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Microscale processes impact large-scale climate

IPCC report, 2022.
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Aerosol science — a multiscale problem
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Particle composition evolves in the atmosphere
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(1) Background aerosol enters 
urban area

(2) Adding fresh primary emissions 
from urban area

(3) Physical and chemical aging while 
fresh emissions decrease

(4) Aged plume is advected over the ocean, adding 
fresh sea spray emissions to aged plume
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Internally 
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Aerosols are complicated mixtures.

Important for CCN properties, optical properties, IN properties.
Riemer, Ault, Craig, Curtis, West, Rev. Geophys., 2019
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From distributions to particles
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supply of water vapor, it is possible that some of the mass
could have been added in the cloud through aqueous pro-
cesses, and the sulfate-dominant particles were more easily
activated as cloud condensation nuclei (CCN). With the pol-
luted background and limitation of water vapor, still some
interstitial aerosol remained in the cloud and was measured
by the AMS. The higher contribution of organics in NPF
events indicates its significant role for the particle formation
and growth process. The importance of organics by the at-
mospheric new particle formation was emphasized in several
researchers (Kulmala et al., 2013). A similar phenomenon
was observed and discussed in more detail in a ground site
study in Beijing (Zhang et al., 2011). In terms of nitrate, am-
monium, and chloride, no dramatic variations in their pro-
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Figure 3.Mass concentrations of chemical components in different
episodes.

portions of PM1 were observed in these episodes, indicating
their minor roles.

3.3.2 Mass size distributions of chemical components
during different episodes

TheMSDs of PM1 (6OSNA) and chemical species, and their
proportions at different size ranges during PBL, LFT, and
NPF events, and in-cloud and polluted episodes are plotted in
Figs. 4 and 5. In total, the MSDs of PM1 for these episodes
displayed accumulation mode with 600–700 nm MMD, ex-
cept smaller MMD (550 nm) with wider size distribution
for NPF. The standard deviation of the fitted MSD for NPF
(� = 2.1) was larger than in other episodes (� = 1.7� 1.8)
for the impact of small particles. The same MSDs for other
events were found, indicating they may originate from simi-
lar sources or from the evolution process again.
Since NPF events are the significant sources of the

aerosols, the links between MSDs of NPF events and pol-
luted episodes can be employed to investigate the evolu-
tion of particles. Statistical results from all the NPF events
and polluted episodes showed comparatively small MMDs
(⇠ 373–459 nm) for organics during NPF events at Mt. Tai
and larger MMDs (⇠ 473–792 nm) during polluted episodes.
The nitrate and ammonium also displayed relatively smaller
MMDs during NPF than during polluted episodes. No ob-
vious differences of sulfate MMDs between NPF events and
polluted episodes were found, meaning that sulfate was more
aged than organics, nitrate, and ammonium in NPF events.
This phenomenon suggests that sulfate may originate from
regional polluted area, and organics, nitrate, and ammonium
from local sources. In this paper, the ratio of the value of
MMD between the polluted episodes and NPF events is de-
fined as an increasing factor. The organics’ increasing factors

Atmos. Chem. Phys., 14, 12237–12249, 2014 www.atmos-chem-phys.net/14/12237/2014/

12242 Y. M. Zhang et al.: Chemical composition and mass size distribution of PM1

 

 19 Total pages: 23 

Fig.2. 1 
 2 

25

20

15

10

5

0

dM
/d

lo
gD

va
 (µ

g 
m

-3
)

6 7 8 9
100

2 3 4 5 6 7 8 9
1000

2

 Diameter (nm)

10

8

6

4

2

0

30

20

10

0

20

15

10

5

0

25

20

15

10

5

0

Annual

Spring

Summer

Fall

Winter

 Organics  Sulfate  Nitrate  Ammonium

MMD        ı
Org     457          1.8
SO4     517          1.9
NO3    489          1.8
NH4    495          1.9

