	   is	  
improved	  and	  that	  their	  printing	  size	  is	  more	  adequate.	  	  
	  
	  
	  
	  
Anonymous	  Referee	  #2	  
	  
Reviewer	   general	   comment:	   The	   manuscript	   presents	   a	   state	   of	   art	   study	   of	   HCHO	  
measurements	   in	   ambient	   air,	   snow,	   and	   interstitial	   air	   at	   Concordia	   in	   Antarctica	  
during	  Austral	  summer.	  The	  authors	  derived	  the	  flux	  of	  HCHO	  from	  snow	  from	  vertical	  
gradient	  measurements.	  The	   authors	  used	   additional	  model	   simulations	   to	  drive	   their	  
conclusions	   about	   the	   HCHO	   budget.	   The	   topic	   is	   well	   suited	   for	   publication	   in	   ACP.	  
However	  some	  sections	  need	  to	  be	  improved	  in	  their	  logic	  in	  order	  make	  the	  manuscript	  
more	  easily	  understandable.	  
	  
	  
Reviewer	  comment:-‐	  There	  is	  no	  real	  delimitation	  between	  the	  part	  about	  experiment,	  



model,	  field	  campaigns.	   .	   .	  and	  the	  part	  about	  results	  and	  discussion	  and	  this	  is	  making	  
the	  reading	  not	  so	  easy.	  
	  
Author	  response:	  	  
The	  paper	  was	  structured	   in	  6	  sections	   including	  1.	   Introduction,	  2.	  Methods	  and	   field	  
campaigns,	  3.	  HCHO	  in	  Ambient	  air,	  4.	  HCHO	  in	  the	  snowpack,	  5.	  HCHO	  snow	  emissions,	  
and	  6.	  Source	  and	  sinks	  of	  HCHO	  at	  Concordia.	  	  
While	   delimitations	   are	   clear	   between	   section	   1,	   2,	   3	   and	   4	   (the	   two	   latters	   being	  
obvious	  related	  to	  results)	  to	  make	  clearer	  delimitations	  with	  sections	  5	  and	  6,	  section	  5	  
was	  recalled	  “Estimates	  of	  HCHO	  snow	  emissions	  at	  Concordia”	  and	  section	  6	  “Sources	  
and	  sinks	  controlling	  the	  atmospheric	  budget	  of	  HCHO	  at	  Concordia”.	  	  
	  
	  
Reviewer	   comment:	   I	   also	   suggest	   reorganize	   the	   first	   part	   about	   measurements	  
description:	  Section	  2.1	  is	  common	  to	  both	  field	  campaigns,	  right?	  If	  yes	  add	  a	  sentence	  
about	  that.	  Section	  2.2	  and	  2.3:	  There	  is	  a	  mix	  between	  measurements	  description,	  first	  
results	  and	  field	  description	  (location,	  metrological	  data.	  .	  .).	  I	  suggest	  if	  it	  is	  possible	  to	  
include	  a	  part	  about	  measurement	  description	  (if	  possible	  with	  a	  table	  with	  the	  common	  
parameters	  between	   the	  2	   fields	   (altitude,	  depth	  of	  measurements,	  precision,	   flow.	   .	   .)	  
separating	   between	   air	   and	   snow	  measurements.)	   and	   a	   part	  with	   the	   field	   campaign	  
description	  (location,	  metrological	  condition.	  .	  .)	  and	  particularity	  of	  each	  field	  campaign	  
in	  the	  measurements.	  
	  
Author	  response:	  We	  added	  an	  introduction	  paragraph	  in	  section	  2	  in	  which	  we	  explain	  
how	   this	   experimental	   section	   is	   structured.	   Indeed	   when	   starting	   to	   write	   the	  
manuscript	   we	   also	   thought	   on	   a	   structure	   which	   is	   organized	   with	   respect	   to	   the	  
different	   measurement	   made.	   However,	   this	   would	   have	   led	   to	   an	   even	   more	  
complicated	  structure,	  since	  the	  analytic	  conditions	  are	  even	  not	  the	  same	  for	  the	  same	  
measurement	  category.	  Similarly,	  since	  the	  sampling	  site	  at	  the	  Dome	  C	  station	  was	  not	  
the	   same,	   thus	   for	   example	   meteorological	   conditions,	   which	   potentially	   contaminate	  
measurements,	  are	  also	  not	  the	  same	  over	  the	  two	  campaigns.	  Therefore	  we	  believe	  that	  
the	  easiest	  way	   is	   to	  present	  the	  two	  different	  experiments	   following	  the	  structure	  we	  
used.	  We	  added	  the	  following	  at	  the	  beginning	  of	  section	  2:	  

“Data	  presented	  in	  this	  study	  were	  obtained	  during	  two	  summer	  field	  campaigns	  
having	   taken	   place	   at	   Concordia	   located	   on	   the	   high	   East	   Antarctic	   plateau	   (75°06’S,	  
123°33’E).	  The	  2011/12	  campaign	  conducted	  from	  late	  November	  2011	  to	  mid-‐January	  
2012	  (i.e.,	  the	  second	  OPALE	  field	  campaign)	  was	  mainly	  dedicated	  to	  document	  HCHO	  
levels	  at	  two	  different	  heights	  in	  the	  air	  above	  the	  snow	  surface	  and	  to	  do	  a	  few	  HCHO	  
measurements	  in	  interstitial	  air	  and	  in	  snow.	  During	  the	  2012/13	  campaign	  (December	  
22nd	  2012	  to	  January	  25th	  2013)	  HCHO	  was	  measured	  at	  different	  heights	  in	  air	  and	  firn	  
in	  the	  framework	  of	  the	  snow	  tower	  experiment	  SUNITEDC	  (Evolution	  du	  Sulfate	  et	  du	  
Nitrate	   de	   l'air	   et	   de	   la	   neige	   de	  Dôme	   C).	   Hereby	   the	   priority	  was	   to	   gain	   a	   detailed	  
picture	  of	  the	  HCHO	  distribution	  in	  the	  interstitial	  air	  of	  the	  snowpack.	  	  

In	  the	  following	  section	  we	  first	  describe	  the	  analytical	  method	  used	  to	  measure	  
HCHO.	   Then,	   for	   each	   campaign	  we	   present	   on	   site	  measurement	   set	   up	   and	   applied	  
working	  conditions,	  as	  well	  as	  achieved	  detection	  limits	  in	  air,	  interstitial	  air	  and	  snow	  
(Sect.	  2.2	  and	  2.4).	  Finally,	  the	  model	  used	  to	  discuss	  the	  different	  source	  contributions	  
to	  the	  atmospheric	  HCHO	  budget	  at	  Concordia	  are	  briefly	  introduced	  in	  Sect.	  2.4.”	  	  
	  



	  
Reviewer	  comment:	  Section	  2.2:	  “Two	  major	  North	  wind	  direction	  periods	  took	  place”:	  2	  
comments:	  Why	  do	  you	  not	  consider	  the	  episode	  between	  the	  18/12/11	  and	  20/12/11?	  
Not	  long	  enough	  or	  does	  it	  not	  influence	  the	  HCHO	  measurements?	  I	  am	  confused	  with	  
the	   wind	   direction.	   Maybe	   I	   do	   mistake	   or	   we	   use	   another	   convention	   to	   read	   wind	  
direction,	  but	  a	  wind	  from	  North	  have	  a	  direction	  of	  180◦.	  So	  for	  me,	  on	  the	  01/01/2012,	  
the	   direction	   is	   300◦-‐360◦	   so	   it	   is	   a	  wind	   from	   the	   South-‐East	   to	   the	  North-‐West.	   But	  
maybe	  I	  use	  a	  different	  convention	  or	  I	  made	  a	  mistake.	  
	  
Author	   response:	  On	   page	   5	   Line	   32	  we	   defined	   the	  North	  wind	   direction:	   “However,	  
several	  episodes	  (spanning	  18%	  of	  the	  total	  time)	  with	  wind	  blowing	  from	  North	  (from	  
30°W	  to	  60°E	  sector,	  	  i.e.	  the	  direction	  of	  the	  station)	  were	  encountered”.	  
Thus	   station	   contamination	   (i.e.	   North	   wind	   direction)	   is	   potentially	   given	   for	   wind	  
directions	  >	  330°	  and	  <	  60°	  in	  figure	  1	  c.	  In	  view	  of	  that,	  between	  18th	  to	  20th	  December,	  
the	  time	  the	  wind	  direction	  could	  have	  brought	  contamination	  to	  the	  measurements	  site	  
was	  very	  limited.	  Since	  no	  unusual	  HCHO	  values	  were	  detected	  we	  do	  not	  assume	  that	  
our	  measurements	  were	  subjected	  to	  an	  contamination	  during	  this	  period.	  
We	  clarified	  in	  the	  text	  that	  we	  only	  removed	  data	  due	  to	  contamination	  when	  the	  wind	  
was	  north	  and	  the	  HCHO	  data	  set	  scattered:	  “Two	  major	  North	  wind	  periods	  took	  place	  
from	  December	  30th	  to	  January	  1st	  in	  the	  morning	  and	  most	  of	  time	  after	  January	  9th	  (Fig.	  
1c).	  Since	  during	   these	  events,	   scattered	  HCHO	  values	  were	  often	  observed	  we	  cannot	  
exclude	  a	  contamination	  from	  the	  station,	  and	  therefore	  the	  corresponding	  values	  were	  
removed	  from	  the	  data	  set	  (see	  red	  points	  in	  Fig.	  1a).	  “	  
	  
	  
Reviewer	  comment:	  Section	  2.4:	  How	  is	  the	  model	  initialised	  for	  CH4,	  BrO,	  OH	  fields.	  .	  .?	  I	  
suggest	  to	  put	  here	  the	  part	  situated	  page	  32049	  line	  11	  to	  26.	  
	  
Author	  response:	  You	  are	  absolutely	  right	  and	  we	  moved	  the	  respective	  lines	  to	  section	  
2.4.	  
	  
	  
Reviewer	   comment:	   Section	   3:	   2	   comments	   about	   this	   part:	   Field	   campaign	   on	   Dec	  
2012/Jan	  2013	  are	  not	  discussed	  in	  the	  part	  as	  you	  said	  in	  section	  2.3.	  So	  I	  suggest	  to	  not	  
include	   reference	   to	   this	   campaign	   in	   this	  part	   and	  change	   the	   title	   to	   “Ambient	  air	  of	  
HCHO	  mixing	  ratio	  at	  Concordia	  in	  summer	  2011-‐2012”.	  	  
	  
Author	  comment:	  Ok	  we	  changed	  the	  title	  of	  section	  3	  to	  “3.	  Ambient	  air	  HCHO	  mixing	  
ratio	  at	  Concordia	  in	  summer	  2011/12”	  
	  
	  
Reviewer	  comment:	  You	  clearly	  state	  that	  the	  emissions	  will	  be	  discussed	  on	  section	  6	  
but	   you	   repeat	   it	   at	   the	   end	   of	   this	   section.	   You	   should	   only	   discuss	   about	   air	  
measurements	  and	  not	  flux	  results	  as	  you	  did	  for	  section	  4	  about	  snowpack.	  
	  
