
Agenda for today 

!  Some background – Framing the problem 
 
!  Short presentations: 

•  Jim Hudson: Processing of aerosols in clouds 
•  R Subramanian and Claudio Mazzoleni: SP2 and SEM 
•  Matthew Fraund and Ryan Moffet: STXM and SEM/EDX 
•  Joseph Ching: SP2, SPLAT and modeling 
•  Tim Onasch: BC 4 study 
•  Alla Zelenyuk and Aiken/Dubey: SAAS campaign 

!  Discussion 

1 



2 

PRL	5:	 Extensive	valida%on	performed	against	
observa1onal	data,	uncertainty	quan%fied	

inorganic	
gas	

chemistry	

PRL	4:	 Process	implemented	in	a	regional	or	global	
model;	Process-level	verifica1on	

PRL	3:	 Quan%ta%ve	process	model:	Set	of	ODEs	with	
known	rate	func1ons	

PRL	2:	
Qualita%ve	descrip%on	of	process:	When	and	

where	does	it	occur?	What	are	the	reactants	and	
the	products?	

PRL	1:	 Phenomenon	observed	in	the	field	
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at	a	certain	PRL	
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Ice	
nuclea1on	
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Questions for today 

!  No single instrument that can characterize the full “mixing 
state” of an aerosol population.  

!  How can we integrate the different experimental 
techniques to characterize mixing state as fully as 
possible?  

!  How can we use this information to compare to mixing-
state-aware models? 

!  We solicit short presentations that show your work or 
ideas on  
•  (a) comparing mixing state information between different 

measurement platforms    
•  (b) compare measured mixing state information to simulated 

mixing state. 
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Aerosol Population: Modelers wish 
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Underlying Conceptual Model of Aerosol Particles

Smoke&(OC/BC)&

Sea&salt&

Sulfate&

Dust&

External mixture of di↵erent aerosol types
Nicole Riemer Particle-resolved aerosol models May 10, 2013 3 / 39



Aerosol Population: Reality 
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Real Particles in the Ambient Atmosphere

Li#et#al.,#Atmospheric#Environment,#45,#248892495,#2011#

Nicole Riemer Particle-resolved aerosol models May 10, 2013 4 / 39

How much detail is needed to capture aerosol impacts in large scale models? 



Mixing state terminology: Chemical composition 
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On the population level: Mixing state associated with chemical composition 
How are the chemical species distributed over the population? Quantifying diversity at population level

Internally mixed

� = 100%

Externally mixed

� = 0%

Particle
populations

3
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χ = 0 χ = 1

aerosol populations 

On the particle level: Chemical composition diversity 

Quantifying diversity at particle level

Single particles
do not “have”
mixing state.

Single particles are
not “internally” or
“externally” mixed.

Single particles
have “diversity”.

1 2 3

Di = 1 Di = 1.4 Di = 1.9 Di = 2 Di = 2.5 Di = 3

Particles

Low diversity High diversity

Curtis (University of Illinois) A 3D Particle-resolved Model to Represent Aerosol Mixing State January 26, 2017 7/16



Mixing state terminology: Morphology 
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On the population level: Mixing state associated with morphology 
highest (2.66) for N= 247 at 660 nm for highly compact
soot. As the effect of compaction is substantially greater
for scattering than for absorption, the SSA increases as
the lacy soot collapses [Abel et al., 2003]. Increased SSA
and extinction have also been recently demonstrated in
laboratory-generated soot compacted by water processing
[Radney et al., 2014]. The SSA ratio (SSAhighly compact/SSAlacy)
decreases as the wavelength increases. The g factor is a
function of both particle size and shape [Liu et al., 2008;
Kahnert et al., 2012]. We found that lacy soot has a higher g
compared to the semicompact and highly compact soot
with N= 60. However, g exhibits a different behavior for
N= 150, with semicompact soot having higher g, followed
by lacy and highly compact soot. Similarly, Liu et al. [2008]
found that g reaches the highest value for a Df~2 and
starts decreasing as the particle becomes more compact.
Furthermore, we computed the optical properties of sootwith
the same mass-equivalent diameter using Mie calculations to
investigate how closely they approach the DDA values. SSA
estimated usingMie is within ~19% ([SSADDA-SSAMie]/SSADDA)
of the DDA value for highly compact soot, whereas it differs
considerably for lacy soot (~149%) for all three cases of N at
525nm (Figure S7 in the supporting information).

We estimated the ratio of the top of the atmosphere direct
radiative forcing (TOA-DRF) for semicompact and highly
compact soot with respect to lacy soot. We performed the
calculations following the conceptual formulation by Chylek
and Wong [1995]. Since the surface albedo (a) has an
important role in determining the TOA-DRF, we performed
the calculations for two extreme values: a=0.06 and 0.8
(see supporting information for details) that represent a
lower limit for the ocean albedo and an upper limit for
the cloud albedo, respectively. The ratio of the TOA-DRF is
close to 1 or ≪ 1, depending on compactness, number
of monomers, and surface albedo (Figure 3, bottom graph).
Compaction due to aging typically results in a reduction of

the soot TOA-DRF for both values of a. For high surface albedo (a = 0.8) the TOA-DRF estimated from DDA
differs substantially from Mie for lacy and semicompact soot having a normalized ratio [DRFDDA-DRFMie]/
DRFDDA ≤28%; however, it differs by <12% for highly compact soot over the studied range of wavelengths
and N (Figure S8 in the supporting information). Note that the effects of soot coating were not considered
here. Coating would increase the absorption but would also result in much higher scattering, and the SSA
would increase with coating. For example, SSA can increase by a factor of ≤3 at 670 nm depending on the
coatingmaterial andmixing scenarios [Cheng et al., 2014]. Therefore, our calculations that neglect the coating
effect represent a lower limit for the SSA increase.

As mentioned earlier, soot particles observed at PMO were likely cloud processed. Cloud processing is likely
the reason for the highly compact shape with minimal coating. Soot particles may have been incorporated
into water droplets or ice crystals during long-range transport. A recent T-matrix study [Mishchenko et al.,
2014] on soot-water mixtures shows that orientation-averaged Cabs strongly depends on soot morphology
and the position inside a water droplet. Orientation-averaged Cabs of a soot-water mixture is larger for lacy
soot than for compact soot, and Cabs tends to decrease as the soot particle moves from the center of the
droplet to the boundary. This effect implies that the soot morphology may have an important role in the
semidirect effect as well, with soot compaction resulting in a lower in-cloud absorption and therefore lower
positive forcing.
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Figure 3. Normalized (ratio) absorption and scattering
cross sections, single scattering albedo (SSA),
asymmetry parameter (g), and top of the atmosphere
direct radiative forcing (DRF) as functions ofwavelength
for three cases of number of monomers (N= 66,
square; N= 150, round; and N= 247, triangle points).
The blue solid line represents a ratio of one. We
used the cross sections, SSA, and g of lacy soot as
normalizing values. The inset shows the morphology
of the synthetic soot used in the simulations for one
of the number of monomers (N= 66) cases. The
synthetic particles represent highly compact,
semicompact, and lacy soots from left to right. RF
ratios for low surface albedo (a=0.06) are represented
in black and red and for high surface albedo (a= 0.8)
in gray and light red (data in Table S4 in the
supporting information).
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highest (2.66) for N= 247 at 660 nm for highly compact
soot. As the effect of compaction is substantially greater
for scattering than for absorption, the SSA increases as
the lacy soot collapses [Abel et al., 2003]. Increased SSA
and extinction have also been recently demonstrated in
laboratory-generated soot compacted by water processing
[Radney et al., 2014]. The SSA ratio (SSAhighly compact/SSAlacy)
decreases as the wavelength increases. The g factor is a
function of both particle size and shape [Liu et al., 2008;
Kahnert et al., 2012]. We found that lacy soot has a higher g
compared to the semicompact and highly compact soot
with N= 60. However, g exhibits a different behavior for
N= 150, with semicompact soot having higher g, followed
by lacy and highly compact soot. Similarly, Liu et al. [2008]
found that g reaches the highest value for a Df~2 and
starts decreasing as the particle becomes more compact.
Furthermore, we computed the optical properties of sootwith
the same mass-equivalent diameter using Mie calculations to
investigate how closely they approach the DDA values. SSA
estimated usingMie is within ~19% ([SSADDA-SSAMie]/SSADDA)
of the DDA value for highly compact soot, whereas it differs
considerably for lacy soot (~149%) for all three cases of N at
525nm (Figure S7 in the supporting information).

We estimated the ratio of the top of the atmosphere direct
radiative forcing (TOA-DRF) for semicompact and highly
compact soot with respect to lacy soot. We performed the
calculations following the conceptual formulation by Chylek
and Wong [1995]. Since the surface albedo (a) has an
important role in determining the TOA-DRF, we performed
the calculations for two extreme values: a=0.06 and 0.8
(see supporting information for details) that represent a
lower limit for the ocean albedo and an upper limit for
the cloud albedo, respectively. The ratio of the TOA-DRF is
close to 1 or ≪ 1, depending on compactness, number
of monomers, and surface albedo (Figure 3, bottom graph).
Compaction due to aging typically results in a reduction of

the soot TOA-DRF for both values of a. For high surface albedo (a = 0.8) the TOA-DRF estimated from DDA
differs substantially from Mie for lacy and semicompact soot having a normalized ratio [DRFDDA-DRFMie]/
DRFDDA ≤28%; however, it differs by <12% for highly compact soot over the studied range of wavelengths
and N (Figure S8 in the supporting information). Note that the effects of soot coating were not considered
here. Coating would increase the absorption but would also result in much higher scattering, and the SSA
would increase with coating. For example, SSA can increase by a factor of ≤3 at 670 nm depending on the
coatingmaterial andmixing scenarios [Cheng et al., 2014]. Therefore, our calculations that neglect the coating
effect represent a lower limit for the SSA increase.