MMD        ı
Org     549          1.7
SO4     661          1.8
NO3    633          1.6
NH4    614          1.7

MMD        ı
Org     531          1.7
SO4     582          1.7
NO3    565          1.7
NH4    551          1.7

MMD        ı
Org     556          1.7
SO4     574          1.7
NO3    501          1.8
NH4    506          1.8

MMD         ı
Org      538          1.7
SO4     585          1.7
NO3    540          1.7
NH4    541          1.7

 3 
4 Figure 2.Mass size distributions of chemical species on annual and

seasonal scales.

supply of water vapor, it is possible that some of the mass
could have been added in the cloud through aqueous pro-
cesses, and the sulfate-dominant particles were more easily
activated as cloud condensation nuclei (CCN). With the pol-
luted background and limitation of water vapor, still some
interstitial aerosol remained in the cloud and was measured
by the AMS. The higher contribution of organics in NPF
events indicates its significant role for the particle formation
and growth process. The importance of organics by the at-
mospheric new particle formation was emphasized in several
researchers (Kulmala et al., 2013). A similar phenomenon
was observed and discussed in more detail in a ground site
study in Beijing (Zhang et al., 2011). In terms of nitrate, am-
monium, and chloride, no dramatic variations in their pro-
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Figure 3.Mass concentrations of chemical components in different
episodes.

portions of PM1 were observed in these episodes, indicating
their minor roles.

3.3.2 Mass size distributions of chemical components
during different episodes

TheMSDs of PM1 (6OSNA) and chemical species, and their
proportions at different size ranges during PBL, LFT, and
NPF events, and in-cloud and polluted episodes are plotted in
Figs. 4 and 5. In total, the MSDs of PM1 for these episodes
displayed accumulation mode with 600–700 nm MMD, ex-
cept smaller MMD (550 nm) with wider size distribution
for NPF. The standard deviation of the fitted MSD for NPF
(� = 2.1) was larger than in other episodes (� = 1.7� 1.8)
for the impact of small particles. The same MSDs for other
events were found, indicating they may originate from simi-
lar sources or from the evolution process again.
Since NPF events are the significant sources of the

aerosols, the links between MSDs of NPF events and pol-
luted episodes can be employed to investigate the evolu-
tion of particles. Statistical results from all the NPF events
and polluted episodes showed comparatively small MMDs
(⇠ 373–459 nm) for organics during NPF events at Mt. Tai
and larger MMDs (⇠ 473–792 nm) during polluted episodes.
The nitrate and ammonium also displayed relatively smaller
MMDs during NPF than during polluted episodes. No ob-
vious differences of sulfate MMDs between NPF events and
polluted episodes were found, meaning that sulfate was more
aged than organics, nitrate, and ammonium in NPF events.
This phenomenon suggests that sulfate may originate from
regional polluted area, and organics, nitrate, and ammonium
from local sources. In this paper, the ratio of the value of
MMD between the polluted episodes and NPF events is de-
fined as an increasing factor. The organics’ increasing factors

Atmos. Chem. Phys., 14, 12237–12249, 2014 www.atmos-chem-phys.net/14/12237/2014/

Zhang et al., Atmos. Chem. Phys., 14, 12237–12249, 2014Zhang et al., Atmospheric Chemistry and Physics, 2014
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What is the composition of the particles?
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supply of water vapor, it is possible that some of the mass
could have been added in the cloud through aqueous pro-
cesses, and the sulfate-dominant particles were more easily
activated as cloud condensation nuclei (CCN). With the pol-
luted background and limitation of water vapor, still some
interstitial aerosol remained in the cloud and was measured
by the AMS. The higher contribution of organics in NPF
events indicates its significant role for the particle formation
and growth process. The importance of organics by the at-
mospheric new particle formation was emphasized in several
researchers (Kulmala et al., 2013). A similar phenomenon
was observed and discussed in more detail in a ground site
study in Beijing (Zhang et al., 2011). In terms of nitrate, am-
monium, and chloride, no dramatic variations in their pro-
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Figure 3.Mass concentrations of chemical components in different
episodes.

portions of PM1 were observed in these episodes, indicating
their minor roles.