Author	  response:	  Ok,	  we	  agree	  and	  remove	  the	  last	  sentence	  of	  section	  3.	  
	  
	  
Reviewer	   comment:	   Section	  4.3.1:	  At	   the	   end,	   you	   speak	   about	   the	   slope	  of	   the	   linear	  



regression,	  could	  you	  please	  add	  your	  value	  of	   the	  slope	  or	   the	  expression	  of	   the	  Q(T)	  
constant?	  
	  
Author	  response:	  Ok,	  the	  value	  of	  the	  slope	  of	  our	  regression	  is	  given	  now	  in	  the	  text	  and	  
it	   reads	   now:	   The	   slope	   of	   the	   linear	   regression	   obtained	  with	   data	   at	   -‐20	   cm	   in	   the	  
Arrhenius	   law	   in	  Fig.	  7	   (2.18	  with	  R2	  =	  0.5),	   for	  which	  a	   large	  range	  of	   temperature	   is	  
encountered,	   is	   quite	   similar	   (only	   20%	   higher)	   than	   the	   one	   of	   the	   thermodynamic	  
equilibrium	  calculated	  by	  Barret	  et	  al.	  (2011a).	  
	  
	  
Reviewer	  comment:	  Section	  5.1:	  You	  calculate	  the	  flux	  of	  HCHO	  from	  the	  MOST	  theory.	  
You	  compared	  the	  flux	  between	  two	  periods	  but	  you	  did	  not	  compare	  the	  wind	  speed	  to	  
interpret	   the	   difference	   between	   both	   fluxes.	   Is	   the	   gradient	   in	   vmr	   between	   1m	   and	  
1cm	  not	  influenced	  by	  the	  wind	  speed?	  
	  
Author	  response:	  The	  wind	  speed	  is	  in	  fact	  included	  in	  calculations	  of	  the	  HCHO	  fluxes	  
via	  the	  friction	  velocity	  u*,	  used	  to	  calculate	  the	  fluxes.	  	  
	  
	  
Technical	  comments:	  
Reviewer	  comment:	  You	  used	  ppbv,	  ppbc	  and	  ppbw,	  I	  am	  familiar	  only	  with	  ppbv,	  it	  will	  
be	  appreciable	  to	  have	  once	  in	  brackets	  the	  definition	  of	  these	  parameters.	  
	  
Authors	  response:	  Ok,	  we	  have	  now	  defined	  the	  units	  ppbv,	  pptv,	  ppbw,	  and	  ppbC	  each	  
when	  they	  occurred	  for	  the	  first	  time	  in	  the	  manuscript.	  	  
	  
	  
Reviewer	  comment:	  Fig	  2:	  Are	  the	  detection	  limits	  are	  available	  for	  this	  field	  campaign?	  	  
	  
Author	  response:	  The	  HCHO	  detection	  limit	  of	  the	  2012/13	  experiment	  are	  reported	  and	  
discussed	   in	   the	   text	   of	   section	   2.3:	   “Taken	   as	   twice	   the	   standard	   deviation	   of	   zero	  
measurements,	  the	  detection	  limit	  was	  67	  ±	  22	  pptv	  from	  December	  22nd	  to	  January	  6th	  
(151	   zero	   measurements)	   and	   120	   ±	   55	   pptv	   from	   January	   6th	   to	   25th	   (185	   zero	  
measurements).	   Compared	   to	  other	   experiments	  performed	  with	   the	  device	   (see	   Sect.	  
2.2)	   these	   rather	   high	   detection	   limits	  were	   due	   related	   to	   a	   frequent	   presence	   of	   air	  
bubbles	  in	  the	  analyzer	  lines.”	  
	  
	  
Reviewer	  comment:	  Fig	  2:	  the	  scale	  used	  for	  the	  panel	  a)	  should	  be	  between	  0	  and	  400	  
pptv	  (as	  in	  Fig1	  a)	  or	  are	  there	  data	  higher	  than	  400	  pptv?	  	  
	  
Author	  response:	  No	  there	  are	  no	  data	  higher	  than	  400	  pptv.	  The	  scale	  used	  in	  Figure	  2	  a	  
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Abstract  4	  

During the 2011/12 and 2012/13 austral summers HCHO was investigated for the first 5	  

time in ambient air, snow, and interstitial air at the Concordia site located near Dome C on the 6	  

East Antarctic plateau by deploying an Aerolaser AL-4021 analyser. Snow emission fluxes 7	  

were estimated from vertical gradients of mixing ratios observed at 1 cm and 1 m above the 8	  

snow surface as well as in interstitial air a few cm below the surface and in air just above the 9	  

snow-pack. Typical flux values range between 1 to 2 x 1012 molecules m-2 s-1 at night and 3 to 10	  

5 x 1012 molecules m-2 s-1 at noon. Shading experiments suggest that the photochemical 11	  

HCHO production in the snowpack at Concordia remains negligible compared to 12	  

temperature-driven air-snow exchanges. At 1 m above the snow surface, the observed mean 13	  

mixing ratio of 130 pptv and its diurnal cycle characterized by a slight decrease around noon 14	  

are quite well reproduced by 1-D simulations that include snow emissions and gas phase 15	  

methane oxidation chemistry. Simulations indicate that the gas-phase production from CH4 16	  

oxidation largely contributes (66%) to the observed HCHO mixing ratios. In addition, HCHO 17	  

snow emissions account for ~ 30 % at night and ~ 10 % at noon to the observed HCHO 18	  

levels. 19	  

	    20	  
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 1	  

1. Introduction 2	  

Over continents, formaldehyde is produced within the atmosphere during the oxidation 3	  

of numerous hydrocarbons emitted by anthropogenic and natural sources and also directly 4	  

emitted by combustion. In the remote marine troposphere, HCHO is though to be mainly 5	  

produced by the photo-oxidation of CH4, the most abundant atmospheric hydrocarbon (Lowe 6	  

and Schmidt, 1983). In addition to wet and dry deposition, the main sinks of HCHO are 7	  

photolysis and reaction with OH leading to a typical HCHO atmospheric lifetime of a few 8	  

hours (Seinfeld and Pandis, 2006).  9	  

At remote high-latitude sites several studies were conducted over the Arctic and 10	  

Antarctic snowpack to evaluate the importance of the snowpack as a formaldehyde source for 11	  

the atmospheric polar boundary layer (Sumner and Shepson, 1999; Yang et al., 2002; Jacobi 12	  

et al., 2002; Hutterli et al., 2004; Riedel et al., 1999; Salmon et al., 2008). The understanding 13	  

of the budget of HCHO in polar region is of importance since HCHO represents an important 14	  

source of RO2 radicals in the remote polar atmosphere, and is therefore intimately linked to 15	  

the oxidative capacity of the atmosphere in these regions. This is true in margin regions of 16	  

Antarctica as concluded on the basis of examinations of the observed HOx budgets at Halley 17	  

(Bloss et al., 2007) and Dumont d’Urville (DDU, Kukui et al., 2012). At these two coastal 18	  

sites, the HCHO budget was recently discussed by Preunkert et al. (2013), who concluded 19	  

that, depending on the oxidative character of the local atmosphere and on the thickness and 20	  

stability of the atmospheric boundary layer, either the methane oxidation by OH followed by 21	  

reaction with NO, or snow emissions from neighbouring snow covered regions dominate the 22	  

HCHO budget. At DDU the largest HCHO source is the methane oxidation in relation with a 23	  

level of oxidants 3 times higher compared to Halley, and more frequent air mass transport 24	  

from inland Antarctica there. At Halley, the shallower boundary layer makes snow emissions 25	  

the dominant HCHO source. The examination of the observed HOx budget at the South Pole 26	  

(Chen et al., 2004) and Concordia (Kukui et al., 2014) pointed out the role of HCHO on the 27	  

RO2 budget over the Antarctic plateau. At the South Pole, Hutterli et al. (2004) quantified 28	  

snow-air fluxes on the basis of both atmospheric vertical gradients and firn air measurements. 29	  

It has to be emphasized that the South Pole remains up to now the single Antarctic site where 30	  

such a direct quantification of snow HCHO emissions was done.  31	  

The aims of the present study are (1) to document the boundary layer HCHO mixing 32	  

ratio at Concordia during the OPALE (Oxidant Production over Antarctic Land and its 33	  

Export) project (Preunkert et al., 2012) (see also Kukui et al., 2014), (2) to quantify the 34	  
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summer HCHO snow emissions under conditions encountered at day and night at Concordia, 1	  

and (3) to compare the role of snow emissions with that of the gas-phase production of 2	  

HCHO in central Antarctica. 3	  

  4	  

2. Methods and Field Campaigns  5	  

Data presented in this study were obtained during two summer field campaigns having 6	  

taken place at Concordia located on the high East Antarctic plateau (75°06’S, 123°33’E). The 7	  

2011/12 campaign conducted from late November 2011 to mid-January 2012 (i.e., the second 8	  

OPALE field campaign) was mainly dedicated to document HCHO levels at two different 9	  

heights in the air above the snow surface and to do a few HCHO measurements in interstitial 10	  

air and in snow. During the 2012/13 campaign (December 22nd 2012 to January 25th 2013) 11	  

HCHO was measured at different heights in air and firn in the framework of the snow tower 12	  

experiment SUNITEDC (Evolution du Sulfate et du Nitrate de l'air et de la neige de Dôme C). 13	  

Hereby the priority was to gain a detailed picture of the HCHO distribution in the interstitial 14	  

air of the snowpack.  15	  

In the following section we first describe the analytical method used to measure 16	  

HCHO. Then, for each campaign we present on site measurement set up and applied working 17	  

conditions, as well as achieved detection limits in air, interstitial air and snow (Sect. 2.2 and 18	  

2.3). Finally, the model used to discuss the different source contributions to the atmospheric 19	  

HCHO budget at Concordia are briefly introduced in Sect. 2.4.  20	  

  21	  

2.1 Analytical method  22	  

HCHO measurements were performed using a commercial Aerolaser analyzer (AL-23	  

4021). The technique, a continuous liquid fluorimetry, has been described in detail elsewhere 24	  

(Dasgupta et al., 1988). Gaseous HCHO is scrubbed into a diluted sulfuric acid solution 25	  

followed by reaction with the Hantzsch reagent, a dilute mixture of acetyl acetone, acetic 26	  

acid, and ammonium acetate. Aqueous-phase formaldehyde reacts with the Hantzsch reagent 27	  

to produce a fluorescent compound that is detected at 510 nm. The working conditions 28	  

applied to the AL 4021 deployed at Concordia were similar to those applied by Preunkert et 29	  

al. (2013) in their study conducted at the coastal Antarctic site of Dumont D’Urville. In brief, 30	  

raw data are monitored with a time resolution of 30 s, gas standard calibration and zero 31	  

determinations are made every 12 h and 2 h, respectively. While Preunkert et al. (2013) used 32	  

an air flow of 2 L STP min-1 (leading to a stripping efficiency of 98%) in view to obtain 33	  

accurate HCHO measurements of the low winter levels encountered at DDU, the flow rate 34	  