As mentioned earlier, soot particles observed at PMO were likely cloud processed. Cloud processing is likely
the reason for the highly compact shape with minimal coating. Soot particles may have been incorporated
into water droplets or ice crystals during long-range transport. A recent T-matrix study [Mishchenko et al.,
2014] on soot-water mixtures shows that orientation-averaged Cabs strongly depends on soot morphology
and the position inside a water droplet. Orientation-averaged Cabs of a soot-water mixture is larger for lacy
soot than for compact soot, and Cabs tends to decrease as the soot particle moves from the center of the
droplet to the boundary. This effect implies that the soot morphology may have an important role in the
semidirect effect as well, with soot compaction resulting in a lower in-cloud absorption and therefore lower
positive forcing.
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Figure 3. Normalized (ratio) absorption and scattering
cross sections, single scattering albedo (SSA),
asymmetry parameter (g), and top of the atmosphere
direct radiative forcing (DRF) as functions ofwavelength
for three cases of number of monomers (N= 66,
square; N= 150, round; and N= 247, triangle points).
The blue solid line represents a ratio of one. We
used the cross sections, SSA, and g of lacy soot as
normalizing values. The inset shows the morphology
of the synthetic soot used in the simulations for one
of the number of monomers (N= 66) cases. The
synthetic particles represent highly compact,
semicompact, and lacy soots from left to right. RF
ratios for low surface albedo (a=0.06) are represented
in black and red and for high surface albedo (a= 0.8)
in gray and light red (data in Table S4 in the
supporting information).
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highest(2.66) for N = 247at 660nmforhighly compactsoot. Asthe effectof compaction is substantiallygreaterfor scattering thanforabsorption,theSSA increasesasthelacysootcollapses [Abel etal.,2003]. IncreasedSSAandex tinctionhavealso beenrecently demonstratedinlaboratory-generatedsoot compactedbywater processing[Radneyet al.,2014].TheSSAratio (SSAhighlycompact/SSAlacy)decreases asthewavelengthincreases.Thegfactorisafunction ofbothparticle sizeand shape[Liu etal.,2008;Kahnertet al., 2012].Wefoundthat lacysoot hasahighergcompared tothesemicompactand highly compactsootwith N = 60. However,gexhibitsadifferentbehaviorforN=150,withsemicompactsoothavinghigherg,followedbylacyandhighlycompact soot. Similarly,Liu etal.[2008]foundthat greachesthehighest valueforaDf~2 andstartsdecreasingas the particlebecomesmore compact.Furthermore,wecomputed the optical propertiesof sootwiththesamemass-equivalentdiameterusing Miecalculations toinvestigatehow closely theyapproachtheDDA values. SSAestimatedusing Mieiswithin~19%([SSADDA-SSAMie]/SSADDA)oftheDDAvalueforhighlycompactsoot,whereas it differsconsiderablyfor lacysoot(~149%) for allthreecases ofNat525nm(FigureS7 inthesupporting information).Weestimated theratio ofthetop oftheatmospheredirectradiativeforcing(TOA-DRF)forsemicompactand highlycompactsoot with respectto lacysoot.Weperformed thecalculations followingtheconceptual formulationbyChylekandWong [1995].Sincethesurface albedo(a) hasanimportant rolein determining theTOA-DRF, we performedthecalculations for twoextremevalues:a=0.06and0.8(seesupporting information for details)that representalowerlimitfortheoceanalbedoand anupperlimitforthecloudalbedo,respectively.The ratiooftheTOA-DRFiscloseto1or≪1,depending on compactness, numberofmonomers, andsurface albedo (Figure3,bottom graph).Compactionduetoagingtypicallyresultsin a reduction ofthesoot TOA-DRFforbothvalues ofa. For high surfacealbedo(a =0.8)theTOA-DRF estimated from DDAdiffers substantially fromMieforlacy andsemicompactsoothavinganormalized ratio [DRFDDA-DRFMie]/DRFDDA≤28%;however,it differsby<12%forhighly compactsoot over the studiedrangeofwavelengthsandN(Figure S8in thesupportinginformation).Notethat theeffectsofsootcoating were notconsideredhere. Coating wouldincreasethe absorptionbutwouldalso resultinmuchhigherscattering,and the SSAwould increasewithcoating.Forexample, SSAcanincreasebyafactor of≤3at 670nmdepending onthecoatingmaterialandmixingscenarios[Chengetal.,2014]. Therefore, our calculationsthatneglectthecoatingeffectrepresentalowerlimitfortheSSA increase.Asmentionedearlier,soot particles observedat PMO were likelycloudprocessed. Cloudprocessing is likelythereasonforthehighlycompactshapewith minimal coating.Sootparticlesmayhavebeenincorporatedintowater droplets oricecrystals during long-rangetransport.ArecentT-matrixstudy[Mishchenko etal.,2014]onsoot-watermixtures showsthatorientation-averagedCabs strongly depends on sootmorphologyandthepositioninsideawaterdroplet.Orientation-averagedCabsof a soot-water mixture is largerforlacysootthanforcompact soot, andCabs tendsto decreaseas the soot particlemovesfromthecenterof thedropletto the boundary. Thiseffectimpliesthatthesootmorphologymayhavean important rolein thesemidirect effectaswell, with sootcompactionresultinginalowerin-cloudabsorption andtherefore lowerpositiveforcing.0.00.40.81.20.40.81.21.61.21.51.82.10.81.62.43.24.00.80.91.01.1DRF ratio Wavelength [nm]g ratioSSA ratioCsca ratio  Semicompact/Lacy   Highly compact/Lacy  (N=66) Semicompact/Lacy   Highly compact/Lacy  (N=150) Semicompact/Lacy   Highly compact/Lacy  (N=247)Cabs ratio Lacy SemicompactHighly compact 300 400 500 600 700 800 900 1000300 400 500 600 700 800 900 1000Figure3. Normalized(ratio)absorptionandscatteringcrosssections,singlescatteringalbedo (SSA),asymmetryparameter(g),andtopoftheatmospheredirect radiative forcing(DRF)asfunctionsof wavelengthforthreecasesofnumber ofmonomers(N = 66,square;N=150, round;andN=247,trianglepoints).Thebluesolidlinerepresentsaratio ofone.Weusedthecrosssections,SSA,andgoflacysootasnormalizing values.Theinsetshowsthemorphologyofthesynthetic sootused in the simulationsforoneofthenumberofmonomers(N=66)cases.Thesyntheticparticles represent highlycompact,semicompact, and lacysoots fromlefttoright.RFratiosforlowsurface albedo(a=0.06) arerepresentedinblack andred andforhighsurface albedo(a=0.8)ingrayand lightred(data inTable S4inthesupportinginformation).Geophysical Research Letters 10.1002/2014GL062404CHINAETAL. ©2015. AmericanGeophysical Union.AllRightsReserved. 1248

highest (2.66) for N= 247 at 660 nm for highly compact
soot. As the effect of compaction is substantially greater
for scattering than for absorption, the SSA increases as
the lacy soot collapses [Abel et al., 2003]. Increased SSA
and extinction have also been recently demonstrated in
laboratory-generated soot compacted by water processing
[Radney et al., 2014]. The SSA ratio (SSAhighly compact/SSAlacy)
decreases as the wavelength increases. The g factor is a
function of both particle size and shape [Liu et al., 2008;
Kahnert et al., 2012]. We found that lacy soot has a higher g
compared to the semicompact and highly compact soot
with N= 60. However, g exhibits a different behavior for
N= 150, with semicompact soot having higher g, followed
by lacy and highly compact soot. Similarly, Liu et al. [2008]
found that g reaches the highest value for a Df~2 and
starts decreasing as the particle becomes more compact.
Furthermore, we computed the optical properties of sootwith
the same mass-equivalent diameter using Mie calculations to
investigate how closely they approach the DDA values. SSA
estimated usingMie is within ~19% ([SSADDA-SSAMie]/SSADDA)
of the DDA value for highly compact soot, whereas it differs
considerably for lacy soot (~149%) for all three cases of N at
525nm (Figure S7 in the supporting information).

We estimated the ratio of the top of the atmosphere direct
radiative forcing (TOA-DRF) for semicompact and highly
compact soot with respect to lacy soot. We performed the
calculations following the conceptual formulation by Chylek
and Wong [1995]. Since the surface albedo (a) has an
important role in determining the TOA-DRF, we performed
the calculations for two extreme values: a=0.06 and 0.8
(see supporting information for details) that represent a
lower limit for the ocean albedo and an upper limit for
the cloud albedo, respectively. The ratio of the TOA-DRF is
close to 1 or ≪ 1, depending on compactness, number
of monomers, and surface albedo (Figure 3, bottom graph).
Compaction due to aging typically results in a reduction of

the soot TOA-DRF for both values of a. For high surface albedo (a = 0.8) the TOA-DRF estimated from DDA
differs substantially from Mie for lacy and semicompact soot having a normalized ratio [DRFDDA-DRFMie]/
DRFDDA ≤28%; however, it differs by <12% for highly compact soot over the studied range of wavelengths
and N (Figure S8 in the supporting information). Note that the effects of soot coating were not considered
here. Coating would increase the absorption but would also result in much higher scattering, and the SSA
would increase with coating. For example, SSA can increase by a factor of ≤3 at 670 nm depending on the
coatingmaterial andmixing scenarios [Cheng et al., 2014]. Therefore, our calculations that neglect the coating
effect represent a lower limit for the SSA increase.

