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Impossible d'afficher l'image. Votre ordinateur manque peut-être de mémoire pour ouvrir 
l'image ou l'image est endommagée. Redémarrez l'ordinateur, puis ouvrez à nouveau le 
fichier. Si le x rouge est toujours affiché, vous devrez peut-être supprimer l'image avant 
de la réinsérer.

CLIMSLIP	  
(CLimate	  IMpacts	  of	  Short-‐Lived	  pollutants	  In	  the	  Polar	  region)	  
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Field	  experiments	  Ny-‐Alesund	  2012	  
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Atmospheric	  BC	  at	  Zeppelin	  (1-‐hr	  averages)	  
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Schwarz	  et	  al.,	  	  
Aerosol	  Sci.Technol.	  2010	  

Single	  Par1cle	  Soot	  Photometer	  (SP2)	  

Incandescent	  light	  detectors	  =>	  rBC	  mass	  

Broad	  band	  
(~350-‐800	  nm)	  

Narrow	  band	  
(~630-‐800	  nm)	  
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SP2	  measurements	  at	  Zeppelin	   Further	  informa<on:	  
Number	  concentra<on	  
Coa<ng	  thickness	  
Size	  distribu<on	  
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Previous	  BC	  monitoring	  at	  Zeppelin	  

EleKheriadis	  et	  al.,	  Geophys.Res.LeL.	  2009	  
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Correla1ons	  during	  parallel	  measurements	  at	  Zeppelin	  
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Comparison	  of	  simultaneous	  measurements	  at	  Zeppelin	  
and	  Corbel	  

Modified	  aethalometer	  
measurements	  using	  correla<on	  from	  
parallel	  measurements	  at	  Zeppelin	  
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Es1ma1on	  of	  BC	  gradients	  between	  Zeppelin	  and	  Corbel	  
(BeRer)	  alterna<ve:	  
Gradient	  using	  only	  aethalometer	  data	  
Request	  for	  complete	  Greek	  data	  made	  
COSMOS	  data	  also	  requested	  
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Hegg	  et	  al.,	  Tellus	  2011	  

Quan1fica1on	  of	  incorpora1on	  processes	  of	  black	  
carbon	  into	  precipita1ng	  snow	  
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toposvalbard.npolar.no	  

Black	  carbon	  in	  snow	  at	  Svalbard	  

SP2	  
Fresh	  snow	  
Surface	  snow	  

Snow	  pits	  

Aethalometer	  

+	  

+	  
+	  

+	  
+	  

+	  

+:	  6	  AWS	  University	  Innsbruck	  
Austre	  Lovenbren	  
ANR	  Hydro-‐Sensor	  FLOWS	  	  
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Kongsvegen	  snow	  pit	  (30/03/2012)	  
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Chemical	  profiles	  Kongsvegen	  snow	  pit	  (30/03/2012)	  
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AWS	  data	  courtesy	  of	  F.	  Obleitner	  (University	  Innsbruck)	  

Reconstruc1on	  of	  atmospheric	  concentra1ons	  using	  
chemical	  profiles	  combined	  with	  snowpack	  modeling	  

Ström	  et	  al.,	  Phys.Chem.Earth	  2003	  	  

Aerosol,	  Zeppelin	  	  
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Set-‐up	  of	  black	  carbon	  analysis	  in	  snow	  samples	  

Liquid	  sample	  
Liquid	  drain	  

Self-‐aspira1on	  
~67	  ul/min	  

Jet-‐nebulizer	  	  

SP2	  +	  PC	  

aerosol	  
sample	  

Exhaust	  	  

~0.9	  
l/min	  

~0.12	  
l/min	  

Compressed	  	  
	  	  	  	  	  	  	  	  	  air	  

Mass	  flow	  	  
controller	  

Purge	  air	  
~0.9	  l/min	  

=>	  Nebulizing	  efficiency:	  56	  %	  
-‐Polypropylene	  tube	  
-‐Quick	  mel1ng	  in	  warm	  water	  
-‐15	  min	  of	  sonica1on	  
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Measurements	  of	  black	  carbon	  in	  Himalaya	  snow	  

-‐	  Number	  of	  samples:	  56	  
	  (fresh	  snow:	  28,	  
	  	  old	  snow:23,	  
	  	  unknown:	  5)	  