	   5	  

was set here when possible (see Sect. 2.3) to 1 L STP min-1, as recommended by Aerolaser 1	  

company, to reach a stripping efficiency of more than 99% (M. Haaks, personal 2	  

communication 2011). As discussed by Preunkert et al. (2013), to minimize effects of 3	  

changing temperatures in the laboratory at Concordia, the monitor was run in a box that was 4	  

thermostated at 20°C.  5	  

 6	  

2.2 The 2011/12 Field Experiments 7	  

Atmospheric HCHO was measured at 1 m (Fig. 1a) and 1 cm (not shown) above the 8	  

snow surface at a place located ~ 900 m south-southwest from the main station from late 9	  

November 2011 to mid-January 2012. Two 15 m long PTFE tubes (4 mm internal diameter) 10	  

were used to bring ambient air sampled at the two heights into the field laboratory. Through 11	  

the tubes, air was sucked with an external pump at a flow rate of 4 to 6 L min-1 to keep its 12	  

residence time in the lines low enough to maintain potential losses below 5 % (see details in 13	  

Preunkert et al., 2013). To avoid condensation, the airlines were heated. In turn of 15 min the 14	  

air inlet of the AL-4021 is connected to these tubes via a 50 cm long PTFE tube (internal 15	  

diameter 4 mm) and a PTFE coated 3-way electro valve. The tightness of the sampling line 16	  

was regularly controlled. Comparison of the two 15 m long airlines made by putting their air 17	  

entries at the same height (1 m) showed no systematic differences (mean difference of 2.5 ± 18	  

40 pptv over 10 h).  19	  

The detection limit of the analyzer calculated as twice the standard deviation of raw 20	  

data (30 s) obtained during the 25 min zero measurements, which were made every 2 hours, is 21	  

reported in Fig. 1b. Over the first two weeks of the sampling period, the detection limit 22	  

remained low and similar to what was observed with the same analyzer (~ 30 pptv) during the 23	  

year-round study conducted at DDU by Preunkert et al. (2013). During the second half of the 24	  

sampling period at Concordia, the detection limit was enhanced exceeding 100 pptv on 25	  

December 30th, due to a recurrent presence of air bubbles in the analyzer.  26	  

 HCHO measurements started on December 14th but were interrupted several times after 27	  

January 3rd due to problems with the fluorimeter of the AL-4021 (see Fig.1 for data 28	  

availability). During the sampling period, no significant snowfall event took place and the 29	  

main wind direction was from the southeast to southwest. However, several episodes 30	  

(spanning 18% of the total time) with wind blowing from North (from 30°W to 60°E sector,  31	  

i.e. the direction of the station) were encountered (Fig. 1c). Two major North wind periods 32	  

took place from December 30th to January 1st in the morning and most of time after January 33	  

9th (Fig. 1c). Since during these events, scattered HCHO values were often observed we 34	  
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cannot exclude a contamination from the station, and therefore the corresponding values were 1	  

removed from the data set (see red points in Fig. 1a). 2	  

Due to either the presence of air bubbles in the analyzer, leading to a detection limit 3	  

well above 30 pptv, or to scattered values related to contamination from station activities, 4	  

qualified data on atmospheric HCHO at 1 cm and 1 m above the snow surface (see Sect. 4) 5	  

are limited to the period of December 14th to December 28th. Anyway, note that the HCHO 6	  

mixing ratio at 1 m (131 ± 45 pptv calculated with the few data available between January 1st 7	  

and January 11th, see the horizontal dashed line in Fig. 1a) remains similar to the mean value 8	  

of 127 ± 31 pptv observed between December 14th and December 28th. 9	  

During the 2011/12 campaign, interstitial air was sampled in the snow between 5 and 10	  

100 cm depth by using a custom built firn air probe (a tube of 10 cm diameter described in 11	  

Frey et al., this issue) (see Sect. 4.2). The probe was lowered vertically into a pre-cored hole 12	  

to different snow depths, passing through a disc of 1 m diameter equipped with a lip of 10 cm, 13	  

which was resting on the snow surface to limit preferential pumping of ambient air along the 14	  

tube walls. All probe components were made from UV-transparent Plexiglas. In spite of 15	  

exposition of the firn probe to Antarctic sunlight over the whole summer 2009/10, a 16	  

contamination up to some 1000 pptv at the beginning of the field season coming either from 17	  

the Plexiglas itself and/or from the glue used to assemble the different parts of the probe was 18	  

detected in firn air. In addition, with values of up to a few ppbw (parts per billon by weight) 19	  

the snow located between the surface and 20 cm depth around the firn probe was also 20	  

contaminated. At the end of the season, the contamination of firn air became quasi 21	  

insignificant as suggested by the observed HCHO values at that time (400 pptv at a depth of 22	  

10 cm) that are far lower than those observed at the beginning of the campaign and are in 23	  

good agreement with those obtained during the 2012/13 campaign. Thus, it was possible to 24	  

use the device to investigate the influence of UV-radiations on HCHO levels in firn air. This 25	  

was done January 11th from 10:00 LT to 18:00 LT by placing UV-filters (2 x 3 m sheets of 26	  

UV-opaque Plexiglas, Acrylite OP-3) at 1 m above the snow surface. In order to separate 27	  

radiative and temperature effects, these filters were alternatively exchanged with sheets of 28	  

UV-transparent Plexiglas (Acrylite OP-4).  29	  

Surface snow and snow pit samples were analyzed to document the bulk HCHO content 30	  

at Concordia. Twenty meters away from the place where the HCHO firn measurements were 31	  

done, the skin layer (the uppermost cm) of the snowpack was sampled 6 times on December 32	  

26th and December 27th, 26 times from January 2nd to 4th. In addition, 20 snow-pit samples 33	  

were collected down to 70 cm depth on December 27th. Another snow-pit was dug January 9th 34	  
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at 3 km from the main station and sampled down to 110 cm depth (21 samples). To avoid 1	  

contamination, samples were collected in airtight Schott glass bottles (Legrand et al., 2007) 2	  

and analyzed on site within a few hours after sampling. For these measurements the AL-4021 3	  

was run in liquid mode using 6 liquid standards containing from 0 to 6 ppbw of HCHO, 4	  

which were freshly prepared by diluting a certified stock solution of 0.3 g L-1 (purchased from 5	  

the University of Wuppertal, Germany). Under these conditions a detection limit as low as 0.1 6	  

ppbw is achieved (Legrand et al., 2007). In addition, snow samples were also analyzed for 7	  

cations and anions following ion chromatography working conditions reported in Legrand et 8	  

al. (2013).  9	  

 10	  

2.3 The 2012/13 Field Experiments 11	  

HCHO was measured from December 22nd 2012 to January 25th 2013 at different 12	  

heights in air and firn, about 800 m west from the main station in the clean area sector. 13	  

During this period no important precipitation occurred and wind never blew from 70°E to 14	  

110°E (i.e. from the direction of the station). Snow temperatures were measured at different 15	  

depths by using type-E thermocouples (Omega Engineering). 16	  

The principle of the snow tower experiment is detailed in Soek et al. (2009) and Helmig 17	  

et al. (2007). In brief, three towers (one meteorological tower, MT, and two snow towers, ST1 18	  

and ST2) were installed in a distance of ~15 m to sample air above and below the snow 19	  

surface. In this paper we report on HCHO data gained on the MT and ST2. Air was sampled 20	  

from the MT at around 11 m, 2 m and 0.3 m above the surface at a flow rate of 5 L min-1. To 21	  

avoid collection of ice crystals, each line was equipped with a PFA inlet funnel with 1 mm 22	  

grids and 1 µm Teflon membrane filters (Savillex Co., USA). On the ST, air is sampled at 20 23	  

cm above the snow surface, just at the surface (0 cm), and at 20, 40, 60, and 80 cm below the 24	  

surface. Air was drawn through each paired inlet of ST2 for 10 min (at ~1 L min-1) in turn of 25	  

2 h. Applying the calculations made in Soek et al. (2009) for DC conditions, 100% of 26	  

sampled interstitial air would correspond to the height of the inlet ± 16 cm, and 66% to the 27	  

height of the inlet ± 7 cm. That avoids significant overlapping with the adjacent inlets. For a 28	  

given depth, the time between two subsequent samplings (2h) is more than twice the time 29	  

needed for air under DC conditions to re-equilibrate to its original conditions (see calculations 30	  

made in Soek et al., 2009). 25 mm Acrodisc hydrophobic PTFE syringe filters (Pall Life 31	  

Sciences) previously passivized with O3 were placed at all ST inlets to protect them from ice 32	  

crystals.  33	  
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During the campaign, sampled air was provided to the AL-4021 and to each of the other 1	  

running analyzers (NOx, Hg, and CO, not discussed here), with a flow rate of 1 L min-1 (i.e. 2	  

0.7 L STP min-1). Therefore, the airflow of the AL-4021 was set to 0.6 L STP min-1 what is 3	  

40% lower than the one normally applied for the AL-4021 (see Sect. 2.1), resulting in an 4	  

~25% lower sensibility of the instrument. Taken as twice the standard deviation of zero 5	  

measurements, the detection limit was 67 ± 22 pptv from December 22nd to January 6th (151 6	  

zero measurements) and 120 ± 55 pptv from January 6th to 25th (185 zero measurements). 7	  

Compared to other experiments performed with the device (see Sect. 2.2) these rather high 8	  

detection limits were due related to a frequent presence of air bubbles in the analyzer lines. 9	  

Twice per week, the inlets of the 3 MT lines were placed for 1 hour at 2 m height, showing no 10	  

systematic differences (4 ± 21 pptv and 5 ± 29 pptv with respect to one inlet reference). Such 11	  

a comparison of the different airlines was not possible for ST2 since HCHO measurements 12	  

started well after their set up in snow.  13	  

As seen in Fig. 2a, overall means of HCHO air mixing ratios measured at MT through 14	  

the 11 m, 2 m and 0.3 m inlets are 164 ± 55 pptv, 168 ± 54 pptv and 170 ± 61 pptv, 15	  

respectively. The mean value observed at 20 cm above the snow surface at ST2 is 203 ± 55 16	  

pptv. From December 20th to 22nd, HCHO was sampled at 20 cm above the surface by using a 17	  

3 m long PTFE line (internal diameter 4 mm) connected directly to the AL-4021, giving a 18	  

mixing ratio of 135 ± 48 pptv. In view of the high variability encountered for HCHO 19	  

measurements during this experiment, these values show no significant difference. However, 20	  

the relative high mean atmospheric HCHO mixing ratios measured at ST2 might be also 21	  

related to the fact that ST air lines were not flushed continuously but only for 10 min each 2 22	  

h. Given these enhanced measurement uncertainties, absolute atmospheric HCHO mixing 23	  

ratios are not investigated within this 2012/13 data set, but the measurements will be used to 24	  

examine HCHO in interstitial air (see Sect. 4.2), in view to derive HCHO fluxes between the 25	  

snow pack and the atmosphere (Sect. 5.2) and to discuss its firn-air equilibrium (Sect. 5.3).  26	  