As mentioned earlier, soot particles observed at PMO were likely cloud processed. Cloud processing is likely
the reason for the highly compact shape with minimal coating. Soot particles may have been incorporated
into water droplets or ice crystals during long-range transport. A recent T-matrix study [Mishchenko et al.,
2014] on soot-water mixtures shows that orientation-averaged Cabs strongly depends on soot morphology
and the position inside a water droplet. Orientation-averaged Cabs of a soot-water mixture is larger for lacy
soot than for compact soot, and Cabs tends to decrease as the soot particle moves from the center of the
droplet to the boundary. This effect implies that the soot morphology may have an important role in the
semidirect effect as well, with soot compaction resulting in a lower in-cloud absorption and therefore lower
positive forcing.

0.0
0.4
0.8
1.2
0.4

0.8

1.2

1.6

1.2
1.5
1.8
2.1
0.8
1.6
2.4
3.2
4.0
0.8
0.9
1.0
1.1

D
R

F 
ra

tio

Wavelength [nm]

g 
ra

tio
SS

A
 ra

tio
C

sc
a ra

tio

 Semicompact/Lacy   Highly compact/Lacy  (N=66)
 Semicompact/Lacy   Highly compact/Lacy  (N=150)
 Semicompact/Lacy   Highly compact/Lacy  (N=247)

C
ab

s ra
tio

Lacy SemicompactHighly compact 

300 400 500 600 700 800 900 1000

300 400 500 600 700 800 900 1000

Figure 3. Normalized (ratio) absorption and scattering
cross sections, single scattering albedo (SSA),
asymmetry parameter (g), and top of the atmosphere
direct radiative forcing (DRF) as functions ofwavelength
for three cases of number of monomers (N= 66,
square; N= 150, round; and N= 247, triangle points).
The blue solid line represents a ratio of one. We
used the cross sections, SSA, and g of lacy soot as
normalizing values. The inset shows the morphology
of the synthetic soot used in the simulations for one
of the number of monomers (N= 66) cases. The
synthetic particles represent highly compact,
semicompact, and lacy soots from left to right. RF
ratios for low surface albedo (a=0.06) are represented
in black and red and for high surface albedo (a= 0.8)
in gray and light red (data in Table S4 in the
supporting information).
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highest (2.66) for N= 247 at 660 nm for highly compact
soot. As the effect of compaction is substantially greater
for scattering than for absorption, the SSA increases as
the lacy soot collapses [Abel et al., 2003]. Increased SSA
and extinction have also been recently demonstrated in
laboratory-generated soot compacted by water processing
[Radney et al., 2014]. The SSA ratio (SSAhighly compact/SSAlacy)
decreases as the wavelength increases. The g factor is a
function of both particle size and shape [Liu et al., 2008;
Kahnert et al., 2012]. We found that lacy soot has a higher g
compared to the semicompact and highly compact soot
with N= 60. However, g exhibits a different behavior for
N= 150, with semicompact soot having higher g, followed
by lacy and highly compact soot. Similarly, Liu et al. [2008]
found that g reaches the highest value for a Df~2 and
starts decreasing as the particle becomes more compact.
Furthermore, we computed the optical properties of sootwith
the same mass-equivalent diameter using Mie calculations to
investigate how closely they approach the DDA values. SSA
estimated usingMie is within ~19% ([SSADDA-SSAMie]/SSADDA)
of the DDA value for highly compact soot, whereas it differs
considerably for lacy soot (~149%) for all three cases of N at
525nm (Figure S7 in the supporting information).

We estimated the ratio of the top of the atmosphere direct
radiative forcing (TOA-DRF) for semicompact and highly
compact soot with respect to lacy soot. We performed the
calculations following the conceptual formulation by Chylek
and Wong [1995]. Since the surface albedo (a) has an
important role in determining the TOA-DRF, we performed
the calculations for two extreme values: a=0.06 and 0.8
(see supporting information for details) that represent a
lower limit for the ocean albedo and an upper limit for
the cloud albedo, respectively. The ratio of the TOA-DRF is
close to 1 or ≪ 1, depending on compactness, number
of monomers, and surface albedo (Figure 3, bottom graph).
Compaction due to aging typically results in a reduction of

the soot TOA-DRF for both values of a. For high surface albedo (a = 0.8) the TOA-DRF estimated from DDA
differs substantially from Mie for lacy and semicompact soot having a normalized ratio [DRFDDA-DRFMie]/
DRFDDA ≤28%; however, it differs by <12% for highly compact soot over the studied range of wavelengths
and N (Figure S8 in the supporting information). Note that the effects of soot coating were not considered
here. Coating would increase the absorption but would also result in much higher scattering, and the SSA
would increase with coating. For example, SSA can increase by a factor of ≤3 at 670 nm depending on the
coatingmaterial andmixing scenarios [Cheng et al., 2014]. Therefore, our calculations that neglect the coating
effect represent a lower limit for the SSA increase.

As mentioned earlier, soot particles observed at PMO were likely cloud processed. Cloud processing is likely
the reason for the highly compact shape with minimal coating. Soot particles may have been incorporated
into water droplets or ice crystals during long-range transport. A recent T-matrix study [Mishchenko et al.,
2014] on soot-water mixtures shows that orientation-averaged Cabs strongly depends on soot morphology
and the position inside a water droplet. Orientation-averaged Cabs of a soot-water mixture is larger for lacy
soot than for compact soot, and Cabs tends to decrease as the soot particle moves from the center of the
droplet to the boundary. This effect implies that the soot morphology may have an important role in the
semidirect effect as well, with soot compaction resulting in a lower in-cloud absorption and therefore lower
positive forcing.
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Figure 3. Normalized (ratio) absorption and scattering
cross sections, single scattering albedo (SSA),
asymmetry parameter (g), and top of the atmosphere
direct radiative forcing (DRF) as functions ofwavelength
for three cases of number of monomers (N= 66,
square; N= 150, round; and N= 247, triangle points).
The blue solid line represents a ratio of one. We
used the cross sections, SSA, and g of lacy soot as
normalizing values. The inset shows the morphology
of the synthetic soot used in the simulations for one
of the number of monomers (N= 66) cases. The
synthetic particles represent highly compact,
semicompact, and lacy soots from left to right. RF
ratios for low surface albedo (a=0.06) are represented
in black and red and for high surface albedo (a= 0.8)
in gray and light red (data in Table S4 in the
supporting information).
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highest (2.66) for N= 247 at 660 nm for highly compact
soot. As the effect of compaction is substantially greater
for scattering than for absorption, the SSA increases as
the lacy soot collapses [Abel et al., 2003]. Increased SSA
and extinction have also been recently demonstrated in
laboratory-generated soot compacted by water processing
[Radney et al., 2014]. The SSA ratio (SSAhighly compact/SSAlacy)
decreases as the wavelength increases. The g factor is a
function of both particle size and shape [Liu et al., 2008;
Kahnert et al., 2012]. We found that lacy soot has a higher g
compared to the semicompact and highly compact soot
with N= 60. However, g exhibits a different behavior for
N= 150, with semicompact soot having higher g, followed
by lacy and highly compact soot. Similarly, Liu et al. [2008]
found that g reaches the highest value for a Df~2 and
starts decreasing as the particle becomes more compact.
Furthermore, we computed the optical properties of sootwith
the same mass-equivalent diameter using Mie calculations to
investigate how closely they approach the DDA values. SSA
estimated usingMie is within ~19% ([SSADDA-SSAMie]/SSADDA)
of the DDA value for highly compact soot, whereas it differs
considerably for lacy soot (~149%) for all three cases of N at
525nm (Figure S7 in the supporting information).

We estimated the ratio of the top of the atmosphere direct
radiative forcing (TOA-DRF) for semicompact and highly
compact soot with respect to lacy soot. We performed the
calculations following the conceptual formulation by Chylek
and Wong [1995]. Since the surface albedo (a) has an
important role in determining the TOA-DRF, we performed
the calculations for two extreme values: a=0.06 and 0.8
(see supporting information for details) that represent a
lower limit for the ocean albedo and an upper limit for
the cloud albedo, respectively. The ratio of the TOA-DRF is
close to 1 or ≪ 1, depending on compactness, number
of monomers, and surface albedo (Figure 3, bottom graph).
Compaction due to aging typically results in a reduction of

the soot TOA-DRF for both values of a. For high surface albedo (a = 0.8) the TOA-DRF estimated from DDA
differs substantially from Mie for lacy and semicompact soot having a normalized ratio [DRFDDA-DRFMie]/
DRFDDA ≤28%; however, it differs by <12% for highly compact soot over the studied range of wavelengths
and N (Figure S8 in the supporting information). Note that the effects of soot coating were not considered
here. Coating would increase the absorption but would also result in much higher scattering, and the SSA
would increase with coating. For example, SSA can increase by a factor of ≤3 at 670 nm depending on the
coatingmaterial andmixing scenarios [Cheng et al., 2014]. Therefore, our calculations that neglect the coating
effect represent a lower limit for the SSA increase.

