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1860

1990

Black Carbon Sulfur Dioxide

0.59 Tgyr-1

11 Tgyr-1

0.48 Tgyr-1

145.4 Tgyr-1

2.   Rela've	
  Humidity	
  
•  Rela%ve	
  humidity	
  affects	
  hygroscopic	
  

aerosols,	
  such	
  as	
  ammonium	
  sulfate,	
  
and	
  introduces	
  an	
  exponen%al	
  impact	
  
on	
  the	
  specific	
  ex%nc%on	
  of	
  sulfate	
  as	
  
humidity	
  increases	
  and	
  the	
  sulfate	
  
par%cles	
  swell	
  	
  

•  The	
  larger	
  the	
  size	
  of	
  the	
  par%cle,	
  the	
  
more	
  radia%on	
  it	
  sca>ers	
  or	
  absorbs	
  

3.   Surface	
  Albedo	
  
•  Similar	
  to	
  the	
  impact	
  from	
  low	
  clouds,	
  high	
  albedo	
  surfaces	
  (deserts,	
  snow	
  and	
  ice)	
  reflect	
  more	
  

radia%on	
  into	
  the	
  aerosol	
  layer,	
  significantly	
  enhancing	
  posi%ve	
  DRFs	
  from	
  absorbing	
  aerosols	
  

•  DRFs	
  from	
  sca>ering	
  aerosols	
  are	
  reduced	
  since	
  the	
  contrast	
  between	
  a	
  low	
  albedo	
  surface	
  and	
  an	
  
op%cally	
  thin	
  aerosol	
  layer	
  is	
  lost	
  as	
  more	
  radia%on	
  is	
  reflected	
  from	
  the	
  surface	
  than	
  the	
  aerosols	
  

1.   Cloud	
  Coverage	
  
•  Rela%onship	
  depends	
  on	
  the	
  ver%cal	
  

distribu%on	
  of	
  the	
  clouds	
  and	
  
aerosols	
  in	
  the	
  atmospheric	
  column	
  	
  

•  When	
  clouds	
  exist	
  above	
  the	
  aerosol	
  
layer,	
  they	
  block	
  radia%on	
  from	
  
penetra%ng	
  through	
  

•  When	
  clouds	
  are	
  below	
  the	
  aerosol	
  
layer,	
  radia%on	
  is	
  sca>ered	
  back	
  into	
  
the	
  aerosol	
  layer,	
  allowing	
  absorbing	
  
aerosols	
  to	
  interact	
  with	
  more	
  
radia%on	
  and	
  therefore	
  enhancing	
  
posi%ve	
  DRFs	
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Aerosol	
  Direct	
  Radia've	
  Forcings:	
  
physics	
  and	
  governing	
  factors	
  •  This	
  study	
  inves%gates	
  the	
  compe%ng	
  and	
  complimentary	
  aspects	
  of	
  anthropogenic	
  sulfate	
  and	
  

soot	
  direct	
  radia%ve	
  forcing	
  (DRF)	
  in	
  the	
  context	
  of	
  a	
  successful	
  climate	
  model	
  –	
  GFDL	
  CM2.1	
  

•  Results	
  show	
  that	
  sulfate	
  and	
  black	
  carbon	
  global-­‐mean	
  DRFs	
  evenly	
  offset	
  one	
  another	
  (0.87	
  W/m2	
  black	
  
carbon;	
  -­‐0.96	
  W/m2)	
  at	
  the	
  top-­‐of-­‐atmosphere	
  (TOA)	
  ,	
  whereas	
  surface	
  direct	
  radia%ve	
  forcings	
  are	
  both	
  
nega%ve	
  and	
  addi%ve,	
  exer%ng	
  a	
  combined	
  forcing	
  of	
  -­‐2.12	
  W/m2	
  