 27	  

 28	  

2.4 Model calculations 29	  

Observed HCHO mixing ratios (daily mean and diurnal variation) were compared with 30	  

those simulated by a 1-D box model that considers snow HCHO emissions as well as the local 31	  

gas-phase photochemistry.  32	  

Input parameters used in the model were gained from on site atmospheric measurements 33	  

made during the 2011/12 experiment which included NO, OH, RO2, and 34	  
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methylhydroperoxide (MHP). NO was determined with a 2-channel chemiluminescence 1	  

detector following working conditions detailed in Frey et al. (2013) and Frey et al. (this issue) 2	  

The OH and RO2 radicals were measured using chemical ionisation mass spectrometry 3	  

(Kukui et al., 2012; Kukui et al., 2014). During the campaign the photolysis rates of HCHO 4	  

were documented using a 2π spectroradiometer (Metcon company). MHP was measured 5	  

together with H2O2 deploying an Aerolaser AL-2021 instrument as during the first OPALE 6	  

campaign conducted at DDU (Preunkert et al., 2012).  7	  

For snow emissions, we used values derived from the observed vertical gradient 8	  

between 1 cm and 1 m above the snow surface as well as those derived from the observed 9	  

difference between snow interstitial air and air above the snow surface (see Sect. 5). For 10	  

calculations of the gas phase photochemistry we considered the model used by Preunkert et 11	  

al. (2013) to examine the budget of HCHO at the Antarctic coast that includes the CH4 12	  

oxidation as well as the oxidation of non-methane hydrocarbons (light alkenes and DMS) 13	  

together with major sinks of HCHO (its photolysis and reaction with OH). For simulations at 14	  

Concordia, we neglected the oxidation of ethene and DMS oxidation pathways. Indeed, even 15	  

with a DMS summer mixing ratio of 50 pptv at DDU (against less than 1 pptv at Concordia, 16	  

Preunkert et al., 2008), and an ethene level of 17 pptv (against less than 3 pptv expected for 17	  

Concordia as measured at South Pole, Beyersdorf et al., 2010), Preunkert et al. (2013) 18	  

concluded that the gas phase production of HCHO from DMS and non-methane hydrocarbons 19	  

only represents a few percent of the gas phase production (i.e. ~ 4%) dominated by the 20	  

methane oxidation. The 15 gas-phase reactions considered in this work (see Table 1) will also 21	  

permit to evaluate the influence of the bromine chemistry.  22	  

The vertical transport of the 1-D model was represented using vertical distribution of 23	  

turbulent diffusion coefficients (Kz) calculated by the regional atmospheric MAR model 24	  

(Modèle Atmosphérique Régional). More details of MAR and of its reliability at Concordia 25	  

during the OPALE campaign are given in Gallée and Gorodetskaya (2008) and Gallée et al. 26	  

(this issue). Similarly to calculations performed by Legrand et al. (2014), we used the MAR 27	  

data obtained with a horizontal resolution of 20 km centered at Concordia, a vertical 28	  

resolution of 0.9 m for the height of up to 23 m above the surface decreasing upward to about 29	  

50 m at the height of 500 m and to ~ 1800 m at the top level of ~ 24 km. For the 1D model, 30	  

the Kz values were linearly interpolated to the vertical 1D grid which was 0.1m from the 31	  

surface to 5 m, 0.2 m from 5 to 7 m, 0.5 m from 7 to 10 m, around 1 m from 10 to 20 m, and 32	  

then increases up to 120 m at 1200 m, the top height of the 1D model. Note that, the planetary 33	  

boundary layer (PBL) height, defined by MAR as the height where the turbulent kinetic 34	  
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energy decreases below the value at the lowest layer of the model, was always lower than the 1	  

top layer of the 1D model during the OPALE campaign.  2	  

Since cloud cover is responsible for an increase of around 50% of the down-welling 3	  

long-wave radiations in summer at DC, but the MAR model underestimates cloud cover, the 4	  

surface heat budget is not well simulated during overcast days and this strongly impacts the 5	  

turbulence simulated by the model. We therefore performed calculations only for days with 6	  

clear sky conditions. 7	  

 8	  

3. Ambient air HCHO mixing ratio at Concordia in summer 2011/12 9	  

At Concordia, atmospheric HCHO levels remained close to 130 ± 37 pptv from mid 10	  

December 2011 to mid January 2012. Though underlying an enhanced variability, 11	  

atmospheric HCHO mixing ratios measured from mid December 2012 to end of January 2013 12	  

(see Sect. 2.3) seem also to be free of important fluctuations. These quite constant HCHO 13	  

mixing ratios contrast with observations made at South Pole, where fast HCHO decreases 14	  

were observed during fog events (up to 100 pptv, Hutterli et al., 2004). At Concordia, the 15	  

regular appearance of diamond dusts during early morning does not seem to disturb the daily 16	  

course of the HCHO level (Fig. 3).  17	  

The HCHO level of 130 pptv observed at Concordia is consistent with those observed 18	  

by Frey et al. (2005) at South Pole and Byrd Station (Table 2). For South Pole, the mean 19	  

value reported for 16 days by Hutterli et al. (2004) is lower than the one observed by Frey et 20	  

al. (2005) over 3 days (103 pptv instead of 155 pptv). However, during the period covered by 21	  

measurements, Hutterli et al. (2004) experienced 3 days with values close to 50 pptv, 22	  

corresponding to fog events that depleted HCHO in the boundary layer. Discarding these 3 23	  

days a mean value of 111-115 pptv is calculated. Note also that these values observed inland 24	  

Antarctica remain in the same order as the ones reported at the coast (Table 2), for which 25	  

Preunkert et al. (2013) discussed major sources (methane oxidation and snow emissions) and 26	  

sinks (photolysis, destruction by OH, and dry deposition). The contribution of these different 27	  

processes on the atmospheric HCHO budget at Concordia will be quantified in Sect. 6. 28	  

The daily course of atmospheric HCHO mixing ratios is reported in Fig. 3. We here 29	  

removed data gained during overcast weather (see Fig.1) to make the data consistent with 30	  

simulations made in Sect. 6 since the PBL height from the MAR model is significantly 31	  

improved under clear sky conditions. We have examined separately data gained over two 32	  

periods (from December 14th to 18th and December 19th to 28th) in view of the significant rise 33	  

of the temperature between December 18th and 19th (Fig. 1d). In spite of this change of 34	  
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temperature, the mean HCHO mixing ratios remained similar over the two periods (124 pptv 1	  

from December 14th to 18th and 128 pptv from December 19th to 28th). Since enhanced 2	  

temperatures are expected to increase HCHO snow emissions (Hutterli et al., 2002; Barret et 3	  

al., 2011a), and given the decrease of the PBL height from prior to after December 19th, rather 4	  

unchanged HCHO mixing ratios would suggest that snow emissions control only weakly the 5	  

HCHO budget of the atmospheric boundary layer at Concordia. This point will be further 6	  

discussed in Sect. 6.  7	  

From December 14th to 18th, only a small day/night difference of HCHO values can be 8	  

observed with slightly lower daytime values (116 pptv between 8:00 LT and 14:00 LT) than 9	  

nighttime values (126 pptv between 15:00 LT and 7:00 LT). During the following period 10	  

(December 19th to 28th) when air temperatures were enhanced, a marked daily cycle 11	  

(amplitude close to 30 pptv) characterized by a broad minimum from 7:00 LT to 15:00 LT 12	  

and a broad maximum from 16:00 LT to 6:00 LT is observed. 13	  

 14	  

4. HCHO in the snowpack 15	  

4.1 HCHO in snow 16	  

Fig. 4a shows the bulk snow HCHO profiles obtained in the two snow-pits dug at 17	  

Concordia during the 2011/12 campaign (Sect. 2.2). The good agreement of data between the 18	  

snow-pit dug December 27th near the air sampling site and the January 9th one dug at 3 km 19	  

from the station suggests that station activities had little impact on the HCHO content of the 20	  

snowpack in the immediate vicinity of the station. Note that the two profiles are also in good 21	  

agreement with the one made by Hutterli et al. (2002) in January 1998 (i.e. well before the 22	  

start in 2003 of overwintering station activities at Concordia). 23	  

The three depth profiles show a similar decreasing trend with depth reaching a value of 24	  

0.2-0.3 ppbw below 70 cm depth. Some differences exist between the three profiles with a 25	  

maximum of 1 ppbw measured by Hutterli et al. (2002) at the surface against lower values in 26	  

this study. Indeed, with individual values ranging from 0.2 to 0.4 ppbw, the 26 skin layer 27	  

snow samples (Sect. 2.2) show mean levels (0.27 ± 0.05 ppbw from December 26th to 27th and 28	  

0.29 ± 0.07 ppbw from January 2nd to 4th) that are well below the maximum seen in the snow-29	  

pit profiles (0.8 ppbw at 8 cm depth for the December 27th pit and 1.0-1.2 ppb between 5 and 30	  

15 cm depth in the January 9th pit). Such a large variability in the HCHO mixing ratios in the 31	  

uppermost snow layers was often reported in previous studies conducted at other polar sites. It 32	  

has been suggested that this is due to the presence or absence of freshly deposited snow that is 33	  

always more enriched in HCHO with respect to atmospheric mixing ratios than aged snow 34	  
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layers (Hutterli et al., 1999, 2002, and 2004). Under Concordia conditions, as discussed in 1	  

Sect. 4.3, snow in equilibrium with the atmosphere in summer would contain at least 2.6 2	  

ppbw of HCHO. 3	  

In the January 9th snow-pit, the maximum of HCHO mixing ratios seen from 5 to 15 cm 4	  

below the surface (Fig. 4b) coincides with two relative maxima of sodium suggesting that 5	  

they correspond to winter snow layers. Given the typical snow accumulation of 10 cm of 6	  

snow at Concordia these two depths correspond to winter 2011 and winter 2010. For the 7	  

December 27th snow-pit, the wide maximum of HCHO still coincides with these two winter 8	  

layers seen in the corresponding sodium profile. The HCHO profile obtained by Hutterli et al. 9	  

(2002) is more flat with a less variable value between 5 and 25 cm below the surface. In the 10	  

absence of sodium data in this previous study, it remains difficult to conclude whether that is 11	  

due to a strong wind driven redistribution of summer and winter snow layers by the wind at 12	  

the snow pit location sampled by Hutterli et al. (2002) in 1998.  13	  

HCHO snow-pit profiles are also available from South Pole (Hutterli et al., 2004) and 14	  

Summit in central Greenland (Hutterli et al., 1999). At both sites, winter HCHO maxima 15	  

close to ~4-6 ppbw were observed. Deeper in the snow at 1.6 m depth, concentrations 16	  

decrease to a nearly constant level of 4 ppbw at Summit and 0.3-1.1 ppbw at South Pole. The 17	  

higher concentration observed in deeper snow layers at Summit than at South Pole was 18	  

suggested to be driven by the fact that the mean snow accumulation rate is higher at Summit 19	  

(22 g H2O cm-2 yr-1 ) than at South Pole (6-11 g H2O cm-2 yr-1) (Hutterli et al., 2002). The 20	  

larger snow accumulation at Summit permits a better preservation of the atmospheric signal 21	  

that  dominates the weaker uptake capacity of HCHO in snow and ice at warmer temperatures 22	  