As mentioned earlier, soot particles observed at PMO were likely cloud processed. Cloud processing is likely
the reason for the highly compact shape with minimal coating. Soot particles may have been incorporated
into water droplets or ice crystals during long-range transport. A recent T-matrix study [Mishchenko et al.,
2014] on soot-water mixtures shows that orientation-averaged Cabs strongly depends on soot morphology
and the position inside a water droplet. Orientation-averaged Cabs of a soot-water mixture is larger for lacy
soot than for compact soot, and Cabs tends to decrease as the soot particle moves from the center of the
droplet to the boundary. This effect implies that the soot morphology may have an important role in the
semidirect effect as well, with soot compaction resulting in a lower in-cloud absorption and therefore lower
positive forcing.
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Figure 3. Normalized (ratio) absorption and scattering
cross sections, single scattering albedo (SSA),
asymmetry parameter (g), and top of the atmosphere
direct radiative forcing (DRF) as functions ofwavelength
for three cases of number of monomers (N= 66,
square; N= 150, round; and N= 247, triangle points).
The blue solid line represents a ratio of one. We
used the cross sections, SSA, and g of lacy soot as
normalizing values. The inset shows the morphology
of the synthetic soot used in the simulations for one
of the number of monomers (N= 66) cases. The
synthetic particles represent highly compact,
semicompact, and lacy soots from left to right. RF
ratios for low surface albedo (a=0.06) are represented
in black and red and for high surface albedo (a= 0.8)
in gray and light red (data in Table S4 in the
supporting information).
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highest (2.66) for N= 247 at 660 nm for highly compact
soot. As the effect of compaction is substantially greater
for scattering than for absorption, the SSA increases as
the lacy soot collapses [Abel et al., 2003]. Increased SSA
and extinction have also been recently demonstrated in
laboratory-generated soot compacted by water processing
[Radney et al., 2014]. The SSA ratio (SSAhighly compact/SSAlacy)
decreases as the wavelength increases. The g factor is a
function of both particle size and shape [Liu et al., 2008;
Kahnert et al., 2012]. We found that lacy soot has a higher g
compared to the semicompact and highly compact soot
with N= 60. However, g exhibits a different behavior for
N= 150, with semicompact soot having higher g, followed
by lacy and highly compact soot. Similarly, Liu et al. [2008]
found that g reaches the highest value for a Df~2 and
starts decreasing as the particle becomes more compact.
Furthermore, we computed the optical properties of sootwith
the same mass-equivalent diameter using Mie calculations to
investigate how closely they approach the DDA values. SSA
estimated usingMie is within ~19% ([SSADDA-SSAMie]/SSADDA)
of the DDA value for highly compact soot, whereas it differs
considerably for lacy soot (~149%) for all three cases of N at
525nm (Figure S7 in the supporting information).

We estimated the ratio of the top of the atmosphere direct
radiative forcing (TOA-DRF) for semicompact and highly
compact soot with respect to lacy soot. We performed the
calculations following the conceptual formulation by Chylek
and Wong [1995]. Since the surface albedo (a) has an
important role in determining the TOA-DRF, we performed
the calculations for two extreme values: a=0.06 and 0.8
(see supporting information for details) that represent a
lower limit for the ocean albedo and an upper limit for
the cloud albedo, respectively. The ratio of the TOA-DRF is
close to 1 or ≪ 1, depending on compactness, number
of monomers, and surface albedo (Figure 3, bottom graph).
Compaction due to aging typically results in a reduction of

the soot TOA-DRF for both values of a. For high surface albedo (a = 0.8) the TOA-DRF estimated from DDA
differs substantially from Mie for lacy and semicompact soot having a normalized ratio [DRFDDA-DRFMie]/
DRFDDA ≤28%; however, it differs by <12% for highly compact soot over the studied range of wavelengths
and N (Figure S8 in the supporting information). Note that the effects of soot coating were not considered
here. Coating would increase the absorption but would also result in much higher scattering, and the SSA
would increase with coating. For example, SSA can increase by a factor of ≤3 at 670 nm depending on the
coatingmaterial andmixing scenarios [Cheng et al., 2014]. Therefore, our calculations that neglect the coating
effect represent a lower limit for the SSA increase.

As mentioned earlier, soot particles observed at PMO were likely cloud processed. Cloud processing is likely
the reason for the highly compact shape with minimal coating. Soot particles may have been incorporated
into water droplets or ice crystals during long-range transport. A recent T-matrix study [Mishchenko et al.,
2014] on soot-water mixtures shows that orientation-averaged Cabs strongly depends on soot morphology
and the position inside a water droplet. Orientation-averaged Cabs of a soot-water mixture is larger for lacy
soot than for compact soot, and Cabs tends to decrease as the soot particle moves from the center of the
droplet to the boundary. This effect implies that the soot morphology may have an important role in the
semidirect effect as well, with soot compaction resulting in a lower in-cloud absorption and therefore lower
positive forcing.
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Figure 3. Normalized (ratio) absorption and scattering
cross sections, single scattering albedo (SSA),
asymmetry parameter (g), and top of the atmosphere
direct radiative forcing (DRF) as functions ofwavelength
for three cases of number of monomers (N= 66,
square; N= 150, round; and N= 247, triangle points).
The blue solid line represents a ratio of one. We
used the cross sections, SSA, and g of lacy soot as
normalizing values. The inset shows the morphology
of the synthetic soot used in the simulations for one
of the number of monomers (N= 66) cases. The
synthetic particles represent highly compact,
semicompact, and lacy soots from left to right. RF
ratios for low surface albedo (a=0.06) are represented
in black and red and for high surface albedo (a= 0.8)
in gray and light red (data in Table S4 in the
supporting information).
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highest (2.66) for N= 247 at 660 nm for highly compact
soot. As the effect of compaction is substantially greater
for scattering than for absorption, the SSA increases as
the lacy soot collapses [Abel et al., 2003]. Increased SSA
and extinction have also been recently demonstrated in
laboratory-generated soot compacted by water processing
[Radney et al., 2014]. The SSA ratio (SSAhighly compact/SSAlacy)
decreases as the wavelength increases. The g factor is a
function of both particle size and shape [Liu et al., 2008;
Kahnert et al., 2012]. We found that lacy soot has a higher g
compared to the semicompact and highly compact soot
with N= 60. However, g exhibits a different behavior for
N= 150, with semicompact soot having higher g, followed
by lacy and highly compact soot. Similarly, Liu et al. [2008]
found that g reaches the highest value for a Df~2 and
starts decreasing as the particle becomes more compact.
Furthermore, we computed the optical properties of sootwith
the same mass-equivalent diameter using Mie calculations to
investigate how closely they approach the DDA values. SSA
estimated usingMie is within ~19% ([SSADDA-SSAMie]/SSADDA)
of the DDA value for highly compact soot, whereas it differs
considerably for lacy soot (~149%) for all three cases of N at
525nm (Figure S7 in the supporting information).

We estimated the ratio of the top of the atmosphere direct
radiative forcing (TOA-DRF) for semicompact and highly
compact soot with respect to lacy soot. We performed the
calculations following the conceptual formulation by Chylek
and Wong [1995]. Since the surface albedo (a) has an
important role in determining the TOA-DRF, we performed
the calculations for two extreme values: a=0.06 and 0.8
(see supporting information for details) that represent a
lower limit for the ocean albedo and an upper limit for
the cloud albedo, respectively. The ratio of the TOA-DRF is
close to 1 or ≪ 1, depending on compactness, number
of monomers, and surface albedo (Figure 3, bottom graph).
Compaction due to aging typically results in a reduction of

the soot TOA-DRF for both values of a. For high surface albedo (a = 0.8) the TOA-DRF estimated from DDA
differs substantially from Mie for lacy and semicompact soot having a normalized ratio [DRFDDA-DRFMie]/
DRFDDA ≤28%; however, it differs by <12% for highly compact soot over the studied range of wavelengths
and N (Figure S8 in the supporting information). Note that the effects of soot coating were not considered
here. Coating would increase the absorption but would also result in much higher scattering, and the SSA
would increase with coating. For example, SSA can increase by a factor of ≤3 at 670 nm depending on the
coatingmaterial andmixing scenarios [Cheng et al., 2014]. Therefore, our calculations that neglect the coating
effect represent a lower limit for the SSA increase.

As mentioned earlier, soot particles observed at PMO were likely cloud processed. Cloud processing is likely
the reason for the highly compact shape with minimal coating. Soot particles may have been incorporated
into water droplets or ice crystals during long-range transport. A recent T-matrix study [Mishchenko et al.,
2014] on soot-water mixtures shows that orientation-averaged Cabs strongly depends on soot morphology
and the position inside a water droplet. Orientation-averaged Cabs of a soot-water mixture is larger for lacy
soot than for compact soot, and Cabs tends to decrease as the soot particle moves from the center of the
droplet to the boundary. This effect implies that the soot morphology may have an important role in the
semidirect effect as well, with soot compaction resulting in a lower in-cloud absorption and therefore lower
positive forcing.
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Figure 3. Normalized (ratio) absorption and scattering
cross sections, single scattering albedo (SSA),
asymmetry parameter (g), and top of the atmosphere
direct radiative forcing (DRF) as functions ofwavelength
for three cases of number of monomers (N= 66,
square; N= 150, round; and N= 247, triangle points).
The blue solid line represents a ratio of one. We
used the cross sections, SSA, and g of lacy soot as
normalizing values. The inset shows the morphology
of the synthetic soot used in the simulations for one
of the number of monomers (N= 66) cases. The
synthetic particles represent highly compact,
semicompact, and lacy soots from left to right. RF
ratios for low surface albedo (a=0.06) are represented
in black and red and for high surface albedo (a= 0.8)
in gray and light red (data in Table S4 in the
supporting information).
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highest (2.66) for N= 247 at 660 nm for highly compact
soot. As the effect of compaction is substantially greater
for scattering than for absorption, the SSA increases as
the lacy soot collapses [Abel et al., 2003]. Increased SSA
and extinction have also been recently demonstrated in
laboratory-generated soot compacted by water processing
[Radney et al., 2014]. The SSA ratio (SSAhighly compact/SSAlacy)
decreases as the wavelength increases. The g factor is a
function of both particle size and shape [Liu et al., 2008;
Kahnert et al., 2012]. We found that lacy soot has a higher g
compared to the semicompact and highly compact soot
with N= 60. However, g exhibits a different behavior for
N= 150, with semicompact soot having higher g, followed
by lacy and highly compact soot. Similarly, Liu et al. [2008]
found that g reaches the highest value for a Df~2 and
starts decreasing as the particle becomes more compact.
Furthermore, we computed the optical properties of sootwith
the same mass-equivalent diameter using Mie calculations to
investigate how closely they approach the DDA values. SSA
estimated usingMie is within ~19% ([SSADDA-SSAMie]/SSADDA)
of the DDA value for highly compact soot, whereas it differs
considerably for lacy soot (~149%) for all three cases of N at
525nm (Figure S7 in the supporting information).