•  We	
  focus	
  on	
  factors	
  governing	
  the	
  sca>ering-­‐absorbing	
  aerosol	
  balance	
  for	
  the	
  global-­‐mean	
  and	
  
geographically	
  –	
  clouds,	
  rela%ve	
  humidity,	
  surface	
  albedo	
  

•  Results	
  show	
  that	
  without	
  clouds,	
  sulfate	
  would	
  dominate	
  the	
  aerosol	
  TOA	
  DRF	
  balance,	
  and	
  without	
  
sulfate	
  hygroscopic	
  growth	
  from	
  high	
  rela%ve	
  humidity,	
  black	
  carbon	
  would	
  dominate	
  the	
  balance	
  

•  Aerosols	
  directly	
  perturb	
  Earth’s	
  radia%ve	
  balance	
  by	
  
sca>ering	
  and	
  absorbing	
  shortwave	
  and	
  longwave	
  radia%on	
  

•  All	
  aerosols	
  decrease	
  amount	
  of	
  radia%on	
  reaching	
  surface,	
  
which	
  can	
  reduce	
  the	
  strength	
  of	
  the	
  hydrological	
  cycle	
  

•  Aerosols	
  have	
  compe%ng	
  warming/cooling	
  characteris%cs	
  at	
  
top-­‐of-­‐atmosphere,	
  which	
  can	
  affect	
  Earth’s	
  temperature	
  

•  Sca>ering	
  aerosols	
  (e.g.	
  sulfate)	
  enhance	
  planetary	
  albedo	
  

•  Absorbing	
  aerosols	
  (e.g.	
  black	
  carbon)	
  trap	
  energy	
  in	
  climate	
  

•  Concentra%ons	
  of	
  aerosols	
  have	
  risen	
  considerably	
  since	
  pre-­‐
industrial	
  %mes	
  

•  RF	
  is	
  uncertain	
  since	
  aerosols	
  are	
  short-­‐lived	
  and	
  vary	
  
spa%ally;	
  therefore,	
  offse^ng	
  characteris%cs	
  may	
  change	
  
regionally	
  	
  

•  The	
  GFDL	
  CM2.1	
  model	
  is	
  used	
  in	
  conjunc%on	
  with	
  MOZART	
  to	
  simulate	
  the	
  global	
  distribu%on	
  and	
  
radia%ve	
  forcing	
  of	
  black	
  carbon	
  and	
  sulfate	
  aerosols	
  	
  

•  Horizontal	
  resolu%on	
  of	
  MOZART	
  is	
  2.8°	
  by	
  2.8°,	
  aerosols	
  are	
  remapped	
  to	
  the	
  2°	
  by	
  2.5°	
  resolu%on	
  
of	
  CM2.1	
  with	
  24	
  ver%cal	
  levels	
  

•  Emissions	
  are	
  taken	
  from	
  inventories	
  compiled	
  for	
  IPCC	
  AR4	
  [Horowitz,	
  2006]	
  

•  CM2.1	
  radia%on	
  code	
  used	
  to	
  calculate	
  radia%ve	
  forcings,	
  with	
  the	
  shortwave	
  radia%on	
  algorithm	
  
adapted	
  from	
  Freidenreich	
  and	
  Ramaswamy	
  [1999]	
  and	
  the	
  longwave	
  radia%on	
  algorithm	
  from	
  
Schwarzkopf	
  and	
  Ramaswamy	
  [1999]	
  

•  Aerosol	
  op%cal	
  depth,	
  single	
  sca>ering	
  albedo	
  and	
  asymmetry	
  parameter	
  calculated	
  as	
  a	
  func%on	
  
of	
  hygroscopic	
  growth	
  and	
  op%cal	
  proper%es	
  derived	
  from	
  Mie	
  theory	
  	
  	
  

CONTROL	
  CASE	
  –	
  RadiaIve	
  forcing	
  calculaIons	
  derived	
  using	
  realisIcally	
  simulated	
  climate	
  condiIons,	
  
including	
  typical	
  geographical	
  distribuIons	
  of	
  horizontal	
  and	
  verIcal	
  cloud	
  cover	
  and	
  
relaIve	
  humidity,	
  surface	
  albedo,	
  and	
  insolaIon	
  	
  	
  