(Burkhart et al., 2002; Barret et al., 2011a) at Summit compared to South Pole  (mean annual 23	  

T of -31°C instead of -49°C at South Pole). Thus, considering the quite similar temperatures 24	  

at Concordia and South Pole (mean annual T of -54°C compared to -49°C at South Pole), the 25	  

lower mean snow accumulation (2.8 g H2O cm-2 yr-1 compared to 6-11 g H2O cm-2 yr-1 at 26	  

South Pole) may reduce the preservation there, explaining the lower content in deep snow 27	  

layers at Concordia than at South Pole. 28	  

 29	  

4.2 HCHO in interstitial Air 30	  

During both the 2011/12 and 2012/13 field campaigns, investigations were made to 31	  

document HCHO in the interstitial firn air (Fig. 5). The mean value observed at 20 cm depth 32	  

in 2012/13 (530 ± 95 pptv) largely exceeds the one in the atmosphere (~130 pptv observed in 33	  

2011/12 and 135 – 170 pptv observed in 2012/13). Similar enhancements of HCHO in firn air 34	  
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have been seen in a previous study conducted at South Pole (750 pptv at 10 cm depth against 1	  

103 pptv in the atmosphere, Hutterli et al., 2004). Fig. 4 and 5 show that, similar to the 2	  

HCHO profile in snow, firn air HCHO levels show highest values near the snow surface and 3	  

decreasing levels with depth, reaching values lower than 100 pptv below 80 cm depth. 4	  

Whereas the here presented data of the HCHO change with depth in firn air is unique for 5	  

Antarctica (no depth profile of interstitial air content is available from South Pole) a similar 6	  

depth profile has been reported for Summit by Hutterli et al. (1999), with 1500-2000 pptv at 7	  

5-20 cm below the snow surface (compared to 230 pptv in the atmosphere) and 400 pptv at 8	  

1.5 m below the surface. The elevated mixing ratios in the firn air at Concordia with respect 9	  

to those in the atmosphere point out the snowpack as a source of HCHO for the atmosphere in 10	  

summer.  11	  

As seen in Fig. 6, HCHO mixing ratios measured at -20 cm in firn air coincide more 12	  

closely with the daily course of temperature measured above the surface and at -20 cm than 13	  

with the daily course of irradiance peaking at noon. Thus, the temperature variation in the 14	  

uppermost snow layers should drive the HCHO firn air mixing ratios there, which tend to 15	  

increase at warmer temperatures. In addition, during the first week of January the daily mean 16	  

HCHO mixing ratio at - 20 cm (600 pptv) was higher than the one after January 9th (400 pptv) 17	  

in relation with a decrease of the temperature from -27.5°C to -31.3°C. This dependence of 18	  

HCHO firn air in the upper snow-pack will be discussed further in the next section. 19	  

 20	  

 21	  

4.3 The firn air-snow partitioning at Concordia 22	  

4.3.1. The HCHO-ice thermodynamic equilibrium 23	  

On the basis of laboratory experiments, two studies investigated the HCHO partitioning 24	  

between air and ice. The first attempt was made by Burkhart et al. (2002) who conducted 25	  

laboratory experiments with pure ice between -5° and -35°C. However, as emphasized by 26	  

Burkhart et al. (2002), the duration of laboratory experiments (less than 2 days) was not long 27	  

enough to permit the ice to reach equilibrium, in particular at -35°C. In a more recent study 28	  

Barret et al. (2011a) measured the solubility and the diffusivity of HCHO in ice between -7 29	  

and -30°C showing that the partitioning of HCHO between snow and atmosphere can be 30	  

described by K(T) = XHCHO/ (PHCHO)0.803 (with XHCHO being the HCHO molar fraction, PHCHO 31	  

being in Pa and T in K), in which K(T) follows an Arrhenius law. This equilibrium law is 32	  

reported in Fig. 7 (black solid line) along with the one (black dashed line) from Burkhart et al. 33	  
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(2002), the large difference between the two derived laws at low temperatures clearly reveals 1	  

the under-saturation of the ice in the experiments conducted by Burkhart et al. (2002).  2	  

A few studies attempted to compare the partitioning of HCHO between air and snow 3	  

observed during field campaigns with the thermodynamic equilibrium obtained in laboratory 4	  

studies. This was done by Burkhart et al. (2002) with bulk snow and firn air data obtained by 5	  

Hutterli et al. (1999) in a 3 m snow-pit dug at Summit. Barret et al. (2011b) examined 6	  

whether the Alaskan Arctic snowpack follows the thermodynamic equilibrium. However, it 7	  

has to be emphasized that in this latter study, air concentrations were not measured in the 8	  

snowpack and were assumed to be identical to those measured 60 cm above the surface snow 9	  

(see discussions below). Even more limited were examinations of the HCHO partitioning 10	  

between air and snow in Antarctica as firn air measurements are very rarely available there. 11	  

Hutterli et al. (2004) performed a few firn air measurements at 10 cm below the surface at 12	  

South Pole in December 2000. These previous data (Summit, Barrow, and South Pole) are 13	  

reported in Fig. 7 together with those gained in this study at Concordia. Due to the existence 14	  

of a residual diurnal temperature cycle at 20 cm below the surface (see Fig. 6), data from this 15	  

depth were reported in Fig. 7 as 10 min means, while those from further down were averaged 16	  

over each of the 6 periods assigned in Fig. 2. The XHCHO values used in calculations of K(T) 17	  

reported in Fig. 7 were derived from the mean snow-pit profile reported in Fig. 4.  18	  

As seen in Fig. 7, all data from Concordia indicate under-saturation of snow by a factor 19	  

of 10 with respect to interstitial air. We notice that, whereas no significant difference appears 20	  

between the two sets of data derived using firn air values collected in 2011/12 and 2012/13, 21	  

data corresponding to -70 cm in the 2012/13 experiment show systematically lower K(T) 22	  

values. This latter difference is caused by the relatively high firn air mixing ratios seen at 70 23	  

cm depth in 2012/13 when compared to observations made just above and below (see Fig. 5). 24	  

Thus we can not exclude that the firn air sampling at this depth might have been somewhat 25	  

over-estimated as it might happen due to the presence of an inhomogeneous structure of the 26	  

snow pack (i.e. depth hoar and/or wind crusts) what might have brought air from above to the 27	  

inlet.  28	  

At the first glance, Fig. 7 suggests that the strong under-saturation of snow at Concordia 29	  

is very unique compared to the other sites. However, as already mentioned, the Barrow data 30	  

that considered atmospheric (and not firn air) mixing ratios certainly have led to a significant 31	  

underestimation of the degree of under-saturation of snow. Furthermore, the single point 32	  

reported for South Pole in Fig. 7 is calculated with 3.2 ppbw of bulk snow HCHO and a firn 33	  

air value of 750 pptv (Hutterli et al., 2004), which is however probably diluted by 34	  
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atmospheric air (Hutterli et al., 2004) leading to an underestimation of the degree of under-1	  

saturation of snow. Finally, at Summit, where snow and firn air profiles are well documented 2	  

down to 2.5 m depth, a super-saturation was found at the surface followed by striking under-3	  

saturation 5 cm below the surface. Further down, at the depth of the preceding winter, an 4	  

almost perfect thermodynamic equilibrium was observed. Then, except in the layer 5	  

corresponding to the previous summer where snow is again under-saturated, most of the snow 6	  

down to 2.5 m was close to the equilibrium. In conclusion, apart from Summit (with the 7	  

noticeable exception of the snow located just below the surface), the polar snow appears often 8	  

under-saturated with a particularly large depletion at Concordia. Note that, since a net HCHO 9	  

flux out of the snow is detected during day and night at Concordia, the here calculated under 10	  

saturation needs to be considered even as an upper value.  11	  

It is out of the scope of the present paper to investigate in detail the observed under-12	  

saturation of snow. At this stage we only assume (similarly as Hutterli et al., 1999) that there 13	  

is a process acting in summer, leading to a strong under saturation of firn with respect to the 14	  

thermodynamic air-ice equilibrium. This under saturation is counteracted by (1) precipitation, 15	  

fog and frost events which add super saturated snow to the existing snowpack (Hutterli et al., 16	  

2004, Jacobi et al., 2002, Barret et al., 2011b), and (2) HCHO rich snow layers further down 17	  

originating from the preceding winter season (Hutterli et al., 1999, 2003). If the snow 18	  

accumulation is, however extremely low as at in Dome C, the preceding winter layer is still 19	  

near the surface in summer, and super saturated fresh snow is added only seldomly to the 20	  

snowpack. As a result, the regime of extreme under saturation acts probably throughout the 21	  

entire snowpack, confirmed by our measurements, at least in snow layers down to 1 m 22	  

corresponding to ages of the last ~10 year. However designing a more sophisticated modeling 23	  

approach would require further data from Concordia obtained during winter in view to gain 24	  

year-round information of HCHO in atmospheric air as well as in the interstitial air in the 25	  

upper centimeters of the snow-pack. 26	  

As already shown by Fig. 6, Fig. 7 suggests a temperature driven dependence of the firn 27	  

air-snow partitioning at Concordia. The slope of the linear regression obtained with data at -28	  

20 cm in the Arrhenius law in Fig. 7 (2.18 with R2 = 0.5), for which a large range of 29	  

temperature is encountered, is quite similar (only 20% higher) than the one of the 30	  

thermodynamic equilibrium calculated by Barret et al. (2011a).  31	  

 32	  

 33	  

 34	  
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4.3.2. Possible photochemical HCHO production in the snow-pack 1	  

 As discussed in the preceding section, the assumption that snow emissions are 2	  

controlled by temperature-driven exchanges (Hutterli et al., 2003) seems to be confirmed for 3	  

Concordia conditions. While different experiments conducted at Alert and Barrow (Canadian 4	  

and Alaskan Arctic) showed that HCHO emissions due to photolytic degradation of organic 5	  

matter are present there (Barret et al., 2011b and references therein), this photolytic HCHO 6	  

production seems to be very limited at inland polar ice sheet sites such as Summit (Hutterli et 7	  

al., 1999) and South Pole (e.g. < 20% at South Pole) (Hutterli et al., 2004). To check directly 8	  

whether the conclusion drawn for South Pole remains correct for Concordia, shading 9	  

experiments were performed in January 2012 (see Sect. 2.2). No impact of cutting incident 10	  

UV-radiation (wavelengths < 380 nm) on HCHO firn air concentrations at 10 cm below the 11	  

surface snow depth was detected. This absence of changes does however not mean that no 12	  

photochemical degradation of organic matter takes place, since the photolytic degradation of 13	  

HCHO is also reduced during shading.  Assuming a mean e-folding depth of 15 cm between 14	  

350 and 450 nm as measured by France et al. (2011) at Concordia in summer, and considering 15	  

the HCHO photolytic rate during the shading experiment (JHCHO-rad + JHCHO-mol of 1.7 10-4 s-1 at 16	  