We estimated the ratio of the top of the atmosphere direct
radiative forcing (TOA-DRF) for semicompact and highly
compact soot with respect to lacy soot. We performed the
calculations following the conceptual formulation by Chylek
and Wong [1995]. Since the surface albedo (a) has an
important role in determining the TOA-DRF, we performed
the calculations for two extreme values: a=0.06 and 0.8
(see supporting information for details) that represent a
lower limit for the ocean albedo and an upper limit for
the cloud albedo, respectively. The ratio of the TOA-DRF is
close to 1 or ≪ 1, depending on compactness, number
of monomers, and surface albedo (Figure 3, bottom graph).
Compaction due to aging typically results in a reduction of

the soot TOA-DRF for both values of a. For high surface albedo (a = 0.8) the TOA-DRF estimated from DDA
differs substantially from Mie for lacy and semicompact soot having a normalized ratio [DRFDDA-DRFMie]/
DRFDDA ≤28%; however, it differs by <12% for highly compact soot over the studied range of wavelengths
and N (Figure S8 in the supporting information). Note that the effects of soot coating were not considered
here. Coating would increase the absorption but would also result in much higher scattering, and the SSA
would increase with coating. For example, SSA can increase by a factor of ≤3 at 670 nm depending on the
coatingmaterial andmixing scenarios [Cheng et al., 2014]. Therefore, our calculations that neglect the coating
effect represent a lower limit for the SSA increase.

As mentioned earlier, soot particles observed at PMO were likely cloud processed. Cloud processing is likely
the reason for the highly compact shape with minimal coating. Soot particles may have been incorporated
into water droplets or ice crystals during long-range transport. A recent T-matrix study [Mishchenko et al.,
2014] on soot-water mixtures shows that orientation-averaged Cabs strongly depends on soot morphology
and the position inside a water droplet. Orientation-averaged Cabs of a soot-water mixture is larger for lacy
soot than for compact soot, and Cabs tends to decrease as the soot particle moves from the center of the
droplet to the boundary. This effect implies that the soot morphology may have an important role in the
semidirect effect as well, with soot compaction resulting in a lower in-cloud absorption and therefore lower
positive forcing.
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Figure 3. Normalized (ratio) absorption and scattering
cross sections, single scattering albedo (SSA),
asymmetry parameter (g), and top of the atmosphere
direct radiative forcing (DRF) as functions ofwavelength
for three cases of number of monomers (N= 66,
square; N= 150, round; and N= 247, triangle points).
The blue solid line represents a ratio of one. We
used the cross sections, SSA, and g of lacy soot as
normalizing values. The inset shows the morphology
of the synthetic soot used in the simulations for one
of the number of monomers (N= 66) cases. The
synthetic particles represent highly compact,
semicompact, and lacy soots from left to right. RF
ratios for low surface albedo (a=0.06) are represented
in black and red and for high surface albedo (a= 0.8)
in gray and light red (data in Table S4 in the
supporting information).
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highest (2.66) for N= 247 at 660 nm for highly compact
soot. As the effect of compaction is substantially greater
for scattering than for absorption, the SSA increases as
the lacy soot collapses [Abel et al., 2003]. Increased SSA
and extinction have also been recently demonstrated in
laboratory-generated soot compacted by water processing
[Radney et al., 2014]. The SSA ratio (SSAhighly compact/SSAlacy)
decreases as the wavelength increases. The g factor is a
function of both particle size and shape [Liu et al., 2008;
Kahnert et al., 2012]. We found that lacy soot has a higher g
compared to the semicompact and highly compact soot
with N= 60. However, g exhibits a different behavior for
N= 150, with semicompact soot having higher g, followed
by lacy and highly compact soot. Similarly, Liu et al. [2008]
found that g reaches the highest value for a Df~2 and
starts decreasing as the particle becomes more compact.
Furthermore, we computed the optical properties of sootwith
the same mass-equivalent diameter using Mie calculations to
investigate how closely they approach the DDA values. SSA
estimated usingMie is within ~19% ([SSADDA-SSAMie]/SSADDA)
of the DDA value for highly compact soot, whereas it differs
considerably for lacy soot (~149%) for all three cases of N at
525nm (Figure S7 in the supporting information).

We estimated the ratio of the top of the atmosphere direct
radiative forcing (TOA-DRF) for semicompact and highly
compact soot with respect to lacy soot. We performed the
calculations following the conceptual formulation by Chylek
and Wong [1995]. Since the surface albedo (a) has an
important role in determining the TOA-DRF, we performed
the calculations for two extreme values: a=0.06 and 0.8
(see supporting information for details) that represent a
lower limit for the ocean albedo and an upper limit for
the cloud albedo, respectively. The ratio of the TOA-DRF is
close to 1 or ≪ 1, depending on compactness, number
of monomers, and surface albedo (Figure 3, bottom graph).
Compaction due to aging typically results in a reduction of

the soot TOA-DRF for both values of a. For high surface albedo (a = 0.8) the TOA-DRF estimated from DDA
differs substantially from Mie for lacy and semicompact soot having a normalized ratio [DRFDDA-DRFMie]/
DRFDDA ≤28%; however, it differs by <12% for highly compact soot over the studied range of wavelengths
and N (Figure S8 in the supporting information). Note that the effects of soot coating were not considered
here. Coating would increase the absorption but would also result in much higher scattering, and the SSA
would increase with coating. For example, SSA can increase by a factor of ≤3 at 670 nm depending on the
coatingmaterial andmixing scenarios [Cheng et al., 2014]. Therefore, our calculations that neglect the coating
effect represent a lower limit for the SSA increase.

As mentioned earlier, soot particles observed at PMO were likely cloud processed. Cloud processing is likely
the reason for the highly compact shape with minimal coating. Soot particles may have been incorporated
into water droplets or ice crystals during long-range transport. A recent T-matrix study [Mishchenko et al.,
2014] on soot-water mixtures shows that orientation-averaged Cabs strongly depends on soot morphology
and the position inside a water droplet. Orientation-averaged Cabs of a soot-water mixture is larger for lacy
soot than for compact soot, and Cabs tends to decrease as the soot particle moves from the center of the
droplet to the boundary. This effect implies that the soot morphology may have an important role in the
semidirect effect as well, with soot compaction resulting in a lower in-cloud absorption and therefore lower
positive forcing.
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Figure 3. Normalized (ratio) absorption and scattering
cross sections, single scattering albedo (SSA),
asymmetry parameter (g), and top of the atmosphere
direct radiative forcing (DRF) as functions ofwavelength
for three cases of number of monomers (N= 66,
square; N= 150, round; and N= 247, triangle points).
The blue solid line represents a ratio of one. We
used the cross sections, SSA, and g of lacy soot as
normalizing values. The inset shows the morphology
of the synthetic soot used in the simulations for one
of the number of monomers (N= 66) cases. The
synthetic particles represent highly compact,
semicompact, and lacy soots from left to right. RF
ratios for low surface albedo (a=0.06) are represented
in black and red and for high surface albedo (a= 0.8)
in gray and light red (data in Table S4 in the
supporting information).
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highest (2.66) for N= 247 at 660 nm for highly compact
soot. As the effect of compaction is substantially greater
for scattering than for absorption, the SSA increases as
the lacy soot collapses [Abel et al., 2003]. Increased SSA
and extinction have also been recently demonstrated in
laboratory-generated soot compacted by water processing
[Radney et al., 2014]. The SSA ratio (SSAhighly compact/SSAlacy)
decreases as the wavelength increases. The g factor is a
function of both particle size and shape [Liu et al., 2008;
Kahnert et al., 2012]. We found that lacy soot has a higher g
compared to the semicompact and highly compact soot
with N= 60. However, g exhibits a different behavior for
N= 150, with semicompact soot having higher g, followed
by lacy and highly compact soot. Similarly, Liu et al. [2008]
found that g reaches the highest value for a Df~2 and
starts decreasing as the particle becomes more compact.
Furthermore, we computed the optical properties of sootwith
the same mass-equivalent diameter using Mie calculations to
investigate how closely they approach the DDA values. SSA
estimated usingMie is within ~19% ([SSADDA-SSAMie]/SSADDA)
of the DDA value for highly compact soot, whereas it differs
considerably for lacy soot (~149%) for all three cases of N at
525nm (Figure S7 in the supporting information).

We estimated the ratio of the top of the atmosphere direct
radiative forcing (TOA-DRF) for semicompact and highly
compact soot with respect to lacy soot. We performed the
calculations following the conceptual formulation by Chylek
and Wong [1995]. Since the surface albedo (a) has an
important role in determining the TOA-DRF, we performed
the calculations for two extreme values: a=0.06 and 0.8
(see supporting information for details) that represent a
lower limit for the ocean albedo and an upper limit for
the cloud albedo, respectively. The ratio of the TOA-DRF is
close to 1 or ≪ 1, depending on compactness, number
of monomers, and surface albedo (Figure 3, bottom graph).
Compaction due to aging typically results in a reduction of

the soot TOA-DRF for both values of a. For high surface albedo (a = 0.8) the TOA-DRF estimated from DDA
differs substantially from Mie for lacy and semicompact soot having a normalized ratio [DRFDDA-DRFMie]/
DRFDDA ≤28%; however, it differs by <12% for highly compact soot over the studied range of wavelengths
and N (Figure S8 in the supporting information). Note that the effects of soot coating were not considered
here. Coating would increase the absorption but would also result in much higher scattering, and the SSA
would increase with coating. For example, SSA can increase by a factor of ≤3 at 670 nm depending on the
coatingmaterial andmixing scenarios [Cheng et al., 2014]. Therefore, our calculations that neglect the coating
effect represent a lower limit for the SSA increase.