EXPERIMENTS	
  –	
  sensiIvity	
  studies	
  of	
  governing	
  factors	
  

1.   Cloud	
  Impact	
  –	
  DRFs	
  were	
  calculated	
  for	
  clear-­‐sky	
  condiIons	
  (zero	
  clouds)	
  and	
  subtracted	
  from	
  
the	
  control	
  case	
  to	
  determine	
  the	
  impact	
  from	
  the	
  presence	
  of	
  clouds	
  

2.   Rela've	
  Humidity	
  Impact	
  –	
  DRFs	
  were	
  calculated	
  for	
  dry	
  sulfate	
  condiIons	
  (30%	
  relaIve	
  
humidity)	
  and	
  subtracted	
  from	
  the	
  control	
  case	
  to	
  determine	
  the	
  impact	
  from	
  hygroscopic	
  sulfate	
  

3.   High	
  Albedo	
  Impact	
  –	
  DRFs	
  were	
  calculated	
  for	
  constant	
  low	
  surface	
  albedo	
  condiIons	
  (0.1)	
  and	
  
subtracted	
  from	
  the	
  control	
  case	
  to	
  determine	
  the	
  impact	
  from	
  presence	
  of	
  high	
  surface	
  albedos	
  

Annual	
  Emissions	
  (10-­‐12	
  kgm-­‐2s-­‐1)	
  

1860	
  

1990	
  

TOA 

Surface 

GHGs 

Annual Global-Mean Radiative Forcings (W/m2) 

Black Carbon Sulfate 
Annual Radiative Forcings (W/m2) 

Control	
  Case	
  
TOA Direct Radiative Forcings (W/m2) 

(CS = clear-sky; D = dry sulfate; LA = low albedo; filled box is control case) Cloud Impact (% Change) on Radiative Forcings 

•  Near-­‐complete	
  offset	
  for	
  TOA	
  global-­‐mean	
  
•  RFs	
  peak	
  where	
  emissions	
  peak,	
  sulfate	
  dominates	
  offset	
  
•  BC	
  TOA	
  DRF	
  high	
  and	
  constant	
  in	
  Arc%c,	
  offset	
  flips	
  signs	
  

•  Globally	
  averaged	
  annual	
  SO4	
  TOA	
  DRF	
  is	
  
reduced	
  by	
  roughly	
  half	
  when	
  clouds	
  present	
  

•  Globally	
  averaged	
  annual	
  BC	
  TOA	
  DRF	
  is	
  
enhanced	
  by	
  double	
  when	
  clouds	
  present	
  

•  Clouds	
  play	
  minor	
  role	
  in	
  changing	
  BC	
  TOA	
  DRF	
  
in	
  polar	
  regions	
  (close	
  to	
  0%	
  change)	
  

•  Clouds	
  reduce	
  SO4	
  SFC	
  DRF	
  more	
  than	
  BC	
  SFC	
  
DRF;	
  but	
  enhance	
  BC	
  TOA	
  DRF	
  more	
  than	
  
reducing	
  SO4	
  TOA	
  DRF	
  	
  

•  Rela%ve	
  humidity	
  enhances	
  SO4	
  DRFs	
  by	
  over	
  
60%	
  for	
  global	
  average	
  

•  Rela%ve	
  humidity	
  enhances	
  SO4	
  DRFs	
  by	
  over	
  
100%	
  in	
  the	
  Arc%c	
  

•  BC	
  DRFs	
  would	
  dominate	
  aerosol	
  forcing	
  if	
  SO4	
  
was	
  not	
  hygroscopic	
  

•  High	
  albedo	
  surfaces	
  enhance	
  BC	
  TOA	
  DRFs,	
  
reduce	
  all	
  other	
  DRFs	
  

•  As	
  large	
  of	
  an	
  impact	
  on	
  SO4	
  DRFs	
  as	
  BC,	
  larger	
  
for	
  SFC	
  DRFs	
  

•  Comparable	
  impacts	
  in	
  Arc%c	
  and	
  Antarc%ca,	
  
but	
  magnitudes	
  increased	
  much	
  more	
  in	
  Arc%c	
  

•  Impact	
  on	
  magnitude	
  of	
  DRFs	
  approximately	
  
increases	
  with	
  la%tude	
  in	
  Northern	
  
Hemisphere	
  

•  Include	
  internal	
  mixtures,	
  black	
  carbon	
  deposi%on	
  in	
  snow,	
  and	
  indirect	
  effects	
  on	
  clouds	
  