3.3.2 Mass size distributions of chemical components
during different episodes

TheMSDs of PM1 (6OSNA) and chemical species, and their
proportions at different size ranges during PBL, LFT, and
NPF events, and in-cloud and polluted episodes are plotted in
Figs. 4 and 5. In total, the MSDs of PM1 for these episodes
displayed accumulation mode with 600–700 nm MMD, ex-
cept smaller MMD (550 nm) with wider size distribution
for NPF. The standard deviation of the fitted MSD for NPF
(� = 2.1) was larger than in other episodes (� = 1.7� 1.8)
for the impact of small particles. The same MSDs for other
events were found, indicating they may originate from simi-
lar sources or from the evolution process again.
Since NPF events are the significant sources of the

aerosols, the links between MSDs of NPF events and pol-
luted episodes can be employed to investigate the evolu-
tion of particles. Statistical results from all the NPF events
and polluted episodes showed comparatively small MMDs
(⇠ 373–459 nm) for organics during NPF events at Mt. Tai
and larger MMDs (⇠ 473–792 nm) during polluted episodes.
The nitrate and ammonium also displayed relatively smaller
MMDs during NPF than during polluted episodes. No ob-
vious differences of sulfate MMDs between NPF events and
polluted episodes were found, meaning that sulfate was more
aged than organics, nitrate, and ammonium in NPF events.
This phenomenon suggests that sulfate may originate from
regional polluted area, and organics, nitrate, and ammonium
from local sources. In this paper, the ratio of the value of
MMD between the polluted episodes and NPF events is de-
fined as an increasing factor. The organics’ increasing factors

Atmos. Chem. Phys., 14, 12237–12249, 2014 www.atmos-chem-phys.net/14/12237/2014/
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supply of water vapor, it is possible that some of the mass
could have been added in the cloud through aqueous pro-
cesses, and the sulfate-dominant particles were more easily
activated as cloud condensation nuclei (CCN). With the pol-
luted background and limitation of water vapor, still some
interstitial aerosol remained in the cloud and was measured
by the AMS. The higher contribution of organics in NPF
events indicates its significant role for the particle formation
and growth process. The importance of organics by the at-
mospheric new particle formation was emphasized in several
researchers (Kulmala et al., 2013). A similar phenomenon
was observed and discussed in more detail in a ground site
study in Beijing (Zhang et al., 2011). In terms of nitrate, am-
monium, and chloride, no dramatic variations in their pro-
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Figure 3.Mass concentrations of chemical components in different
episodes.

portions of PM1 were observed in these episodes, indicating
their minor roles.

3.3.2 Mass size distributions of chemical components
during different episodes

TheMSDs of PM1 (6OSNA) and chemical species, and their
proportions at different size ranges during PBL, LFT, and
NPF events, and in-cloud and polluted episodes are plotted in
Figs. 4 and 5. In total, the MSDs of PM1 for these episodes
displayed accumulation mode with 600–700 nm MMD, ex-
cept smaller MMD (550 nm) with wider size distribution
for NPF. The standard deviation of the fitted MSD for NPF
(� = 2.1) was larger than in other episodes (� = 1.7� 1.8)
for the impact of small particles. The same MSDs for other
events were found, indicating they may originate from simi-
lar sources or from the evolution process again.
Since NPF events are the significant sources of the

aerosols, the links between MSDs of NPF events and pol-
luted episodes can be employed to investigate the evolu-
tion of particles. Statistical results from all the NPF events
and polluted episodes showed comparatively small MMDs
(⇠ 373–459 nm) for organics during NPF events at Mt. Tai
and larger MMDs (⇠ 473–792 nm) during polluted episodes.
The nitrate and ammonium also displayed relatively smaller
MMDs during NPF than during polluted episodes. No ob-
vious differences of sulfate MMDs between NPF events and
polluted episodes were found, meaning that sulfate was more
aged than organics, nitrate, and ammonium in NPF events.
This phenomenon suggests that sulfate may originate from
regional polluted area, and organics, nitrate, and ammonium
from local sources. In this paper, the ratio of the value of
MMD between the polluted episodes and NPF events is de-
fined as an increasing factor. The organics’ increasing factors