As mentioned earlier, soot particles observed at PMO were likely cloud processed. Cloud processing is likely
the reason for the highly compact shape with minimal coating. Soot particles may have been incorporated
into water droplets or ice crystals during long-range transport. A recent T-matrix study [Mishchenko et al.,
2014] on soot-water mixtures shows that orientation-averaged Cabs strongly depends on soot morphology
and the position inside a water droplet. Orientation-averaged Cabs of a soot-water mixture is larger for lacy
soot than for compact soot, and Cabs tends to decrease as the soot particle moves from the center of the
droplet to the boundary. This effect implies that the soot morphology may have an important role in the
semidirect effect as well, with soot compaction resulting in a lower in-cloud absorption and therefore lower
positive forcing.
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Figure 3. Normalized (ratio) absorption and scattering
cross sections, single scattering albedo (SSA),
asymmetry parameter (g), and top of the atmosphere
direct radiative forcing (DRF) as functions ofwavelength
for three cases of number of monomers (N= 66,
square; N= 150, round; and N= 247, triangle points).
The blue solid line represents a ratio of one. We
used the cross sections, SSA, and g of lacy soot as
normalizing values. The inset shows the morphology
of the synthetic soot used in the simulations for one
of the number of monomers (N= 66) cases. The
synthetic particles represent highly compact,
semicompact, and lacy soots from left to right. RF
ratios for low surface albedo (a=0.06) are represented
in black and red and for high surface albedo (a= 0.8)
in gray and light red (data in Table S4 in the
supporting information).
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highest (2.66) for N= 247 at 660 nm for highly compact
soot. As the effect of compaction is substantially greater
for scattering than for absorption, the SSA increases as
the lacy soot collapses [Abel et al., 2003]. Increased SSA
and extinction have also been recently demonstrated in
laboratory-generated soot compacted by water processing
[Radney et al., 2014]. The SSA ratio (SSAhighly compact/SSAlacy)
decreases as the wavelength increases. The g factor is a
function of both particle size and shape [Liu et al., 2008;
Kahnert et al., 2012]. We found that lacy soot has a higher g
compared to the semicompact and highly compact soot
with N= 60. However, g exhibits a different behavior for
N= 150, with semicompact soot having higher g, followed
by lacy and highly compact soot. Similarly, Liu et al. [2008]
found that g reaches the highest value for a Df~2 and
starts decreasing as the particle becomes more compact.
Furthermore, we computed the optical properties of sootwith
the same mass-equivalent diameter using Mie calculations to
investigate how closely they approach the DDA values. SSA
estimated usingMie is within ~19% ([SSADDA-SSAMie]/SSADDA)
of the DDA value for highly compact soot, whereas it differs
considerably for lacy soot (~149%) for all three cases of N at
525nm (Figure S7 in the supporting information).

We estimated the ratio of the top of the atmosphere direct
radiative forcing (TOA-DRF) for semicompact and highly
compact soot with respect to lacy soot. We performed the
calculations following the conceptual formulation by Chylek
and Wong [1995]. Since the surface albedo (a) has an
important role in determining the TOA-DRF, we performed
the calculations for two extreme values: a=0.06 and 0.8
(see supporting information for details) that represent a
lower limit for the ocean albedo and an upper limit for
the cloud albedo, respectively. The ratio of the TOA-DRF is
close to 1 or ≪ 1, depending on compactness, number
of monomers, and surface albedo (Figure 3, bottom graph).
Compaction due to aging typically results in a reduction of

the soot TOA-DRF for both values of a. For high surface albedo (a = 0.8) the TOA-DRF estimated from DDA
differs substantially from Mie for lacy and semicompact soot having a normalized ratio [DRFDDA-DRFMie]/
DRFDDA ≤28%; however, it differs by <12% for highly compact soot over the studied range of wavelengths
and N (Figure S8 in the supporting information). Note that the effects of soot coating were not considered
here. Coating would increase the absorption but would also result in much higher scattering, and the SSA
would increase with coating. For example, SSA can increase by a factor of ≤3 at 670 nm depending on the
coatingmaterial andmixing scenarios [Cheng et al., 2014]. Therefore, our calculations that neglect the coating
effect represent a lower limit for the SSA increase.

As mentioned earlier, soot particles observed at PMO were likely cloud processed. Cloud processing is likely
the reason for the highly compact shape with minimal coating. Soot particles may have been incorporated
into water droplets or ice crystals during long-range transport. A recent T-matrix study [Mishchenko et al.,
2014] on soot-water mixtures shows that orientation-averaged Cabs strongly depends on soot morphology
and the position inside a water droplet. Orientation-averaged Cabs of a soot-water mixture is larger for lacy
soot than for compact soot, and Cabs tends to decrease as the soot particle moves from the center of the
droplet to the boundary. This effect implies that the soot morphology may have an important role in the
semidirect effect as well, with soot compaction resulting in a lower in-cloud absorption and therefore lower
positive forcing.
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Figure 3. Normalized (ratio) absorption and scattering
cross sections, single scattering albedo (SSA),
asymmetry parameter (g), and top of the atmosphere
direct radiative forcing (DRF) as functions ofwavelength
for three cases of number of monomers (N= 66,
square; N= 150, round; and N= 247, triangle points).
The blue solid line represents a ratio of one. We
used the cross sections, SSA, and g of lacy soot as
normalizing values. The inset shows the morphology
of the synthetic soot used in the simulations for one
of the number of monomers (N= 66) cases. The
synthetic particles represent highly compact,
semicompact, and lacy soots from left to right. RF
ratios for low surface albedo (a=0.06) are represented
in black and red and for high surface albedo (a= 0.8)
in gray and light red (data in Table S4 in the
supporting information).
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highest (2.66) for N= 247 at 660 nm for highly compact
soot. As the effect of compaction is substantially greater
for scattering than for absorption, the SSA increases as
the lacy soot collapses [Abel et al., 2003]. Increased SSA
and extinction have also been recently demonstrated in
laboratory-generated soot compacted by water processing
[Radney et al., 2014]. The SSA ratio (SSAhighly compact/SSAlacy)
decreases as the wavelength increases. The g factor is a
function of both particle size and shape [Liu et al., 2008;
Kahnert et al., 2012]. We found that lacy soot has a higher g
compared to the semicompact and highly compact soot
with N= 60. However, g exhibits a different behavior for
N= 150, with semicompact soot having higher g, followed
by lacy and highly compact soot. Similarly, Liu et al. [2008]
found that g reaches the highest value for a Df~2 and
starts decreasing as the particle becomes more compact.
Furthermore, we computed the optical properties of sootwith
the same mass-equivalent diameter using Mie calculations to
investigate how closely they approach the DDA values. SSA
estimated usingMie is within ~19% ([SSADDA-SSAMie]/SSADDA)
of the DDA value for highly compact soot, whereas it differs
considerably for lacy soot (~149%) for all three cases of N at
525nm (Figure S7 in the supporting information).

We estimated the ratio of the top of the atmosphere direct
radiative forcing (TOA-DRF) for semicompact and highly
compact soot with respect to lacy soot. We performed the
calculations following the conceptual formulation by Chylek
and Wong [1995]. Since the surface albedo (a) has an
important role in determining the TOA-DRF, we performed
the calculations for two extreme values: a=0.06 and 0.8
(see supporting information for details) that represent a
lower limit for the ocean albedo and an upper limit for
the cloud albedo, respectively. The ratio of the TOA-DRF is
close to 1 or ≪ 1, depending on compactness, number
of monomers, and surface albedo (Figure 3, bottom graph).
Compaction due to aging typically results in a reduction of

the soot TOA-DRF for both values of a. For high surface albedo (a = 0.8) the TOA-DRF estimated from DDA
differs substantially from Mie for lacy and semicompact soot having a normalized ratio [DRFDDA-DRFMie]/
DRFDDA ≤28%; however, it differs by <12% for highly compact soot over the studied range of wavelengths
and N (Figure S8 in the supporting information). Note that the effects of soot coating were not considered
here. Coating would increase the absorption but would also result in much higher scattering, and the SSA
would increase with coating. For example, SSA can increase by a factor of ≤3 at 670 nm depending on the
coatingmaterial andmixing scenarios [Cheng et al., 2014]. Therefore, our calculations that neglect the coating
effect represent a lower limit for the SSA increase.

