
9.	
  Summary	
  and	
  outlook	
  
•  Developed	
  a	
  mechanis0cally-­‐based	
  parameteriza0on	
  for	
  primary	
  sea	
  

spray	
  aerosol	
  composi0on	
  based	
  on	
  surface	
  ac0vity	
  of	
  macromolecules.	
  
•  OM	
  frac0on	
  rela0onship	
  with	
  chlorophyll	
  is	
  qualita0vely	
  similar	
  to	
  

observa0ons	
  and	
  exis0ng	
  parameteriza0ons.	
  
•  Poten0al	
  to	
  explain	
  different	
  behavior	
  in	
  different	
  ocean	
  biomes	
  and	
  

basins,	
  e.g,.	
  Arc0c,	
  N.	
  Atlan0c,	
  Southeast	
  Pacific.	
  
•  Parameters	
  need	
  beGer	
  observa0onal	
  constraints.	
  

3.	
  Par22oning	
  of	
  ocean	
  dissolved	
  organic	
  carbon	
  (DOC)	
  
Based	
  on	
  fields	
  from	
  the	
  Parallel	
  Ocean	
  Program	
  (POP).	
  
•  Lipids:	
  τ≈10	
  days;	
  scaled	
  with	
  phytoplankton	
  disrup0on	
  by	
  zooplankton.	
  
•  Polysaccharides	
  and	
  proteins:	
  τ≈100	
  days;	
  scaled	
  with	
  semi-­‐labile	
  DOC.	
  
•  Processed:	
  Long-­‐lived;	
  used	
  climatology	
  of	
  refractory	
  DOC.	
  
•  Humics:	
  Deep	
  humic	
  substance;	
  in	
  convec0ve	
  overturning	
  regions.	
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1.	
  Introduc2on	
  and	
  mo2va2on	
  
•  The	
  submicron	
  primary	
  sea	
  spray	
  aerosol	
  o]en	
  contains	
  a	
  

significant	
  frac0on	
  of	
  organic	
  maGer	
  (OM)	
  associated	
  with	
  
marine	
  biological	
  ac0vity.	
  	
  	
  

•  Exis0ng	
  parameteriza0ons	
  of	
  this	
  organic	
  frac0on	
  use	
  
chlorophyll-­‐a	
  as	
  a	
  predic0ve	
  variable	
  and	
  extrapolate	
  from	
  
nutrient-­‐rich	
  mid-­‐la0tude	
  oceans	
  and	
  coastal	
  sites	
  to	
  the	
  global	
  
ocean,	
  including	
  polar	
  biomes	
  and	
  oligotrophic	
  gyres.	
  

•  Exis0ng	
  approaches	
  have	
  limita0ons:	
  
•  can	
  not	
  account	
  for	
  regional	
  and	
  seasonal	
  differences	
  in	
  

the	
  rela0onship	
  between	
  chlorophyll-­‐a	
  and	
  OM	
  frac0on.	
  
•  do	
  not	
  include	
  chemical	
  specia0on	
  of	
  organics.	
  

•  As	
  a	
  first	
  step	
  to	
  address	
  these	
  issues,	
  we	
  propose	
  a	
  novel,	
  
semi-­‐mechanis0c	
  parameteriza0on	
  framework	
  for	
  submicron	
  
sea	
  spray	
  composi0on,	
  using	
  the	
  Langmuir	
  adsorp0on	
  isotherm	
  
to	
  model	
  frac0ona0on	
  of	
  surface-­‐ac0ve	
  macromolecules	
  on	
  the	
  
film	
  of	
  burs0ng	
  bubbles	
  and	
  into	
  the	
  aerosol.	
  

•  In	
  an	
  ini0al	
  applica0on,	
  we	
  par00on	
  marine	
  organic	
  maGer	
  into	
  
several	
  model	
  classes	
  of	
  macromolecules,	
  es0mate	
  their	
  global	
  
distribu0ons,	
  and	
  assign	
  each	
  a	
  molecular	
  weight,	
  surface	
  
excess,	
  and	
  Langmuir	
  adsorp0on	
  parameter.	
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toplankton cultures, surfactant activity has generally
been found to increase in proportion to biomass, un-
til levelling out at high surfactant concentrations, and
observational studies have concluded that the largest
source of surfactants in the SML is phytoplankton ex-
udates and their degradation products. [Ẑutić et al.,
1981; Gašparović et al., 1998; Sekelsky and Shreve,
1999]. Frka et al. [2009] show that surface-active sub-
stance concentrations and DOC concentrations in the
microlayer are correlated, but with large variability.

More productive waters also have a greater pro-
portion of larger particles [Buonassissi and Dierssen,
2010].

In regions such as the Arctic, the relationship be-
tween Chl-a and the organic matter at the ocean sur-
face di↵ers fundamentally. Maybe get more specific
here? If it is not Chl-a, but the surface activity and
particle size distribution of marine organic matter
that drives the organic contribution to the aerosol,
then relationships with Chl-a derived from observa-
tions of North Atlantic aerosol can not be expected
to be valid for Arctic aerosol.
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A Model equations and deriva-
tions

In this appendix, we derive and further explain the
model equations presented in the main paper.