Atmos. Chem. Phys., 14, 12237–12249, 2014 www.atmos-chem-phys.net/14/12237/2014/

Liu et al., Atmospheric Research, 2016
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What is the composition of the particles?
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supply of water vapor, it is possible that some of the mass
could have been added in the cloud through aqueous pro-
cesses, and the sulfate-dominant particles were more easily
activated as cloud condensation nuclei (CCN). With the pol-
luted background and limitation of water vapor, still some
interstitial aerosol remained in the cloud and was measured
by the AMS. The higher contribution of organics in NPF
events indicates its significant role for the particle formation
and growth process. The importance of organics by the at-
mospheric new particle formation was emphasized in several
researchers (Kulmala et al., 2013). A similar phenomenon
was observed and discussed in more detail in a ground site
study in Beijing (Zhang et al., 2011). In terms of nitrate, am-
monium, and chloride, no dramatic variations in their pro-
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Figure 3.Mass concentrations of chemical components in different
episodes.

portions of PM1 were observed in these episodes, indicating
their minor roles.

3.3.2 Mass size distributions of chemical components
during different episodes

TheMSDs of PM1 (6OSNA) and chemical species, and their
proportions at different size ranges during PBL, LFT, and
NPF events, and in-cloud and polluted episodes are plotted in
Figs. 4 and 5. In total, the MSDs of PM1 for these episodes
displayed accumulation mode with 600–700 nm MMD, ex-
cept smaller MMD (550 nm) with wider size distribution
for NPF. The standard deviation of the fitted MSD for NPF
(� = 2.1) was larger than in other episodes (� = 1.7� 1.8)
for the impact of small particles. The same MSDs for other
events were found, indicating they may originate from simi-
lar sources or from the evolution process again.
Since NPF events are the significant sources of the

aerosols, the links between MSDs of NPF events and pol-
luted episodes can be employed to investigate the evolu-
tion of particles. Statistical results from all the NPF events
and polluted episodes showed comparatively small MMDs
(⇠ 373–459 nm) for organics during NPF events at Mt. Tai
and larger MMDs (⇠ 473–792 nm) during polluted episodes.
The nitrate and ammonium also displayed relatively smaller
MMDs during NPF than during polluted episodes. No ob-
vious differences of sulfate MMDs between NPF events and
polluted episodes were found, meaning that sulfate was more
aged than organics, nitrate, and ammonium in NPF events.
This phenomenon suggests that sulfate may originate from
regional polluted area, and organics, nitrate, and ammonium
from local sources. In this paper, the ratio of the value of
MMD between the polluted episodes and NPF events is de-
fined as an increasing factor. The organics’ increasing factors
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supply of water vapor, it is possible that some of the mass
could have been added in the cloud through aqueous pro-
cesses, and the sulfate-dominant particles were more easily
activated as cloud condensation nuclei (CCN). With the pol-
luted background and limitation of water vapor, still some
interstitial aerosol remained in the cloud and was measured
by the AMS. The higher contribution of organics in NPF
events indicates its significant role for the particle formation
and growth process. The importance of organics by the at-
mospheric new particle formation was emphasized in several
researchers (Kulmala et al., 2013). A similar phenomenon
was observed and discussed in more detail in a ground site
study in Beijing (Zhang et al., 2011). In terms of nitrate, am-
monium, and chloride, no dramatic variations in their pro-
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portions of PM1 were observed in these episodes, indicating
their minor roles.