As mentioned earlier, soot particles observed at PMO were likely cloud processed. Cloud processing is likely
the reason for the highly compact shape with minimal coating. Soot particles may have been incorporated
into water droplets or ice crystals during long-range transport. A recent T-matrix study [Mishchenko et al.,
2014] on soot-water mixtures shows that orientation-averaged Cabs strongly depends on soot morphology
and the position inside a water droplet. Orientation-averaged Cabs of a soot-water mixture is larger for lacy
soot than for compact soot, and Cabs tends to decrease as the soot particle moves from the center of the
droplet to the boundary. This effect implies that the soot morphology may have an important role in the
semidirect effect as well, with soot compaction resulting in a lower in-cloud absorption and therefore lower
positive forcing.
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Figure 3. Normalized (ratio) absorption and scattering
cross sections, single scattering albedo (SSA),
asymmetry parameter (g), and top of the atmosphere
direct radiative forcing (DRF) as functions ofwavelength
for three cases of number of monomers (N= 66,
square; N= 150, round; and N= 247, triangle points).
The blue solid line represents a ratio of one. We
used the cross sections, SSA, and g of lacy soot as
normalizing values. The inset shows the morphology
of the synthetic soot used in the simulations for one
of the number of monomers (N= 66) cases. The
synthetic particles represent highly compact,
semicompact, and lacy soots from left to right. RF
ratios for low surface albedo (a=0.06) are represented
in black and red and for high surface albedo (a= 0.8)
in gray and light red (data in Table S4 in the
supporting information).
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highest (2.66) for N= 247 at 660 nm for highly compact
soot. As the effect of compaction is substantially greater
for scattering than for absorption, the SSA increases as
the lacy soot collapses [Abel et al., 2003]. Increased SSA
and extinction have also been recently demonstrated in
laboratory-generated soot compacted by water processing
[Radney et al., 2014]. The SSA ratio (SSAhighly compact/SSAlacy)
decreases as the wavelength increases. The g factor is a
function of both particle size and shape [Liu et al., 2008;
Kahnert et al., 2012]. We found that lacy soot has a higher g
compared to the semicompact and highly compact soot
with N= 60. However, g exhibits a different behavior for
N= 150, with semicompact soot having higher g, followed
by lacy and highly compact soot. Similarly, Liu et al. [2008]
found that g reaches the highest value for a Df~2 and
starts decreasing as the particle becomes more compact.
Furthermore, we computed the optical properties of sootwith
the same mass-equivalent diameter using Mie calculations to
investigate how closely they approach the DDA values. SSA
estimated usingMie is within ~19% ([SSADDA-SSAMie]/SSADDA)
of the DDA value for highly compact soot, whereas it differs
considerably for lacy soot (~149%) for all three cases of N at
525nm (Figure S7 in the supporting information).

We estimated the ratio of the top of the atmosphere direct
radiative forcing (TOA-DRF) for semicompact and highly
compact soot with respect to lacy soot. We performed the
calculations following the conceptual formulation by Chylek
and Wong [1995]. Since the surface albedo (a) has an
important role in determining the TOA-DRF, we performed
the calculations for two extreme values: a=0.06 and 0.8
(see supporting information for details) that represent a
lower limit for the ocean albedo and an upper limit for
the cloud albedo, respectively. The ratio of the TOA-DRF is
close to 1 or ≪ 1, depending on compactness, number
of monomers, and surface albedo (Figure 3, bottom graph).
Compaction due to aging typically results in a reduction of

the soot TOA-DRF for both values of a. For high surface albedo (a = 0.8) the TOA-DRF estimated from DDA
differs substantially from Mie for lacy and semicompact soot having a normalized ratio [DRFDDA-DRFMie]/
DRFDDA ≤28%; however, it differs by <12% for highly compact soot over the studied range of wavelengths
and N (Figure S8 in the supporting information). Note that the effects of soot coating were not considered
here. Coating would increase the absorption but would also result in much higher scattering, and the SSA
would increase with coating. For example, SSA can increase by a factor of ≤3 at 670 nm depending on the
coatingmaterial andmixing scenarios [Cheng et al., 2014]. Therefore, our calculations that neglect the coating
effect represent a lower limit for the SSA increase.

As mentioned earlier, soot particles observed at PMO were likely cloud processed. Cloud processing is likely
the reason for the highly compact shape with minimal coating. Soot particles may have been incorporated
into water droplets or ice crystals during long-range transport. A recent T-matrix study [Mishchenko et al.,
2014] on soot-water mixtures shows that orientation-averaged Cabs strongly depends on soot morphology
and the position inside a water droplet. Orientation-averaged Cabs of a soot-water mixture is larger for lacy
soot than for compact soot, and Cabs tends to decrease as the soot particle moves from the center of the
droplet to the boundary. This effect implies that the soot morphology may have an important role in the
semidirect effect as well, with soot compaction resulting in a lower in-cloud absorption and therefore lower
positive forcing.
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Figure 3. Normalized (ratio) absorption and scattering
cross sections, single scattering albedo (SSA),
asymmetry parameter (g), and top of the atmosphere
direct radiative forcing (DRF) as functions ofwavelength
for three cases of number of monomers (N= 66,
square; N= 150, round; and N= 247, triangle points).
The blue solid line represents a ratio of one. We
used the cross sections, SSA, and g of lacy soot as
normalizing values. The inset shows the morphology
of the synthetic soot used in the simulations for one
of the number of monomers (N= 66) cases. The
synthetic particles represent highly compact,
semicompact, and lacy soots from left to right. RF
ratios for low surface albedo (a=0.06) are represented
in black and red and for high surface albedo (a= 0.8)
in gray and light red (data in Table S4 in the
supporting information).
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highest (2.66) for N= 247 at 660 nm for highly compact
soot. As the effect of compaction is substantially greater
for scattering than for absorption, the SSA increases as
the lacy soot collapses [Abel et al., 2003]. Increased SSA
and extinction have also been recently demonstrated in
laboratory-generated soot compacted by water processing
[Radney et al., 2014]. The SSA ratio (SSAhighly compact/SSAlacy)
decreases as the wavelength increases. The g factor is a
function of both particle size and shape [Liu et al., 2008;
Kahnert et al., 2012]. We found that lacy soot has a higher g
compared to the semicompact and highly compact soot
with N= 60. However, g exhibits a different behavior for
N= 150, with semicompact soot having higher g, followed
by lacy and highly compact soot. Similarly, Liu et al. [2008]
found that g reaches the highest value for a Df~2 and
starts decreasing as the particle becomes more compact.
Furthermore, we computed the optical properties of sootwith
the same mass-equivalent diameter using Mie calculations to
investigate how closely they approach the DDA values. SSA
estimated usingMie is within ~19% ([SSADDA-SSAMie]/SSADDA)
of the DDA value for highly compact soot, whereas it differs
considerably for lacy soot (~149%) for all three cases of N at
525nm (Figure S7 in the supporting information).

We estimated the ratio of the top of the atmosphere direct
radiative forcing (TOA-DRF) for semicompact and highly
compact soot with respect to lacy soot. We performed the
calculations following the conceptual formulation by Chylek
and Wong [1995]. Since the surface albedo (a) has an
important role in determining the TOA-DRF, we performed
the calculations for two extreme values: a=0.06 and 0.8
(see supporting information for details) that represent a
lower limit for the ocean albedo and an upper limit for
the cloud albedo, respectively. The ratio of the TOA-DRF is
close to 1 or ≪ 1, depending on compactness, number
of monomers, and surface albedo (Figure 3, bottom graph).
Compaction due to aging typically results in a reduction of

the soot TOA-DRF for both values of a. For high surface albedo (a = 0.8) the TOA-DRF estimated from DDA
differs substantially from Mie for lacy and semicompact soot having a normalized ratio [DRFDDA-DRFMie]/
DRFDDA ≤28%; however, it differs by <12% for highly compact soot over the studied range of wavelengths
and N (Figure S8 in the supporting information). Note that the effects of soot coating were not considered
here. Coating would increase the absorption but would also result in much higher scattering, and the SSA
would increase with coating. For example, SSA can increase by a factor of ≤3 at 670 nm depending on the
coatingmaterial andmixing scenarios [Cheng et al., 2014]. Therefore, our calculations that neglect the coating
effect represent a lower limit for the SSA increase.

As mentioned earlier, soot particles observed at PMO were likely cloud processed. Cloud processing is likely
the reason for the highly compact shape with minimal coating. Soot particles may have been incorporated
into water droplets or ice crystals during long-range transport. A recent T-matrix study [Mishchenko et al.,
2014] on soot-water mixtures shows that orientation-averaged Cabs strongly depends on soot morphology
and the position inside a water droplet. Orientation-averaged Cabs of a soot-water mixture is larger for lacy
soot than for compact soot, and Cabs tends to decrease as the soot particle moves from the center of the
droplet to the boundary. This effect implies that the soot morphology may have an important role in the
semidirect effect as well, with soot compaction resulting in a lower in-cloud absorption and therefore lower
positive forcing.
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Figure 3. Normalized (ratio) absorption and scattering
cross sections, single scattering albedo (SSA),
asymmetry parameter (g), and top of the atmosphere
direct radiative forcing (DRF) as functions ofwavelength
for three cases of number of monomers (N= 66,
square; N= 150, round; and N= 247, triangle points).
The blue solid line represents a ratio of one. We
used the cross sections, SSA, and g of lacy soot as
normalizing values. The inset shows the morphology
of the synthetic soot used in the simulations for one
of the number of monomers (N= 66) cases. The
synthetic particles represent highly compact,
semicompact, and lacy soots from left to right. RF
ratios for low surface albedo (a=0.06) are represented
in black and red and for high surface albedo (a= 0.8)
in gray and light red (data in Table S4 in the
supporting information).
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highest (2.66) for N= 247 at 660 nm for highly compact
soot. As the effect of compaction is substantially greater
for scattering than for absorption, the SSA increases as
the lacy soot collapses [Abel et al., 2003]. Increased SSA
and extinction have also been recently demonstrated in
laboratory-generated soot compacted by water processing
[Radney et al., 2014]. The SSA ratio (SSAhighly compact/SSAlacy)
decreases as the wavelength increases. The g factor is a
function of both particle size and shape [Liu et al., 2008;
Kahnert et al., 2012]. We found that lacy soot has a higher g
compared to the semicompact and highly compact soot
with N= 60. However, g exhibits a different behavior for
N= 150, with semicompact soot having higher g, followed
by lacy and highly compact soot. Similarly, Liu et al. [2008]
found that g reaches the highest value for a Df~2 and
starts decreasing as the particle becomes more compact.
Furthermore, we computed the optical properties of sootwith
the same mass-equivalent diameter using Mie calculations to
investigate how closely they approach the DDA values. SSA
estimated usingMie is within ~19% ([SSADDA-SSAMie]/SSADDA)
of the DDA value for highly compact soot, whereas it differs
considerably for lacy soot (~149%) for all three cases of N at
525nm (Figure S7 in the supporting information).