-‐	  Period:	  Nov.	  2009	  -‐	  Feb.	  2012	  
-‐	  Loca1on:	  Khumbu	  valley	  
1.	  NCO-‐P	  (5079m	  asl)	  
2.	  Changri	  Nup	  glacier	  (5644m	  asl)	  
3.	  Kongma	  glacier	  (5600m	  asl)	  

NCO-‐P	  (5079m	  asl)	  

Kongma	  glacier	  
(5600m	  asl)	  

Changri	  Nup	  
glacier	  (5644m	  asl)	  
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Black	  carbon	  concentra1ons	  in	  fresh	  and	  surface	  snow	  
samples	  from	  the	  Khumbu	  valley	  

•  Annual	  cycle	  very	  similar	  to	  atmospheric	  BC:	  fresh	  and	  old	  snow	  
•  BC	  in	  old	  snow	  tends	  to	  be	  higher	  than	  in	  fresh	  snow	  during	  the	  same	  season	  
	  =>	  Dry	  deposi1on	  during	  pre-‐monsoon	  is	  important	  
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	  	  	  	  	  	  	  GROUND:	  geothermic	  flux	  

Radia1ve	  Fluxes	  
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WIND	  

Input:	  Meteorological	  condi1ons	  
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Snow	  Profiles	  
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Run-‐off	  
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Turbulent	  
Fluxes	   	  Conduc1on,	  diffusion,	  

absorp1on	  

SNOWPACK	  MODEL	  CROCUS	  
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Brun	  et	  al.,	  J.Glaciol.	  1989,	  1992	  



Albedo	  in	  the	  CROCUS	  snowpack	  model	  

Incoming	  
solar	  

radia<on	   Incoming	  
IR	  

radia<on	  

Sensible	  /	  
latent	  	  
heat	  fluxes	  

reflected	  

-‐	  Conduc<on	  
-‐	  Mel<ng	  /	  freezing	  
-‐	  Percola<on	  
-‐	  SeRling	  
-‐	  Metamorphism	  

Wind	  

Rain	  	  	  Snow	  

SNOW	  COVER	  

ATMOSPHERE	  

GROUND	  

Run-‐off	  Ground	  
heat	  flux	  

++	  

⋅⋅	  

+	  

++	  

⋅⋅	  

+	  

Radia<on	  

Temperature	   Density	  

Snow	  
type	  

SNOW	  PHYSICS:	  
CROCUS	  
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n	  

ALBEDO	  CALCULATION	  

1.	  Snow	  age	  
2.	  Grain	  size	  
3.	  Wavelength	  

STANDARD	  
(Surface	  layer	  only!)	  
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Albedo	  in	  the	  CROCUS	  snowpack	  model	  
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1.	  Snow	  age	  
2.	  Grain	  size	  
3.	  Wavelength	  

STANDARD	  
(Surface	  layer	  only!)	  

Krinner	  et	  al.,	  Clim.Dyn.	  2006	  

RADIATIVE	  TRANSFER	  
1.	  Grain	  size	  
2.	  SWE	  
3.	  SZA	  
4.	  Soil	  albedo	  
5.	  Wavelength	  
6.	  BC	  and	  dust	  
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Warren	  and	  Wiscombe,	  J.Atmos.Sci.	  1980	  

Albedo	  modeling	  in	  a	  1-‐D	  snowpack	  model	  based	  
on	  radia1ve	  transfer	  

Al
be

do
	  c
al
cu
la
<o

n	  

ALBEDO	  CALCULATION	  

1.	  Snow	  age	  
2.	  Grain	  size	  
3.	  Wavelength	  

STANDARD	  
(Surface	  layer	  only!)	  

RADIATIVE	  TRANSFER	  
1.	  Grain	  size	  
2.	  SWE	  
3.	  SZA	  
4.	  Soil	  albedo	  
5.	  Wavelength	  
6.	  BC	  and	  dust	  

Soil	  albedo	  

Grain	  size	  
SWE	  
BC	  

Albedo	  1.	  layer	  

Albedo	  2.	  layer	  

Albedo	  3.	  layer	  

Albedo	  4.	  layer	  

Albedo	  5.	  layer	  

Ab
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n	  
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effi

ci
en

t	  f
or
	  	  

ea
ch
	  la
ye
r	  

BC	  parameters:	  
Density	  1	  g	  cm-‐3	  

Refrac<ve	  index:	  
n’=1.75,	  
n”=0.45	  
Mass	  mean	  
diameter	  85	  nm	  
Log-‐normal	  size	  
distribu<on	  
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SZA	  
direct	  	  
radia<on	  
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Applica1on	  of	  the	  snowpack	  model	  to	  the	  Himalayas	  
PYRAMID 2005-2006: Temperature
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Observed	  precipita1on	  at	  Pyramid	  (2004	  –	  2005)	  