3.3.2 Mass size distributions of chemical components
during different episodes

TheMSDs of PM1 (6OSNA) and chemical species, and their
proportions at different size ranges during PBL, LFT, and
NPF events, and in-cloud and polluted episodes are plotted in
Figs. 4 and 5. In total, the MSDs of PM1 for these episodes
displayed accumulation mode with 600–700 nm MMD, ex-
cept smaller MMD (550 nm) with wider size distribution
for NPF. The standard deviation of the fitted MSD for NPF
(� = 2.1) was larger than in other episodes (� = 1.7� 1.8)
for the impact of small particles. The same MSDs for other
events were found, indicating they may originate from simi-
lar sources or from the evolution process again.
Since NPF events are the significant sources of the

aerosols, the links between MSDs of NPF events and pol-
luted episodes can be employed to investigate the evolu-
tion of particles. Statistical results from all the NPF events
and polluted episodes showed comparatively small MMDs
(⇠ 373–459 nm) for organics during NPF events at Mt. Tai
and larger MMDs (⇠ 473–792 nm) during polluted episodes.
The nitrate and ammonium also displayed relatively smaller
MMDs during NPF than during polluted episodes. No ob-
vious differences of sulfate MMDs between NPF events and
polluted episodes were found, meaning that sulfate was more
aged than organics, nitrate, and ammonium in NPF events.
This phenomenon suggests that sulfate may originate from
regional polluted area, and organics, nitrate, and ammonium
from local sources. In this paper, the ratio of the value of
MMD between the polluted episodes and NPF events is de-
fined as an increasing factor. The organics’ increasing factors

Atmos. Chem. Phys., 14, 12237–12249, 2014 www.atmos-chem-phys.net/14/12237/2014/

Liu et al., Atmospheric Research, 2016
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Definition of aerosol mixing state

Aerosol mixing state: Distribution of chemical species across the population.
Property of the population.

“The same net composition of an aerosol can be caused by an
infinite variety of different internal distributions of the various

compounds.” (Winkler, 1973)

! = 0%
Perfect external mixture

! = 100%
Perfect internal mixture
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Why does this matter?

Bulk models

Modal models Sectional models

Particle-resolved models

Absorption coefficient
Scattering coefficient

Phase function

Absorption coefficient
Scattering coefficient

Phase function

internal mixturereal-life mixture

?
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From aerosol state to model state

Particle images courtesy of Miriam Freedman
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From aerosol state to model state

Bulk models

Modal models Sectional models

Particle-resolved models
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Why does this matter?

Bulk models

Modal models Sectional models

Particle-resolved models

Absorption coefficient
Scattering coefficient

Phase function

Absorption coefficient
Scattering coefficient

Phase function

internal mixturereal-life mixture

?

Modal and sectional
models are
distribution-based.

Inherent assumption: All
particles in one mode/bin
have the same
composition.

Mixing state is an
“unknown unknown” —
structural uncertainty of
the model.
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Particle-resolved modeling 101

No modes or bins

Instead: discrete computational particles

PartMC: simulates coagulation, particle emissions,
dilution, deposition, nucleation stochastically (Riemer et
al., 2009, DeVille et al., 2011, 2019, Curtis et al., 2016,
2017, 2023).

MOSAIC: simulates gas phase chemistry, aerosol
thermodynamics deterministically (Zaveri et al., 2008).

Evolution of mixing state is straight-forward to represent.

Computationally expensive!
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manuscript submitted to JGR Atmospheres

Figure 4. The evolution of (a) liquid water content (LWC) and cloud droplet number concen-

tration (b) mixing ratios of key gas-phase species (c) key aqueous-phase species and (d) number

concentration with respect to wet diameter. Results are for the aerosol population at tu = 12 h

(high-emission case) and for Ncycle = 1.