14:00 LT for instance) we calculate that the photochemical production from organic matter, 17	  

that may have been compensated by the photolytic HCHO destruction, would not contribute 18	  

more than 15% of the HCHO mixing ratio at 10 cm depth (500-600 pptv during this 19	  

experiment). Such a weak impact of the degradation of organic matter in HCHO at Concordia 20	  

is not surprising considering the difference in recent values of dissolved organic carbon 21	  

(DOC) measured at Concordia and Barrow. Indeed, while Legrand et al. (2013) reported a 22	  

mean value of 20 ppbC (parts per billion of carbon) in the upper 10 cm surface snow at 23	  

Concordia, Dominé et al. (2011) reported for snow and diamond dust layers at Barrow DOC 24	  

levels ranging between 100 and 400 ppbC. 25	  

 26	  

5. Estimates of HCHO snow emissions at Concordia  27	  

5.1. Estimation derived from vertical gradient of atmospheric concentrations  28	  

HCHO snow emission fluxes (F-HCHO) were derived from mixing ratios measured at 1 29	  

cm and 1 m above the snow surface using the integrated flux gradient method (e.g. Lenschow, 30	  

1995) detailed by Frey et al. (this issue). In brief, the turbulent flux F-HCHO in the surface 31	  

layer is parameterized according to the Monin-Obukhov similarity theory (MOST). For each 32	  

30 min, a mean HCHO gradient was calculated from the 15 min averaged mixing ratios 33	  

successively observed at 1 m and 1 cm.  34	  
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As discussed in Frey et al. (this issue), MOST requires that mixing ratios at 1 m and 1	  

1cm are significantly different. Therefore, 30 min vertical gradients that were smaller than 2	  

their respective 1 σ standard error, determined by error propagation of the 1 σ standard 3	  

variability of HCHO mixing ratios, were not included in the calculations. In this way, from 4	  

December 14th to 18th, 77 values of a total of 114 were considered, and 152 of 200 from 5	  

December 18th to 29th, respectively. Note however that 90% of the considered values of the 6	  

vertical gradient stay below the mean detection limit of (27 ± 9 pptv) calculated for the 7	  

December 14th to December 28th period (see Fig. 1b). In addition, the application of the 8	  

MOST theory also requires that the upper inlet height (1 m) is situated in the surface layer, 9	  

i.e. below a height corresponding to 10% of the PBL height. If applied, this condition 10	  

eliminates most of the nighttime data since the simulated PBL height are as low as 10 m or 11	  

less in 80% of cases between 21:00 LT and 5:00 LT over the December 14th to 28th period. 12	  

Though these data are more uncertain than the others, in Fig. 3 we report fluxes calculated 13	  

between 21:00 LT and 5:00 LT (grey area) anyway, even when this second condition for the 14	  

applicability of the MOST model is not reached. As seen in Fig. 3 the arithmetic mean and 15	  

median HCHO snow emission fluxes remain in fairly good agreement reflecting the absence 16	  

of 30 min data outliers.  17	  

Daily average F-HCHO values of -0.36 ± 1.6 x 1012 molecules m-2 s-1 and of 2.7 ± 2.7 x 18	  

1012 molecules m-2 s-1 were calculated for the period between December 14th to 18th and 19	  

December 19th to 28th, respectively. Being quasi-null over the first period, the calculated snow 20	  

flux becomes positive from December 19th and 28th. Whereas no systematic change over the 21	  

course of the day can be detected during the first period, a maximum during the day (~ 4 x 22	  

1012 molecules m-2 s-1 from 8:00 LT to 17:00 LT against 1 x 1012 molecules m-2 s-1 from 23	  

20:00 LT and 4:00 LT) was noticeable during the second half of December. Note that this 24	  

increase of F-HCHO during the day results not only from the observed enhancement of the 25	  

vertical gradient between 1 cm and 1 m (16 pptv from 8:00 LT to 17:00 LT against -6 pptv 26	  

from 20:00 LT and 4:00 LT) but also from the increase of the friction velocity at that time of 27	  

the day (Gallée et al., this issue). Both the increase of daily mean F-HCHO values from prior 28	  

to after December 18th and the appearance of a diurnal maximum after December 19th are 29	  

consistent with an increase of the snow air flux with enhanced temperatures as discussed in 30	  

Sect. 4.3.1.  31	  

 32	  

5.2. Estimations derived from interstitial firn air measurements 33	  
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In view of the limited time period of available measurements and of the high 1	  

uncertainty of the HCHO snow flux values derived from the relatively weak vertical HCHO 2	  

gradients between 1 cm and 1 m (see Sect. 5.1) we try to estimate HCHO snow fluxes also on 3	  

the base of HCHO gradients observed between the interstitial air and the atmosphere. One 4	  

advantage of this approach lies in the fact that the transport of HCHO in firn air is slower than 5	  

the one in the free atmosphere leading to firn-atmosphere gradients that would largely exceed 6	  

the detection limit of HCHO measurements.  7	  

In order to estimate firn air-atmosphere snow fluxes, Fick’s Law can be applied using 8	  

measured concentration gradients between firn air and the atmosphere and the effective 9	  

diffusion coefficient (Deff) in the open pore space. Since the turbulent diffusion in air above 10	  

the snow is much larger than the diffusivity in firn air, the main concentration gradient will be 11	  

in firn. Since HCHO air measurements made in 2011/2012 (see Fig. 3) indicate a vertical 12	  

gradient of only a few pptv it is legitimated to use mixing ratios on the MT inlet at ~2 m as 13	  

representative of HCHO level just above the surface.  14	  

Vertical transport in firn air of the top centimeters of the snowpack will depend on the 15	  

molecular diffusion but can be significantly increased at high wind speed due to forced 16	  

ventilation (Albert, 2002). Following Schwander et al. (1989) an effective molecular diffusion 17	  

in firn (Deff) close to 1.3 x 10-5 m2 s-1 is calculated for conditions at Concordia (at 650 mbar, 18	  

244 K and a snow density of 0.35 g cm-3). Previous studies dealing with firn air-atmosphere 19	  

gradients in Antarctica (Hutterli et al., 2004; Frey et al., 2005) assumed that with wind speed 20	  

lower than 5 m s-1, the wind pumping should have no significant influence with respect to 21	  

molecular diffusion on motion in firn. However, more recently Seok et al. (2009) found a  22	  

anti-correlation between wind speed and CO2 firn air gradients in the winter snowpack at a 23	  

subalpine site in Colorado even at low wind speeds (a decrease by 50% of the gradient when 24	  

wind speed increases from 0 to 3 m s-1). Therefore, we examine the dependence of the HCHO 25	  

gradients between -20 cm and the atmosphere at Concordia with air temperature and wind 26	  

speed data. The multi regression of HCHO gradients (R2 = 0.5) suggests a ~50 pptv decrease 27	  

of the HCHO gradient when the wind speed reaches 5 m s-1, what can make up to ~10 % of 28	  

HCHO gradients during certain time periods. Therefore, this effect of forced ventilation was 29	  

considered in the HCHO flux reported below. 30	  

The approach used here to estimate the fluxes assumes a constant diffusivity coefficient 31	  

and thus a linear change of mixing ratios between the two measurement levels. As discussed 32	  

in Sect. 4, HCHO firn air levels are expected to reach a maximum in the uppermost 10 cm of 33	  

the snowpack and therefore the use of firn air data at -20 cm would significantly 34	  
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underestimate the calculated HCHO fluxes. Therefore, an attempt was made to estimate 1	  

HCHO mixing ratios in firn air near the surface by using the overall observed partitioning 2	  

between snow and firn air observed at -20 cm below the surface (Fig. 7) as a function of 3	  

temperature, and the mean snow pit content measured between 4 and 10 cm (means of 0.80 4	  

and 0.94 ppb). The daily course of the firn temperature at 7 cm below the surface was taken as 5	  

the mean of air and snow (at 20 cm below the surface) temperatures.  6	  

Fig. 6 shows results obtained over two periods of the 2012/13 experiment, during which 7	  

different mean air temperatures were encountered. It can be seen that HCHO levels at -7 cm 8	  

are clearly enhanced (up to 240 pptv) compared to HCHO levels measured at -20 cm during 9	  

the day, but are similar to the latter ones at night. Following calculations described above, 10	  

mean HCHO fluxes out of the snow of 2.6 ± 0.8 x 1012 molecule m-2 s-1 and 1.8 ± 0.7 x1012 11	  

molecule m-2 s-1 are calculated for the two periods during which mean air temperatures of -12	  

27.4 °C and -31.3 °C prevailed, respectively. Note that a significantly lower value (0.65 x1012 13	  

molecule m-2 s-1) is calculated for the end of January when mean air temperatures dropped to -14	  

37.5°C.  15	  

Applying this approach to the December 2011 campaign over the periods of December 16	  

14th to 18th (mean air temperature of -35°C) and December 19th to 28th (mean air temperature 17	  

of -29°C) HCHO fluxes of 0.85 ± 0.36 x 1012 molecule m-2 s-1 and 2.15 ± 0.93 x1012 molecule 18	  

m-2 s-1 are estimated, what is (given the uncertainties of ± 3 cm in snow depth and of 0.08 19	  

ppbw in bulk snow HCHO) in good agreement with the corresponding flux estimates (- 0.36 ± 20	  

1.6 x 1012 molecule m-2 s-1 from December 14th to 18th and 2.7 ± 2.7 x 1012 molecule m-2 s-1 21	  

from December 19th to 28th) made in Sect. 5.1 on the base of atmospheric vertical gradients.  22	  

From the bulk snow content and an empirical partitioning between firn and in the 23	  

snowpack, Hutterli et al. (2002) estimated a summer HCHO snow flux of ~0.2 x 1012 24	  

molecule m-2 s-1 at Concordia, thus 10 times lower than is derived from atmospheric and firn 25	  

air measurements made in our study. Since calculations of Hutterli et al. (2002) are based on a 26	  

thermodynamic equilibrium, it is very likely that a large part of the difference comes from the 27	  

large under-saturation of snow with respect to interstitial air as observed at Concordia (Sect. 28	  

4.3.1).  29	  

 30	  

6. Sources and Sinks controlling the atmospheric budget of HCHO at Concordia 31	  

The importance of local gas phase photochemical productions and snow emissions on 32	  

the atmospheric HCHO mixing ratios observed at 1 m above the snow surface at Concordia in 33	  

summer were investigated with 1D model simulations. We performed calculations only for 34	  



	   20	  

days with clear sky conditions (see Sect. 2.4). Whereas NO measurements started end of 1	  

November 2011, those of OH and RO2 are only available after December 19th and we focus 2	  

therefore on the period from December 19th to 28th. The model was run each hour to simulate 3	  

the daily cycle of HCHO mixing ratios. OH, HO2 (estimated from RO2 measurements, Kukui 4	  

et al., 2014), NO, photolytic rates (see Sect. 2.2) and snow emission rates (see Sect. 5) were 5	  

constrained by measurements. Their mean diurnal cycles are summarized in Fig. 8 together 6	  

with the one of measured MHP. A CH4 mixing ratio of 1758 ppbv was used as recorded in 7	  