VAISALA	  WXT510	  
Observed	  total	  precipita<on:	   	  	  	  359.7	  mm	  
Solid	  precipita<on:	   	  	  	   	  	  	  	  	  84.1	  mm	  
Basin-‐wide	  average	  from	  run-‐off:	  ~2000	  mm	  
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Comparison	  of	  observed	  and	  simulated	  snow	  height	  
at	  PYRAMID	  using	  observed	  precipita1on	  PYRAMID 2004-2005: Snow height
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Es1mated	  precipita1on	  at	  Pyramid	  (2004	  –	  2005)	  

VAISALA	  WXT510	  
Observed	  total	  precipita<on:	   	  	  	  359.7	  mm	  
Solid	  precipita<on:	   	  	  	   	  	  	  	  	  84.1	  mm	  
Basin-‐wide	  average	  from	  run-‐off:	  ~2000	  mm	  

Es<mated	  
585.2	  mm	  
278.1	  mm	  

PYRAMID 2004-2005: Solid precipitation and snow depth
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If	  precipobs	  =	  0	  AND	  ΔSH	  >	  0:	  precipest	  =	  ΔSH	  /	  8	  
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Comparison	  of	  observed	  and	  simulated	  snow	  height	  at	  
PYRAMID	  using	  es1mated	  precipita1on	  (2004	  –	  2005)	  PYRAMID 2004-2005: Snow height
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Comparison	  of	  observed	  and	  simulated	  albedo	  at	  
PYRAMID	  (2004	  –	  2005)	  

PYRAMID 2004-2005: Albedo
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Effect	  of	  black	  carbon	  in	  snow	  on	  albedo	  and	  local	  
climate	  

Snow	  

Incoming	  
shortwave	  
radia<on	  

T	  	  T	  	  

Winter	   Spring	   Summer	  

BC	  BC	  

Colors:	  different	  
snow	  grain	  sizes	  

Gardner	  et	  al.,	  2010	  
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Flanner	  et	  al.,	  J.Geophys.Res.	  2007	  

Radia1ve	  forcing	  due	  to	  black	  carbon	  in	  snow	  in	  a	  global	  
model	  
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Global	  modeling	  of	  black	  carbon	  in	  the	  snow	  with	  the	  
global	  climate	  model	  LMDZ	  

Ø 	  11-‐year	  simula1on	  for	  1998–
2008	  (present	  day)	  

Ø 	  11-‐year	  simula1on	  for	  2050–
2060	  with	  emission	  scenario	  
RCP8.5	  (no	  climate	  mi1ga1on	  
policies,	  total	  anthropogenic	  
forcing	  in	  2100	  of	  ~8.5	  W	  m-‐2)	  

Ø 	  Simplified	  snow	  model	  (2	  
layers)	  including	  radia1ve	  
transfer	  according	  to	  CROCUS	  
Sim.	   Resolu1on	   Snow	  albedo	  

S1	   96x95x19	   Present	  day	  
with	  BC	  in	  snow	  

SB1	   96x95x19	   Present	  day	  
no	  BC	  in	  snow	  

S2	   96x95x19	   Scenario	  
with	  BC	  in	  snow	  

Ménégoz	  et	  al.,	  Cryosphere	  Discuss.	  2012	  
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Observed	  and	  simulated	  number	  of	  days	  per	  year	  with	  
snow	  on	  the	  ground	  

Observa<ons	  

Present	  day	  
No	  BC	  in	  snow	  

Ménégoz	  et	  al.,	  Cryosphere	  Discuss.	  2012	  
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Reduc1on	  in	  number	  of	  days	  per	  year	  with	  snow	  on	  the	  
ground	  including	  BC	  and	  for	  2050-‐2060	  

Present	  day	  
impact	  of	  BC	  in	  the	  snow	  

Scenario	  2050	  -‐	  2060	  
including	  BC	  in	  the	  snow	  

Ménégoz	  et	  al.,	  Cryosphere	  Discuss.	  2012	  
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Average	  of	  present	  day	  spring1me	  (April	  to	  June)	  SWE	  
(mm)	  and	  reduc1on	  due	  to	  BC	  (present	  day,	  scenario)	  