We estimated the ratio of the top of the atmosphere direct
radiative forcing (TOA-DRF) for semicompact and highly
compact soot with respect to lacy soot. We performed the
calculations following the conceptual formulation by Chylek
and Wong [1995]. Since the surface albedo (a) has an
important role in determining the TOA-DRF, we performed
the calculations for two extreme values: a=0.06 and 0.8
(see supporting information for details) that represent a
lower limit for the ocean albedo and an upper limit for
the cloud albedo, respectively. The ratio of the TOA-DRF is
close to 1 or ≪ 1, depending on compactness, number
of monomers, and surface albedo (Figure 3, bottom graph).
Compaction due to aging typically results in a reduction of

the soot TOA-DRF for both values of a. For high surface albedo (a = 0.8) the TOA-DRF estimated from DDA
differs substantially from Mie for lacy and semicompact soot having a normalized ratio [DRFDDA-DRFMie]/
DRFDDA ≤28%; however, it differs by <12% for highly compact soot over the studied range of wavelengths
and N (Figure S8 in the supporting information). Note that the effects of soot coating were not considered
here. Coating would increase the absorption but would also result in much higher scattering, and the SSA
would increase with coating. For example, SSA can increase by a factor of ≤3 at 670 nm depending on the
coatingmaterial andmixing scenarios [Cheng et al., 2014]. Therefore, our calculations that neglect the coating
effect represent a lower limit for the SSA increase.

As mentioned earlier, soot particles observed at PMO were likely cloud processed. Cloud processing is likely
the reason for the highly compact shape with minimal coating. Soot particles may have been incorporated
into water droplets or ice crystals during long-range transport. A recent T-matrix study [Mishchenko et al.,
2014] on soot-water mixtures shows that orientation-averaged Cabs strongly depends on soot morphology
and the position inside a water droplet. Orientation-averaged Cabs of a soot-water mixture is larger for lacy
soot than for compact soot, and Cabs tends to decrease as the soot particle moves from the center of the
droplet to the boundary. This effect implies that the soot morphology may have an important role in the
semidirect effect as well, with soot compaction resulting in a lower in-cloud absorption and therefore lower
positive forcing.
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Figure 3. Normalized (ratio) absorption and scattering
cross sections, single scattering albedo (SSA),
asymmetry parameter (g), and top of the atmosphere
direct radiative forcing (DRF) as functions ofwavelength
for three cases of number of monomers (N= 66,
square; N= 150, round; and N= 247, triangle points).
The blue solid line represents a ratio of one. We
used the cross sections, SSA, and g of lacy soot as
normalizing values. The inset shows the morphology
of the synthetic soot used in the simulations for one
of the number of monomers (N= 66) cases. The
synthetic particles represent highly compact,
semicompact, and lacy soots from left to right. RF
ratios for low surface albedo (a=0.06) are represented
in black and red and for high surface albedo (a= 0.8)
in gray and light red (data in Table S4 in the
supporting information).
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highly compact semicompact lacy 



How important are these details? 

!  What aerosol mixing states exist in different environments? 

!  How can we connect measurements (lab and field) to each 
other and to modeled mixing state information?  

!  What mixing state information should be measured in the 
field and in the lab?  8 

Key question 1: 

What is the impact of 
mixing state on CCN, IN, 
optical properties?  

Key question 2: 

How should we include 
mixing state information 
in models that quantify 
aerosol climate impacts? 
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Impact of mixing state representations

aged, the surface air temperature is predicted to rise by 0.20
and 0.37 K for the externally- and internally-mixed cases,
respectively. Clearly, uncertainty in direct radiative forcing
due to the mixing state leads to significant difference in the
temperature response.

[34] In both the externally- and internally-mixed cases,
the temperature response is concentrated more in the NH,
which is expected since radiative forcing is strongest in the
NH. The estimated surface temperature increase is 0.29 to
0.54 K for the NH and 0.11 to 0.20 K for the SH. Other than

Figure 8. Estimated change in equilibrium annual mean surface air temperature (K) for (a) EXTERNAL
minus CONTROL, (b) INTERNAL minus CONTROL, and (c) INTERNAL minus EXTERNAL. Gray
indicates areas where the change is not significant at the 95% confidence level.
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Chung and Seinfeld, JGR 2005
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derived from particle-resolved output. Enhancement in light
absorption due to radiative interactions between particles, which
may also affect heating rates35, is not considered.

This error in modelled absorption from the simplified
representation is caused by failure to capture the diversity in
composition that is simulated by the particle-resolved model.
While per-particle composition varies, even for particles of the
same size, the mass fraction of coating material (Fig. 1a) tends to
be smaller for particles that contain large amounts of BC (Fig. 1b),
corresponding to weak enhancement in light absorption by these
particles (Fig. 1c). Figure 2 confirms that, across the entire diverse
BC population, most of the coating material is contained in
particles that have small amounts of BC mass, while most of the
BC mass resides in particles with large BC inclusions and only
thin coatings due to variation in coating accumulation rates as a
function of particle size. For comparison, Fig. 2 also shows how

the aerosol mass would be distributed if composition diversity
had been neglected. Applying the constraint that all particles
contain the same volume fraction of each aerosol component
(uniform composition), while per-particle BC mass remains the
same, causes an artificial redistribution of coating material onto
particles containing large amounts of BC. This artificial increase
in coating on particles containing most of the BC mass leads to
overestimation of absorption by the particles that contribute most
to population-level absorption. As a result, population-level
absorption is greater if BC-containing particles are assumed to
have identical composition than if the true diversity of the
population is represented (Fig. 1e). The negative correlation
between the volume fraction of dry coating with the amount of
BC contained in individual particles is consistent with ambient
observations36,37. This finding suggests that absorption by BC
may be better represented in models that resolve variation in

Particle-resolved composition
Per-particle

BC mass (pg)
10–4 10–2

Population-level
abs. enhancement

a b c

Particle-level
abs. enhancement

Particle-resolved
Uniform

Population-averaged composition

d e

0% 25% 50% 75% 100% 2.521.51

0% 25% 50% 75% 100% 1 1.5 2 2.5

BC POA
SOA

SO 4
NH 4

NO 3

Figure 1 | Role of particle composition on absorption enhancement in baseline population. (a) Per-particle volume composition for subset of particles in a
single population, (b) mass of BC contained in each particle and (c) the absorption enhancement by the BC within each particle, all shown for the particle-resolved
representation, as well as the (d) volume composition averaged across all BC-containing particles. (e) Overall absorption enhancement by BC in the population is
computed from particle-resolved composition (solid line) and, for the same population, assuming uniform composition (dashed line).

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms12361 ARTICLE

NATURE COMMUNICATIONS | 7:12361 | DOI: 10.1038/ncomms12361 | www.nature.com/naturecommunications 3

Fierce et al., Nature Comm., 2016 

Calculated absorption 
enhancement using 
average composition  
 
 

Calculated averaged 
absorption enhancement 
using per-particle 
composition  
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Development of a consistent 
model hierarchy 

Arriving on the regional scale 
•  WRF-PartMC (UIUC) 
•  MOSAIC-Mix (PNNL) 
•  Moment-based approach (BNL) 
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Development of a consistent 
model hierarchy 

Huge amount of activity 
using innovative 
measurement platforms 



Given that we have mixing state aware models 

 
1.  How do we initialize models using measured mixing 

state information? 

2.  How do we compare models and measurements? 

16 



Agenda for today 

!  Some background – Framing the problem 

!  Short presentations: 
•  Jim Hudson: Processing of aerosols in clouds 
•  R Subramanian and Claudio Mazzoleni: SP2 and SEM 
•  Matthew Fraund and Ryan Moffet: STXM and SEM/EDX 
•  Joseph Ching: SP2, SPLAT and modeling 
•  Tim Onasch: BC 4 study 
•  Alla Zelenyuk and Aiken/Dubey: SAAS campaign 

!  Discussion 

17 



Connections between Different Tools: Progress 

18 

 
 
 
 

 Theory/ 
Metrics1 PRM2 SP23 Micros-

copy4 

SP mass 
spectro-
metry5 

Bulk 
measure- 
Ments6 

Remote 
sensing7 

RM/ 
GCM8 

Theory/ 
Metrics1  high medium medium low low low low 

PRM2 high  medium medium medium high low low 

SP23 medium medium  medium medium high low low 

Micros-
copy4 medium medium medium  medium medium low low 

SP mass 
spetro-
metry5 

low medium medium medium  medium low low 

Bulk 
measure-
ments6 

low high high medium medium  high medium 

Remote 
sensing7 low low low low low high  high 

RM/ 
GCM8 low low low low low medium high  

	
Table 1:  Assessment of current abilities to connect data and outputs amongst different tools. The 
lack of comparable mixing state outputs between many tools has been a key bottleneck in our ability 
to understand mixing state impacts. Connections that were originally labeled as “red/low”, but have 
seen improvement since the focus group was created, are marked with red boundaries.  Remote 
sensing observations and GCMs are still poorly connected to the particle-level techniques, as shown 
by the heavy black borders. See Section 4.1 for current efforts to overcome this. 
 
Explanation of the column and row headers: 
1Theoretical framework and metrics to quantify mixing state.  
2Output from particle-resolved models 
3Data from single particle soot photometer 
4Data from microscopy methods including electron and X-ray microscopy 
5Data from single-particle mass spetrometers including SPLAT, ATOFMS, PALMS 
6Data from in situ measurements that give information on aerosol bulk properties (as opposed to single-particle 
instruments), e.g. bulk aerosol composition, bulk optical properties, etc. 
7Data from remote sensing instruments such as aerosol optical depth, backscatter, extinction 
8Output from regional models and global climate models 