•  Perform	
  sensi%vity	
  studies	
  on	
  the	
  ver%cal	
  distribu%on	
  of	
  clouds	
  and	
  aerosols	
  in	
  rela%on	
  to	
  one	
  
another	
  

•  Implica%ons	
  for	
  policy	
  and	
  climate	
  will	
  be	
  explored	
  

•  Sulfate	
  and	
  black	
  carbon	
  top-­‐of-­‐atmosphere	
  DRFs	
  are	
  offse^ng	
  
•  BC	
  DRF	
  (+0.87	
  W/m2):	
  ⅓	
  of	
  all	
  GHG	
  RF;	
  ½	
  of	
  CO2	
  RF	
  
•  SO4	
  DRF	
  (-­‐0.96	
  W/m2)	
  

•  Sulfate	
  and	
  black	
  carbon	
  surface	
  DRFs	
  are	
  addi%ve	
  and	
  nega%ve	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
(BC:	
  -­‐1.24	
  W/m2;	
  SO4:	
  -­‐0.88	
  W/m2)	
  

•  May	
  decrease	
  strength	
  of	
  hydrological	
  cycle	
  

•  Sulfate	
  DRF	
  enhanced	
  by	
  rela%ve	
  humidity	
  (63%	
  globally)	
  and	
  reduced	
  by	
  clouds	
  (~50%	
  globally)	
  
and	
  high	
  albedo	
  (8%	
  globally)	
  

•  Black	
  carbon	
  DRF	
  impacts	
  different	
  for	
  top-­‐of-­‐atmosphere	
  and	
  surface	
  –	
  TOA	
  affected	
  more	
  
•  TOA	
  –	
  BC	
  DRF	
  enhanced	
  by	
  clouds	
  (78%	
  globally)	
  and	
  high	
  albedo	
  (10%	
  globally)	
  
•  SFC	
  –	
  BC	
  DRF	
  reduced	
  by	
  clouds	
  (22%	
  globally)	
  and	
  high	
  albedo	
  (3%	
  globally)	
  

Percent Change in Annual  
Global-Mean Radiative Forcing 
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  Impact	
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Percent Change in RF from Factors

TOA

Surface

Black Carbon Sulfate

Percent Enhancement/Reduction in Radiative Forcing 
from Presence of Factors 

(solid = clouds; dotted = RH; dashed = high albedo) 
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Cloud Impact E/R Percentages

TOA

Surface

Black Carbon Sulfate  
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RH Impact E/R Percentages

TOA

Surface

Sulfate

  TOA   Surface 
BC SO4  BC+SO4  BC SO4  BC+SO4  

Global-mean 0.87 -0.96 -0.09 -1.24 -0.88 -2.12 

60°N to 90°N 1.1 -1.33 -0.23 -0.7 -1.03 -1.73 
30°N to 60°N 1.44 -2.46 -1.02 -2.11 -2.25 -4.36 
0° to 30°N 1.02 -1.08 -0.06 -1.75 -1.01 -2.76 
30°S to 0° 0.7 -0.39 0.31 -1.1 -0.37 -1.47 

75°N to 90°N 0.89 -0.58 0.31 -0.29 -0.31 -0.60 
60°N to 75°N 1.20 -1.70 -0.50   -0.89 -1.37 -2.26 
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High Albedo Impact E/R Percentages

TOA

Surface

Black Carbon Sulfate

Annual Radiative Forcings (W/m2) 

Relative Humidity Impact (% Change) on Radiative Forcings Surface Albedo Impact (% Change) on Radiative Forcings 

  TOA   Surface 
BC SO4  BC SO4  

Cloud cover 78% -53% -22% -52% 
High albedo surfaces 10% -8% -3% -8% 
High relative humidity   63%     63% 