Present	  day	  impact	  of	  BC	  in	  the	  snow	   Scenario	  including	  BC	  in	  the	  snow	  

Ménégoz	  et	  al.,	  Cryosphere	  Discuss.	  2012	  

Present	  day,	  
no	  BC	  in	  snow	  



Laboratoire de G
laciologie et G

éophysique de l’Environnem
ent, G

renoble, France 

Regional	  modeling	  of	  black	  carbon	  in	  the	  snow	  with	  the	  
global	  climate	  model	  LMDZ	  zoom	  

Ø 	  Simula1on	  for	  October	  1997	  to	  October	  
2008	  

Ø 	  Nudging	  using	  reanalysis	  data	  

Ø 	  Simplified	  snow	  model	  (2	  layers)	  
including	  radia1ve	  transfer	  according	  to	  
CROCUS	  

Ø 	  4	  simula1ons	  

Sim.	   Resolu1on	   Snow	  albedo	  

SG1	   96x95x19	   With	  BC	  deposi<on	  

SG2	   96x95x19	   W/o	  BC	  deposi<on	  

SZ1	   144x142x19	  
Zoom	  

With	  BC	  deposi<on	  

SZ2	   144x142x19	  
Zoom	  

W/o	  BC	  deposi<on	  
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Comparison	  of	  SWE	  from	  different	  data	  products	  and	  in	  
different	  models	  (April	  2001)	  

SWE	  LMDZ	  (mm)	  
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Simulated	  number	  of	  days	  with	  snow	  on	  the	  ground	  

Number	  of	  days	  per	  
year	  with	  snow	  

LMD	  
96x95	  

LMDZ	  
144x142	  

OBS	  96x95	  
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Dry	  and	  wet	  deposi1on	  of	  black	  carbon	  in	  LMDZ	  
Dry	  deposi1on	  
(mg	  m-‐2	  month-‐1)	  

Wet	  deposi1on	  
(mg	  m-‐2	  month-‐1)	  

LMD	  
96x95	  

LMDZ	  
144x142	  
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Simulated	  concentra1ons	  of	  black	  carbon	  in	  the	  snow	  

DJF	   MAM	  

Black	  carbon	  in	  the	  snow	  (ppb)	  –	  LMDZ	  144x142	  

JJA	   SON	  
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Change	  of	  number	  of	  days	  with	  snow	  on	  the	  ground	  due	  
to	  black	  carbon	  in	  the	  snow	  

Difference	  of	  number	  of	  days	  year-‐1	  with	  snow	  with	  and	  without	  BC	  in	  the	  snow	  

LMD	  96x95	   LMDZ	  144x142	  
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Regional	  climate	  model	  MAR	  

Atmosphe
re	  

1st	  level:	  3m,	  25th	  level	  ~	  21km	  
Resolu1on:	  20km	  

20	  levels	  

ERA-‐40	  +	  ERA-‐INTERIM	  reanalysis	  

ERA	  SST	  +	  sea-‐ice	  

2000kmx3740km	  

MAR	  Topography	  (m)	  

Not	  coupled	  with	  	  
an	  ice	  sheet	  model	  !	  

Atmospheric	  

boundari
es	  
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Regional	  climate	  modeling	  with	  MAR	  for	  Himalaya	  
3/19	

Land	  cover	  type	  from	  MODIS	  
(1	  km	  resolu1on,	  classifica1on	  IGBP)	  

Ø 	  3-‐year	  simula1on	  for	  
2000–2002	  centered	  around	  
Nepal	  

Ø 	  boundary	  condi1ons	  from	  
ERA-‐INTERIM	  

Ø 	  land-‐surface	  scheme	  
SISVAT	  including	  snow	  
model	  according	  to	  CROCUS	  

Ø 	  no	  radia1ve	  transfer	  in	  the	  
snow	  

Ø 	  code	  not	  yet	  parallelized	  

Ø 	  merging	  of	  MAR	  and	  LMDZ	  
planned	  
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Comparison	  of	  precipita1on	  from	  different	  data	  
products	  and	  in	  different	  models	  

Precipita1ons	  
(JJAS	  2001,	  mm	  month-‐1)	  

GPCP	  (~280	  km)	  