–13–

Impacts of aqueous phase 
chemistry in cloud droplets
Yao et al., JGR, 2021

Water uptake and optical properties 
of mixed organic-inorganic particles
Nandy et al., AST, 2021

How many particles do we need to 
estimate mixing state?
Gasparik et al., AST, 2020

Mixing state evolution in a chamber
Shou et al., AST, 2019

L. Fierce et al.: Explaining variance in BC aging timescales 3183

a)#τ age(t ,D)

b)#τ coag(t ,D)

c)#τ cond(t ,D)

aging timescale

Figure 7. For baseline scenario, (a) overall size-dependent aging
timescale, (b) condensation aging timescale, and (c) coagulation ag-
ing timescale. Values are shown for s = 0.3%.

variate kernel regression:

E
⇥
Yage|Dj,Nj ] =

Np,trainP
i=1

KhD(Dj (t) � Di)Khf (Nj (t) � Ni)Yage,i

Np,trainP
i=1

KhD(Dj (t) � Di)Khf (Nj (t) � Ni)

. (14)

The overall aging timescale for a particular size distribution
exposed to a specific number concentration is the computed
as the sum across individual particles (Eq. 8) or, equivalently,
by integrating over the size distribution (Eq. 13). Equation 14
can easily be generalized to three or more independent vari-
ables.

5 Independent variables that best explain variance in
aging timescales

We found that most variance in the aging timescale is ex-
plained by only a few independent variables. Explained vari-
ance R2 is shown for different combinations of independent
variables as a function of the criterion supersaturation. For
all supersaturation levels, 90% of variance in the coagula-
tion aging timescale (Fig. 8a) was explained by regression
predictions that included the size distribution of fresh BC-
containing particles (nfresh(D)) and the number concentra-
tion of large, CCN-active particles (NCCN,large). Three vari-
ables were needed to explain 85% of variance in the conden-
sation aging timescale (Fig. 8b): the size distribution of fresh
BC-containing particles (nfresh(D)); the flux of secondary
aerosol (ḟcond), defined as the volume condensation rate of
semivolatile substances per particle surface area density; and
the effective hygroscopicity parameter of secondary aerosol
(cond), where cond is the volume-weighted average of 

for condensing semivolatile species. The size distribution of
fresh BC was included in each case by determining a regres-
sion for the size-resolved aging timescale before computing
the bulk aging timescale according to Equation 13. Only 10–
15% of variance remains unexplained, indicating that vari-
ables other than nfresh(D), ḟcond, cond, and NCCN,large also
weakly affect the value of the aging timescale.

5.1 Variance explained by different combinations of
independent variables

Figure 8 shows the explained variance R2 as a function
of s for the independent variables that best explain vari-
ance in the coagulation and condensation aging timescales.
Approximately 90% of variance in the coagulation aging
timescale was explained by regressions in terms of nfresh(D)

and NCCN,large (black line of Fig. 8a). Brownian coagulation
events are most likely to occur between large and small par-
ticles, so the coagulation aging timescale decreases when
there are more particles that are CCN-active and are also
large enough to be good coagulation partners. The small-
est fresh particles are likely to coagulate with large back-
ground particles, where we found the threshold for “large”
to be D > 100 nm by identifying the threshold that re-
sulted in the highest R2. A regression computed in terms
of the number concentration of large particles (green line of
Fig. 8a), rather than the number concentration of large and
CCN-active particles, gaveR2 ⇡85% at high supersaturation
thresholds (s > 0.8%) but R2 < 10% at low supersaturation
thresholds (s < 0.1%). This is because not all particles with
D > 100 nm are CCN-active at s = 0.1%, but nearly all par-
ticles that are CCN-active at this low s haveD > 100 nm. On
the other hand, if the independent variable was the number
concentration of CCN-active particles (blue line of Fig. 8a),
rather than the number concentration of large and CCN-
active particles,R2 ⇡ 90% for timescales at low supersatura-

www.atmos-chem-phys.net/15/3173/2015/ Atmos. Chem. Phys., 15, 3173–3191, 2015

Variance in black carbon’s aging timescale
Fierce et al., ACP, 2015

Mixing state impacts 
on CCN spectra
Razafindrambinina et al., AST, 
2021

Black carbon 
mixing state 
impacts on clouds
Ching et al., JGR, 2016
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Particle-resolved modeling on the regional scale