December 2011 at the Syowa Antarctic station (69°S). The HCHO snow emission fluxes 8	  

considered in the model (hereafter denoted net HCHO snow flux) were calculated as the 9	  

average of F-HCHO values derived from atmospheric HCHO gradients (Sect. 5.1) and of 10	  

those derived from firn air-atmosphere gradients (Sect. 5.2). 11	  

 12	  

6.1 Gas-phase photochemical sources and sinks of HCHO  13	  

In a first step simulations of the gas phase photochemistry only consider the CH4 14	  

oxidation by OH together with the two major sinks of HCHO, namely the photolysis 15	  

(reactions 11 and 12, Table 1) and the OH reaction (reaction 9, Table 1). Hereby the initial 16	  

OH attack leads to the formation of the methyl peroxy (CH3O2) radical which can react with 17	  

NO to form CH3O, which is then rapidly converted to HCHO with O2 (reactions 1 to 3, Table 18	  

1). This reaction sequence is the dominant pathway under high NO conditions as encountered 19	  

at Concordia whereas at low NO levels it would compete with reactions 4 to 6 (Table 1). 20	  

Simulations indicate that this methane oxidation pathway leads to steady-state mixing ratios 21	  

of 56 pptv and 91 pptv at noon and midnight, respectively (Fig. 9a). 22	  

MHP can form HCHO, CH3O or CH3O2 (reactions 7, 8, and 10, Table 1). Since MHP 23	  

measurements are available, the MHP contribution to the production of HCHO was examined 24	  

separately from the CH4 oxidation pathway with OH and NO (reactions 1 to 6, 9, 11, and 12, 25	  

Table 1). As seen in Fig. 8, a daily mean MHP mixing ratio of ~50 pptv was observed at 26	  

Concordia, which is nearly one half of the one reported by Frey et al. (2005) for South Pole. 27	  

On the other hand, our model simulates a MHP mixing ratio of 20 pptv, suggesting that the 28	  

MHP budget at Concordia is at least to ~40 % made up by CH4 oxidation. Using observed 29	  

MHP mixing ratios we calculate that ~ 15 pptv of HCHO are linked to the MHP breakdown 30	  

(Fig. 9). Thus the MHP pathway accounts for 17% of the total HCHO production originating 31	  

from the CH4 oxidation at Concordia. That is virtually the same what was obtained at DDU 32	  

(Preunkert et al., 2013), but only half of the corresponding value (i.e. 36 %) observed in the 33	  

marine boundary layer (Wagner et al., 2002). As already concluded by Preunkert et al. (2013), 34	  



	   21	  

this is due to the high level of NO, which strengthens the OH/NO methane oxidation pathway 1	  

(reaction 2) with respect to the HO2 and MHP pathway (reaction 6). 2	  

On the basis of DOAS measurements made at Concordia, Frey et al. (this issue) 3	  

estimated that 2 to 3 pptv of BrO are present near the surface. Assuming a daily mean value 4	  

of 2.5 pptv of BrO we estimated the Br level to be of 0.43 pptv from steady state calculations 5	  

considering the BrO photolysis and the Br reaction with O3. Using these values and 6	  

considering reactions 13-15 of Table 1, we found that the Br chemistry represents a net 7	  

HCHO loss that remains limited to -3 pptv to -10 pptv from noon to midnight (Fig. 9b).  8	  

As seen in Figure 8a the simulated HCHO daily cycle resulting from the overall gas 9	  

phase chemistry accounts for 70 pptv and 95 pptv (i.e. 65 % and 68 % of the observed HCHO 10	  

level) at noon and at midnight, respectively. Such a large contribution of the local gas phase 11	  

chemistry was also found for South Pole, where oxidants are of similar abundance than at 12	  

Concordia. Thus with 2 x 106 molecules cm-3 of OH and 88 pptv of NO (Eisele et al., 2008) 13	  

consistently to Concordia ~70 % of the observed 110 pptv of HCHO were explained by the 14	  

gas phase chemistry (Hutterli et al., 2004) at South Pole.  15	  

 16	  

6.2 The impact of snow emissions on the HCHO budget   17	  

As mentioned in Sect. 3 (see also Fig. 9a) the diurnal HCHO cycle observed over the 18	  

period from 19th to 28th December 2011 is characterized by a daytime minimum with 19	  

amplitude reaching 30 pptv. The simulated diurnal cycle related to the gas phase chemistry 20	  

reproduces a similar diurnal cycle but with a slightly weaker amplitude (~ 30 pptv), and 21	  

simulated HCHO mixing ratios underestimate observations by ~40 pptv at noon and ~55 pptv 22	  

at night.  23	  

Considering the net HCHO snow flux (see Fig. 8) in addition to the above discussed gas 24	  

phase chemistry, a daily mean HCHO mixing ratio of 112 pptv is calculated, slightly lower 25	  

compared to the observed 128 pptv. While simulations are in good agreement from 20:00 LT 26	  

to 4:00 LT (Fig. 9a) they tend to underestimate observations by 30 ± 9 pptv from 9:00 LT to 27	  

15 LT. The simulated values indicate that HCHO snow emissions account for ~ 30 % of the 28	  

observed HCHO mixing ratio at night and around 10 % at noon. 29	  

Note that, since the values of the HCHO snow emission rates are based on in situ 30	  

measurements, they represent the net HCHO flux that includes also the effect of dry 31	  

deposition. Therefore no dry deposition was considered in the simulations.  32	  

 33	  

6.3. Uncertainties of model calculations 34	  



	   22	  

Simulations of (gas-phase chemistry plus snow emissions) indicate a better agreement 1	  

with observations during the night than during the day. We investigated to what extend the 2	  

uncertainties of simulations depend on the time of day and which parameters are responsible 3	  

for that. The uncertainties of the preceding calculations include those linked to the kinetic 4	  

rates of gas phase calculations but are also related to the day to day variability of the hourly 5	  

values used for OH, HO2, NO, MHP, photolysis rates and the uncertainty of the net HCHO 6	  

snow emission flux as reported in Fig. 8. The uncertainty of the simulated turbulent transport 7	  

needs also to be examined.  8	  

To evaluate the uncertainty linked to the kinetic rates of the main gas phase HCHO 9	  

production processes, a Monte-Carlo study was performed in which all of the rate constants 10	  

involved in methane oxidation (reactions 1 to 9, Table 1) were modified simultaneously and 11	  

independently of each other accordingly to their probability distribution (see Preunkert et al. 12	  

(2013) and Wagner et al. (2002) for further details). Including 1000 model runs the 13	  

uncertainty (± 1 σ) of calculations related to the kinetic rates is close to ± 10 pptv (i.e. 10% of 14	  

calculated values) under daily mean Concordia summer conditions.  15	  

A Monte-Carlo study was also applied to evaluate uncertainties resulting from the daily 16	  

variability of OH, HO2, NO, MHP, photolysis rates, and the calculated uncertainty of the 17	  

HCHO net snow emission. The overall HCHO error derived from this Monte-Carlo study 18	  

reaches ± 13 pptv from 8:00 LT to 18:00 LT (mean simulated value of 88 pptv) and ± 26 pptv 19	  

from 20:00 LT to 4:00 LT (mean simulated value of 140 pptv). Although the 10% uncertainty 20	  

of the CH4 oxidation constant rates are not included in errors reported in Fig. 9a, it can be 21	  

seen that HCHO simulated values match observations during the night but underestimate 22	  

them slightly during the day. 23	  

Fig. 9c indicates the relative contribution of each parameter to the total uncertainty. It 24	  

can be seen that during the day (from 8:00 LT to 18:00 LT) the main uncertainty is related to 25	  

the variability of OH, the uncertainty of the net HCHO snow flux, and the strong daily 26	  

variability of MHP, accounting for 33%, 31%, and 19%, respectively. During the night (from 27	  

20:00 LT to 4:00 LT), 57% of the uncertainty is related to the net snow flux uncertainties and 28	  

20% from the variability of OH. Note that the variability of NO plays no significant role on 29	  

the uncertainty of simulated HCHO values, likely due to the excess of NO prevailing at 30	  

Concordia which ensures minor influence of peroxy radicals self reactions compared to the 31	  

reaction with NO (reaction 2, 4 and 5, Table 1).  32	  

Finally, the influence of the strength and the height of the simulated turbulent transport 33	  

was tested by increasing and decreasing Kz values and the height of the vertical model levels 34	  



	   23	  

by 30%, variations as typically encountered with MAR simulations for Kz values and the 1	  

estimated PBL height even under clear sky conditions (Gallée et al., this issue). In brief, a 2	  

successive decrease of Kz values and vertical level heights by a factor of 0.7 increases 3	  

calculated HCHO mixing ratios by ~ 10 and 20 pptv at midnight, respectively, while at noon 4	  

the increase is limited to ~ 3 and 6 pptv, respectively. Similarly, a successive increase of Kz 5	  

values and vertical level heights by a factor of 1.3 decreases calculated HCHO mixing ratios 6	  

by ~ 7 and 12 pptv at midnight, respectively, while at noon the decrease is only ~ 2 and 1.5 7	  

pptv, respectively. As for uncertainties related to HCHO net snow emission fluxes (Fig. 9c), 8	  

higher uncertainty are encountered during the night due to the very low Kz values and a very 9	  

shallow mixing height prevailing at Concordia at that time, making atmospheric HCHO 10	  

mixing ratios sensitive to any change of the snow emissions and of the vertical transport. As a 11	  

result, even when only clear sky conditions were considered in the calculations, uncertainties 12	  

in the strength and the height of the simulated turbulent transport might at least increase the 13	  

uncertainties of our HCHO calculations by 10 to 15 %.  14	  

 15	  

When considering all above discussed uncertainties, atmospheric HCHO mixing ratios 16	  

of 89 ± 22 pptv for 8:00 LT to 18:00 LT and 140 ± 40 pptv for 20:00 LT to 4:00 LT are 17	  

calculated. These values are consistent with observations (i.e. 116 ± 16 pptv from 8:00 LT to 18	  

18:00 LT and 140 ± 10 pptv 20:00 LT to 4:00 LT), suggesting that no relevant HCHO source 19	  

or sink has been missed in our estimation. 20	  

Previous 1-D HCHO simulations were made assuming that near-surface observed levels 21	  

of NO and HOx are constant within the whole PBL. Given the photochemical lifetime of 22	  

HCHO (close to 1 h at noon and 7 h at night), we may expect a rather homogeneous 23	  

distribution of HCHO within the PBL and the simulated HCHO value at 1 m would depend 24	  

on the total production acting within the PBL. Therefore, the calculated HCHO value at 1 m 25	  

depends on the vertical gradient of HOx and NO. As detailed by Frey et al. (this issue), a few 26	  

vertical profiles of NO were obtained during balloon flights up to 100 m. It appears that 27	  

during daytime the lower PBL is well mixed with quasi unchanged NO mixing ratios between 28	  

2.5 and 100 m. Concerning OH and HO2 for which no data are available above 3 m, we may 29	  

expect only little change with height, since the unchanged levels of NO make unchanged the 30	  

main source of OH, namely the recycling of RO2 by NO that represents here more than a half 31	  

of the total OH production at noon (Kukui et al., 2014). The second half of the total OH 32	  

production corresponds to primary productions from ozone and H2O2 (representing together 33	  