TRMM	  (~50	  km)	   MAR	  (20	  km)	  

APHRODITE	  (~25	  km)	   ERA-‐INTERIM	  (80	  km)	  

LMDZ	  (50	  km)	  
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Comparison	  of	  SWE	  from	  MAR	  with	  different	  data	  
products	  and	  models	  (April	  2001)	  

SWE	  LMDZ	  (mm)	  
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Greenland	  Ice	  Sheet	  surface	  mass	  balance	  simulated	  
with	  MAR	  

LMDZ	  144x142	  

Abla<on	  
zone	  

Accumula<on	  
zone	  

Equilibium	  
line	  

Decrease	  in	  	  
the	  abla1on	  zone	  	  

Small	  increase	  in	  the	  	  
accumula1on	  zone	  	  

Period:	  1979-‐2008	  
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Surface	  snow	  
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Input	  of	  impuri1es	  into	  the	  snow	  (and	  loss)	  

Ice	  nuclei	   Co-‐condensa<on	  

Uptake	  into	  liquid	  water	  

Below-‐cloud	  
scavenging	  

Rimed	  snow	  

Wet	  deposi1on:	  
Precipita<on	  

Dry	  deposi1on:	  
Adsorp<on	  
Sedimenta<on	  
Wind-‐pumping	  

Physico-‐chemical	  
post-‐deposi1onal	  
processes:	  
Release	  of	  vola<le	  
	  	  	  compounds	  

Adsorp<on	  

Diamond	  
dust	  

Blowing	  
snow	  
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Conclusions	  

• 	  CROCUS	  model	  has	  been	  upgraded	  including	  a	  physically	  based	  descrip<on	  of	  
the	  radia<ve	  transfer	  within	  the	  snowpack.	  

• 	  The	  upgraded	  model	  can	  consider	  absorbing	  impuri<es	  like	  black	  carbon	  or	  
dust	  in	  the	  snow.	  

• 	  First	  simula<on	  for	  high-‐al<tude	  condi<ons	  in	  the	  Himalayas	  indicate	  a	  beRer	  
representa<on	  of	  the	  albedo.	  

• 	  Behavior	  of	  BC	  in	  the	  snow:	  Flushing-‐out	  with	  run-‐off?	  
Accumula<on	  at	  the	  surface	  during	  snow	  melt?	  Water	  solubility?	  Chemical	  
reac<vity?	  
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Flanner	  et	  al.,	  J.Geophys.Res.	  2007	  

Air	  temperature	  increase	  due	  to	  black	  carbon	  in	  the	  	  
snow	  in	  a	  global	  model	  
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Jacobi	  et	  al.,	  J.Geophys.Res.	  2012	  

Rela1onship	  between	  chloride,	  sulfate,	  and	  sodium	  
concentra1ons	  and	  snow	  type	  
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Jacobi	  et	  al.,	  J.Geophys.Res.	  2012	  

Rela1onship	  between	  bromide,	  nitrate,	  and	  sodium	  
concentra1ons	  and	  snow	  type	  
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Blowing	  snow	  event,	  9	  March	  2003	  
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Jacobi	  et	  al.,	  J.Geophys.Res.	  2012	  

Bromide-‐to-‐sodium	  ra1o	  as	  func1on	  of	  depth	  and	  pH	  
and	  during	  a	  blowing	  snow	  event	  
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Jacobi	  et	  al.,	  J.Geophys.Res.	  2012	  

Rela1onship	  between	  bromide,	  nitrate,	  and	  sodium	  
concentra1ons	  and	  snow	  type	  
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Chemical	  profiles	  in	  the	  Kongsvegen	  snow	  pit	  
(30/03/2012)	  
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Albedo	  	  parameteriza1on	  in	  the	  standard	  CROCUS	  
model	  (300	  -‐	  800	  nm)	  

Vionnet	  et	  al.,	  Geoscien^fic	  Model	  Development	  2012	  
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Black	  carbon	  concentra1ons	  in	  the	  snow	  around	  Mera	  
glacier	  (28°N,	  86.5°E)	  

Bl
ac
k	  
ca
rb
on

	  in
	  sn

ow
	  (p

pb
)	  

LMDZ	  144x142	  
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Simulated	  SWE	  from	  MAR	  during	  spring1me	  	   17/19	

Mars	  2002	  

Avril	  2002	  

Mai	  2002	  

Juin	  2002	  

Printemps	  2002	  