Host model WRF: simulates windfield,
temperature, humidity

PartMC: simulates advection, turbulent
diffusion stochastically (in addition to aerosol
dynamics)

MOSAIC: chemistry processes

170 x 160 x 40 domain

6656 cores

Simulate 5000 particles per grid cell to capture
aerosol mixing state

10 billion total particles in the simulation
domain
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Each grid cell contains the full aerosol state information
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Error in CCN concentration depends on aerosol state

0 25 50 75 100

mixing state ¬ccn (%)

°100

0

100

200

p
er

ce
n
t

er
ro

r
in

C
C

N
co

n
ce

n
tr

a
ti
o
n

(%
) senv = 0.3%

0 25 50 75 100

mixing state ¬ccn (%)

°100

0

100

200

senv = 0.6%

100

102

104

g
ri

d
ce

ll
co

u
n
t

0 25 50 75 100

mixing state ¬ccn (%)

°100

0

100

200

p
er

ce
n
t

er
ro

r
in

C
C

N
co

n
ce

n
tr

at
io

n
(%

) senv = 0.3%

0 25 50 75 100

mixing state ¬ccn (%)

°100

0

100

200

senv = 0.6%

100

102

104

gr
id

ce
ll

co
u
n
t

0 2

0

1

0 2

0

1

0 2

0

1externally 
mixed

internally 
mixed

overestimated

underestimated

externally mixed internally mixed

Use all populations from WRF-PartMC California simulation.
Assuming internal mixture leads to overestimation of CCN concentration.
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Assuming internal mixture leads to . . .

less internally mixed more internally mixed

ab
so

rp
tio

n 
ov

er
es

tim
at

ed

Yao, Curtis, Ching, Zheng, Riemer, ACP, 2022.

. . . overestimation in aerosol absorptivity,

. . . underestimation in aerosol scattering,

. . . underestimation in single scattering
albedo.
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N. Riemer et al.: Soot aging time scales in polluted regions 1887
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Fig. 1. Horizontal distribution of the externally mixed soot at 20m above the surface, 12:00CET, day 2 (left: summer, right: winter).
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Fig. 2. Same as Fig. 1, but for internally mixed soot.

depending on the land use, the modelled temperatures and
the modelled radiative fluxes (McKeen et al., 1991, Lamb et
al., 1987, Vogel et al., 1995). We parameterise the NO emis-
sions from the soil according to Ludwig et al. (2001). The
anthropogenic emissions of SO2, CO, NOx, NH3, 32 classes
of VOC and diesel soot are pre-calculated with the spatial
resolution of 4⇥4 km2 and a temporal resolution of one hour
(Obermeier et al., 1995; Wickert et al., 1999; Pregger et al.,
1999; Seier et al., 2000). The diesel soot emissions represent
the sources by traffic. In addition to the source strength, we
must prescribe the median diameter and the standard devi-
ation of the emitted soot particle distribution. The median
diameter is fixed to 60 nm and the standard deviation to 1.8

according to measurements by Vogt et al. (2000). We in-
vestigate two scenarios. First, we simulate a typical sum-
mer situation with a geostrophic wind of 4.5m s�1 blowing
from East. Second, we consider a winter day with a westerly
flow with a geostrophic wind of 4 m s�1. Three consecu-
tive days were simulated in each case where the first day is
used as spin-up and we only consider the results of the sec-
ond and the third day. Considering further details about the
initialisation and boundary conditions we refer to Riemer et
al. (2003b).