50%) and HONO (50%, considering the bias in measurements of this species discussed in 34	  



	   24	  

Legrand et al., 2014) (Kukui et al., 2014). Ozone vertical profiles were regularly done during 1	  

the OPALE campaign showing well-mixed levels within the lower 100 m during day and 2	  

night. Given the atmospheric lifetime of H2O2 (9 h against photolysis at noon), we can expect 3	  

an absence of vertical gradient for this species as well. In fact, only for HONO a strong 4	  

vertical gradient is expected given the suspected importance a surface snow source and a 5	  

lifetime of 5 min at noon (Legrand et al., 2014). Therefore, assuming an overestimation of 6	  

HONO by a factor of 4 as discussed in Kukui et al. (2014), a limited vertical change of HOx 7	  

within the PBL is expected, and consequently the assumption of a similar HCHO 8	  

photochemical production throughout the whole PBL is reasonable. Reversely, the 9	  

consistency between HCHO observations and simulations made considering constant HOx 10	  

levels within the PBL tends to support the conclusion of an overestimation of HONO 11	  

measurements, as drawn independently by Legrand et al. (2014) and Kukui et al. (2014).  12	  

 13	  

7. Summary  14	  

This first study of ambient air HCHO measurements at Concordia indicates typical 15	  

summer mixing ratios of 130 pptv. Model simulations indicate that the net gas-phase 16	  

production from methane oxidation accounts largely (66%) to observed mixing ratios in 17	  

relation with the observed high levels of OH and NO there in summer. HCHO measurements 18	  

conducted in the three environmental compartments (ambient air, firn air, and snow) confirm 19	  

that the snow at Concordia is a net source of HCHO in summer throughout day and night. 20	  

Though a strong under-saturation of the snow-pack with respect to interstitial air compared to 21	  

the pure ice-air thermodynamic equilibrium is observed, no significant change in HCHO 22	  

production was observed during shading experiments suggesting that snow emissions are 23	  

mainly controlled by temperature-driven exchanges rather than by photolytic degradation of 24	  

organic matter. Snow emission fluxes estimated from vertical gradients between 1 cm and 1 25	  

m above the snow surface and between air just below and above the snow surface consistently 26	  

suggest levels between 1 and 2 x 1012 molecules m-2 s-1 at night and 3 to 5 x 1012 molecules m-27	  
2 s-1 at noon. 1-D simulations considering these snow emissions and the gas phase chemistry 28	  

(mainly the methane oxidation) calculate a daily mean HCHO mixing ratio of 112 pptv, in 29	  

good agreement with the observed ~ 130 pptv, show however an underestimate by 30 pptv at 30	  

mid-day. Further field works with particular emphasize on measurements in the 3 31	  

compartments in winter are mandatory to better understand the overall strong under-saturation 32	  

of snow at that site.  33	  
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 1	  

Tables 2	  

Table 1. Gas-phase reactions included in the 1-D model (see Sect. 2.4). Kinetic rates are 3	  

given in cm3 molecule-1 s-1. HCHO and MHP (CH3OOH) photolysis rates are reported in Fig. 4	  

8. 5	  

N° Reactions Kinetic rates References 

1 CH4 + OH + O2 → CH3O2 + H2O 2.45 x 10-12 exp [-1775/T] a 

2 CH3O2 + NO → CH3O + NO2 2.30 x 10-12 exp [360/T] b 

3 CH3O + O2 → HCHO + HO2 7.20 x 10-14 exp [-1080/T] b 

4 CH3O2 + CH3O2 → 2 CH3O + O2 
  (7.40 x 10-13 exp [-520/T]  

– 1.03 x 10-13 exp [800/T]) 0.35 
b 

5 CH3O2 + CH3O2 → CH3OH + HCHO + O2 (1.03 x 10-13 exp [800/T]) 0.65 b 

6 CH3O2 + HO2 → CH3OOH + O2 3.80 x 10-13 exp [780/T] b 

7 CH3OOH + OH → HCHO + HO + H2O (2.93 x 10-12 exp [190/T]) 0.35 b 

8 CH3OOH + OH → CH3O2 + H2O (1.78 x 10-12 exp [220/T]) 0.65 b 

9 HCHO + OH → H2O + HCO 5.40 x 10-12 exp [135/T] b 

10 CH3OOH → CH3O + OH (λ<645nm) JMHP  

11 HCHO → H2 + CO (λ<337nm) JHCHO-mol 
 

 

12 HCHO → H + HCO (λ<360nm) JHCHO-rad 
 

13 Br + HCHO → HBr + HCO 2.7 x 10-12 exp [-580/T] c 

14 BrO + CH3O2 → CH2O2 + HOBr 5.70 x 10-12 d 

15 BrO + HCHO → HOBr + HCO 1 .50 x 10-14 e 

a[DeMore et al., 1997], b[Atkinson et al., 2006], c[Atkinson et al., 2007], d[Atkinson et al., 6	  

2008], e[Michalowski et al., 2000]  7	  

 8	  

  9	  
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 1	  

 2	  

 3	  

Table 2. Atmospheric HCHO mixing ratios in the lower Antarctic atmosphere. 4	  

 5	  

Site Date HCHO 

(pptv) 

Location References 

South Pole Dec. 2000 103 89.98°S 24.8°W Hutterli et al. 

(2004) 

South Pole 2 - 4 Jan. 2003 155 89.91°S 147.57°W Frey et al. (2005) 

Byrd  28 Nov. 2011 - 

11 Dec 2002 

120 ± 50 80.02°S 119.6°W Frey et al. (2005) 

Halley  Dec. 2004 - Jan. 

2005 

90 - 140 75.58°S 26.65°W Salmon et al. 

(2008) 

DDU Jan. 2009 and 

Dec. 2009 

150 - 195 66.66°S 140.02E Preunkert et al. ( 

2013) 

Concordia 14 Dec. 2011 – 

11 Jan. 2012 

130 ± 37 75.1°S 123.55°E This study 

  6	  
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Figures 1	  

 2	  

 3	  
Fig. 1. (a) HCHO mixing ratios (time interval of 30 s) measured during the 2011/12 OPALE 4	  

campaign at 1 m above the snow surface, red points refer to periods during which 5	  

contamination by wind transport from the station is suspected. The horizontal dashed line 6	  

indicates the mean mixing ratio observed between January 1st and 11th, a period over which 7	  

the sampling was very discontinuous (b) Detection limits (DL), taken as one and two standard 8	  

deviations of raw zero values measured every two hours. (c) Wind speed and direction. (d) 9	  

Air temperature. Grey bands denote periods during which clouded sky conditions prevailed. 10	  

  11	  
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 1	  
 2	  

Fig. 2. (a) 10 min averaged HCHO mixing ratios observed in the ambient air during the 3	  

2012/13 campaign at 3 different heights above the snow on the Meteorological Tower (MT) 4	  

and at 20 cm on the Snow Tower 2 (ST2) (see Sect. 2.3). (b) 10 min averaged HCHO 5	  

measured at different depths in the snowpack on ST2. (c) Wind speed and direction. (d) 6	  

Temperature of air and in snow at different depths (ST2). Grey bands denote periods for 7	  

which data were not considered due to technical problems of the analyzer and/or the snow 8	  

tower system. They separate the 6 time intervals over which data were averaged. 9	  

  10	  
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 1	  
   2	  

Fig. 3. From top to bottom: Mean daily course (hours are in LT) of HCHO mixing ratios 3	  

measured at 1 m and 1 cm above the ground, snow to air fluxes calculated from observed 4	  

vertical gradients between 1 m and 1cm (arithmetic means in blue, median values in red), 5	  

measured ambient air temperatures at Concordia, and simulated PBL heights.  6	  

  7	  
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 1	  

 2	  
 3	  

Fig. 4. (a) Vertical profiles of HCHO in bulk snow at Concordia. The vertical snow profiles 4	  

of HCHO obtained from the two snow-pits dug during the 2011/12 campaign are compared to 5	  

those from a snow-pit dug in January 1998 (Hutterli et al., 2002). (b) Sodium versus HCHO 6	  

content in the upper 30 cm of the two snow-pits dug in 2011/2012.  7	  

 8	  

 9	  

  10	  
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 1	  

 2	  
 3	  

Fig. 5. Vertical profiles of HCHO in interstitial air at Concordia. Vertical bars refer to the 4	  

depth from which 66% of air was sampled (see Sect. 2.3) and the horizontal ones to standard 5	  

deviations of 10 min and 30 s means for 2012/2013 and 2011/12, respectively. 6	  

  7	  
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 1	  

 2	  

 3	  

 4	  

 5	  
 6	  

Fig. 6. Top: Mean daily course (hours are in LT) of firn air HCHO mixing ratios at different 7	  

depths. At 7 cm below the snow surface, HCHO mixing ratios were estimated. Second from 8	  

top: HCHO flux calculated from firn air atmosphere gradients. Error bars refer to 9	  

uncertainties in depth (±3 cm) and in snow concentration (± 0.08 ppbw) (see text in Sect. 3.3). 10	  

Bottom air and firn air temperatures. 11	  
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 1	  

 2	  

 3	  

	  4	  

 5	  
Fig. 7. Arrhenius plot of the partitioning coefficient K(T) for HCHO in firn air and snow of 6	  

Concordia, South Pole, Summit and Barrow versus T-1. The thermodynamic equilibrium as 7	  

estimated by Barret et al. (2011a) is reported as black line. Barrow data, which use however 8	  

ambient air and not firn air measurements, are situated in the blue ellipse (Barret et al., 9	  

2011b). See discussion in text. Summit snow temperatures were calculated after (Jun et al., 10	  

2002). 11	  

 12	  
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 1	  
Fig.8. Diurnal cycles (hours are in LT) of key input parameters used in 1-D simulations 2	  

discussed in Sect. 6. JHCHO denotes the sum of JHCHO-mol and JHCHO-rad (see Table 1). HCHO 3	  

fluxes (F-HCHO) used in the model were taken as the mean (black dots) of F-HCHO derived 4	  

from atmospheric HCHO gradients (blue dots) and from those derived from firn air 5	  

atmosphere gradients (grey dots). Vertical bars refer to daily variability and to the uncertainty 6	  

of calculations in the case of F-HCHO, respectively. OH and HO2 data are from Kukui et al. 7	  

(2014), NO from Frey et al. (this issue).  8	  
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 1	  
 2	  

Fig. 9. Diurnal cycles (hours are in LT) for the period from December 19th to December 28th 3	  

2011 of: (a) HCHO simulated (squares) and observed (red circles) mixing ratios, grey open 4	  

squares refer to values simulated when only the gas phase chemistry is considered whereas 5	  

solid black squares refer to values simulated when both gas-phase chemistry and snow 6	  

emissions are considered (see Sect. 6). The vertical bars reported on simulated values 7	  

correspond to uncertainties related to the daily variability and calculation uncertainties of 8	  

parameters reported in Fig. 8. (b) Simulated HCHO contributions of the different gas-phase 9	  
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mechanisms. (c) Contribution of the different uncertainties making up the vertical error bars 1	  

in (a).  2	  
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