We consider a multicomponent system made up of
NOM organic matter components (designated OM1,
OM2, etc.), and seawater (SW) composed of salt (for
simplicity treated as NaCl) and water (H2O):

1 =
X

i=1

NOMxi,j + xNaCl,j + xH2O,j

= xi,j + xSW,j (16)

where xi,j is the mole fraction of the mixture com-
ponent i in the j-th mode (i.e. “blk” = bulk water,
“SML” = SML, and “aer” = nascent aerosol).

The ratio of NaCl to H2O in the bulk water, bubble
film, and nascent sea spray is constant and is deter-
mined by the ocean water salinity s. The salinity is
defined as the mass fraction of salt in seawater:

s =
mNaCl,j

mNaCl.j +mH2O,j

=
xNaCl,jMNaCl,j

xNaCl,jMNaCl,j + xH2O,jMH2O,j
(17)

where mi,j is the mass concentration and Mi,j is the
molar mass of the i-th component in the j-th mode.

A typical value for s in the surface water of the
open ocean is s = 0.035 kg/kg, or xNaCl,blk = 0.011.
We will assume the bulk ocean water to be a dilute
solution of all organic components, which implies for
example, VOM,blk ⌧ VSW,blk and xSW,blk ⇡ 1.

The multicomponent Langmuir model describes
the competitive adsorption of solutes onto a surface,
neglecting intermolecular interactions. It states that
at equilibrium, the fraction of the surface covered by
the i-th component, ✓i, is given by:

✓i =
↵iCi

1 +
P

i0 ↵i0Ci0
. (18)

For computational convenience, we introduce an
e↵ective bulk Langmuir coe�cient ↵e↵ to describe the
average surface activity of a mixture. The e↵ective
coe�cient is the concentration-weighted average of
the component Langmuir coe�cients:

↵e↵ =

P
i ↵iCi

Ctot
. (19)

where Ctot =
P

i Ci.
Equation 18 then becomes:

X

i

✓i =
↵e↵Ctot

1 + ↵e↵Ctot
. (20)

The molar concentration of OM1 in the bulk ocean
water, COM1,blk (and analogously for COM2,blk, etc.),
is related to the mole fraction in the bulk by:

COM1,blk ⇡ nOM1,blk

VSW,blk
(21)

=
nOM1,blk

nSW,blk · vSW,blk
(22)

⇡ xOM1,blk

vSW,blk
(23)
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4.	
  Langmuir	
  adsorp2on	
  
isotherm	
  model	
  
•  Each	
  macromolecule	
  class	
  is	
  

assigned	
  five	
  physical	
  
parameters	
  based	
  on	
  literature	
  
data	
  describing	
  model	
  
compounds.	
  

•  Bubble	
  surface	
  coverage	
  follows	
  
the	
  Langmuir	
  isotherm:	
  

Two-­‐component	
  system	
  example	
  

7.	
  Correla2on	
  of	
  monthly	
  mean	
  Chl-­‐a	
  and	
  submicron	
  OM	
  frac2on	
  
10x	
  lower	
  lipids,	
  20x	
  higher	
  polysaccharides	
  Baseline	
  case	
  

6.	
  Rela2onship	
  between	
  predicted	
  OM	
  frac2on	
  and	
  Chl-­‐a,	
  May	
  

Colored	
  points	
  are	
  
from	
  highlighted	
  
regions	
  of	
  same	
  
color;	
  black	
  points	
  
are	
  rest	
  of	
  world.	
  

Lines	
  are	
  empirical	
  
parameteriza0ons:	
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8.	
  Seasonal	
  variability	
  in	
  North	
  Atlan2c	
  vs.	
  Southeast	
  Pacific	
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5.	
  Chemically-­‐resolved	
  submicron	
  sea	
  spray	
  OM	
  frac2on	
  –	
  February	
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MBL
Aerosolization of !lm
by bubble bursting.

SML
Bubbles rest on surface;
!lm drains,
preferentially reducing
non-surfactants.

BLK
Collection of surfactants
on bubble surfaces
by impaction, interception
and di"usion, followed
by adhesion/adsorption.
Upward transport and
deposition in SML.

2.	
  Conceptual	
  model	
  

Bulk	
  seawater	
  

Sea	
  surface	
  

Aerosol	
  forma2on	
  

Lipid-­‐like	
  organic	
  	
  
	
  	
  	
  	
  	
  macromolecules	
  

Other	
  organic	
  
macromolecules,	
  
e.g.,	
  proteins	
  

Bubble	
  film	
  has	
  two	
  
air-­‐water	
  interfaces	
  
coated	
  with	
  organics;	
  
sea	
  surface	
  has	
  only	
  
one	
  interface.	
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