www.atmos-chem-phys.org/acp/4/1885/ Atmos. Chem. Phys., 4, 1885–1893, 2004
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Fig. 1. Horizontal distribution of the externally mixed soot at 20m above the surface, 12:00CET, day 2 (left: summer, right: winter).
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Fig. 2. Same as Fig. 1, but for internally mixed soot.

depending on the land use, the modelled temperatures and
the modelled radiative fluxes (McKeen et al., 1991, Lamb et
al., 1987, Vogel et al., 1995). We parameterise the NO emis-
sions from the soil according to Ludwig et al. (2001). The
anthropogenic emissions of SO2, CO, NOx, NH3, 32 classes
of VOC and diesel soot are pre-calculated with the spatial
resolution of 4⇥4 km2 and a temporal resolution of one hour
(Obermeier et al., 1995; Wickert et al., 1999; Pregger et al.,
1999; Seier et al., 2000). The diesel soot emissions represent
the sources by traffic. In addition to the source strength, we
must prescribe the median diameter and the standard devi-
ation of the emitted soot particle distribution. The median
diameter is fixed to 60 nm and the standard deviation to 1.8

according to measurements by Vogt et al. (2000). We in-
vestigate two scenarios. First, we simulate a typical sum-
mer situation with a geostrophic wind of 4.5m s�1 blowing
from East. Second, we consider a winter day with a westerly
flow with a geostrophic wind of 4 m s�1. Three consecu-
tive days were simulated in each case where the first day is
used as spin-up and we only consider the results of the sec-
ond and the third day. Considering further details about the
initialisation and boundary conditions we refer to Riemer et
al. (2003b).
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Diversity in composition affects BC absorption

Challenge: Particle-resolved
model is expensive.

Solution: Surrogate model
that approximately
reproduces particle-resolved
model predictions.

Fierce, Bond, Bauer, Mena, Riemer, Nature Comm., 2016.
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Fierce, Bond, Bauer, Mena, Riemer, Nature Comm., 2016.
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Surrogate model improves predictions of aerosol absorption

Predict BC absorption enhancement with output from NASA GISS MATRIX model.

neglecting water uptake (RH = 0%) accounting for variation in water uptake with relative humidity and "coat 

assuming uniform comp. across populationsaccounting for particle-level variation in composition

a b c absorption enhancem
ent

 # = 550 nm

Account for 
compositional 

diversity

Default: assume 
uniform composition 

across each mode

2 Fierce et al., Nat. Comm. 2016

Fierce, Bond, Bauer, Mena, Riemer, Nature Comm., 2016.
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Why this bias?

mass of BC contained in each particle (pg)!
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Uniform composition assumption: All particles contain the same volume fraction of
each aerosol component.
Causes an artificial redistribution of coating material onto particles containing large
amounts of BC.
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Use PartMC data for satellite retrieval verification

PartMC raw output 
for one aerosol 

population 

Population-level
(reference)
• AOD
• SSA

Radiance at 
TOA

Population-level 
(retrieval)
• AOD
• SSA

RT codeMie code

Retrieval

Collaboration with Feng Xu, 
Univ. of Oklahoma
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Assumption:
Two aerosol species – each with its 
own refractive index and log-normal 
size distribution

compare
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Proof of concept for one example population

model truth

model truth

polarimetric 
retrieval polarimetric 

retrieval

model truth

polarimetric 
retrieval

PartMC particle populations mimic ambient populations with realistic mixing states.

“Closure” exercise with PartMC data allows to assess validity of retrieval
assumptions.
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Particle-resolved modeling bridges scales in aerosol science

Particle-resolved modeling (combined with machine learning) is a key tool in the
model hierarchy to:

bridge from the particle scale to larger scales
quantify structural uncertainties in aerosol models.

This modeling approach is now feasible for use in 3D Eulerian chemical transport
models.
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PartMC uses open source
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