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Two Themes

1) Interactions of chemistry and microphysics in 
the global CCN cycle

2) The CCN mode is tightly coupled to and largely 
derived from the ultrafine mode
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Presentation Notes
I have structured my talk broadly around 3 recurring themes:
First, we want to understand the relative importance of different processes, broadly categorized as “chemistry” and “microphysics”, to CCN formation on the global scale
Second, there are important microphysical interactions between particles in the CCN and ultrafine size ranges. We cannot understand CCN formation without understanding ultrafine particles and vice versa
Third, global aerosol models have recently become much more sophisticated in how they treat particle microphysics and growth, something my group has especially focused on. These model advancements let give us insights into the global CCN cycle that were impossible before.
I will talk about each of these themes in more detail on the following slides.



CCN Budget and Ultrafines
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It is common to construct budgets for aerosol mass (sulfate, organics, etc). We need to start doing the same thing for CCN number or we will never understand the indirect effect very well.
This figure is a hypothetical CCN budget based on our recent model results. Our model has much higher size resolution than this, but here you can see sources/sinks of both CCN and ultrafine particles as well as growth from one mode to the other. Unfortunately, many of these numbers are highly uncertain – much more uncertain than aerosol mass budgets.
Nevertheless, we can make some interesting conclusions from these numbers:
Growth of ultrafine particles is an extremely important source of CCN. We cannot understand CCN without understanding ultrafine particles.
Most ultrafine particles do not become CCN. They are lost by coagulation. Often, this is “coagulational scavenging” of ultrafines by CCN particles. We cannot understand ultrafines without understanding CCN.
It is interesting that sources of number (mostly ultrafine) and sources of mass (larger primary or condensation) are mostly uncoupled from each other. But, by definition, creating a CCN means creating a particle (number) and adding enough solute (mass) to get it to activate. Already we can see that there are synergies between microphysics (controlling N and growth) and chemistry (controlling mass, solubility). 



Science Questions

•
 

How do CCN concentrations depend on:
•

 
Nucleation rate and mechanism?
•

 
Fast (ternary) vs

 
slow (binary) nucleation

•
 

Primary particle emissions?
•

 
Important uncertainty for CCN

•
 

Do BC reductions slow global warming?
•

 
OC composition / hygroscopicity?

•
 

SOA formation rates?
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That’s enough philosophical commentary. Specifically, we want to use the model to investigate the sensitivity of CCN to … all the things that people here research.
These include nucleation, primary emissions, organic aerosol properties, and SOA production.
I want to highlight fairly recent results related to the hypothesized role of cosmic rays in controlling clouds and climate as well as investigate what are the likely climate impacts of reducing black carbon emissions.
It is important to emphasize that we are mostly doing *sensitivity* (and uncertainty) studies. Because CCN formation is inherently nonlinear, a small sensitivity does not necessarily imply that the process is wholly unimportant. For example, in a low-NOx regime, ozone is insensitive to VOCs. However, it would be silly to say that VOCs are unimportant to ozone formation.



Model Description

Aerosol species
•

 
Sulfate

•
 

Sea-salt
•

 
EC: ext/int

 
mixed

•
 

OC: hydro-phobic/philic
•

 
Mineral dust

Host models
•

 
GISS (GCM)

•
 

GEOS-CHEM (CTM) 

Chemistry
•

 
DMS→ SO2

 

→ sulfate
•

 
Dial in SOA “mechanism”

•
 

EC/OC “aging”: 1.5 days
•

 
Modified Kohler theory 
(hydrophilic OM: 

 
= 0.12)

Size-resolved emissions w/ 
subgrid

 
coagulation

Microphysics
•

 
TOMAS algorithm

•
 

Condensation/coagulation
•

 
Nucleation (binary, ternary, 
empirical “activation”, ion-

 induced)

H2

 

SO4

 

(g)
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Our CCN model is constantly evolving, and the results I will show you today come from many different versions over time. Nevertheless, this slide gives you a snapshot of our current default configuration.
We include all the globally significant aerosol species shown here. EC and OC are subdivided into externally/internally mixed and hydrophobic and hydrophilic, respectively.
The key component is the TOMAS microphysics algorithm, explained in the next slide, which updates the size distributions as condensation, coagulation, and nucleation occur. We have a variety of common nucleation parameterizations/theories implemented that we can choose as options.
We have versions that run in the GISS GCM and GEOS-CHEM depending on whether we want predicted or assimilated meteorology.
Emissions and deposition are size-dependent, of course.
Chemistry is fairly standard for global models. A typical sulfur chemistry is included with gas phase and in-cloud oxidation of SO2 to sulfuric acid or sulfate. We have a very simple but flexible SOA “mechanism” (more on that later). We still have the old “aging” parameterization common to global models of converting EC from ext to int mixed and OC from hydrophobic to hydrophilic with a 1.5 day timescale. An important corrollary is that most OC in our model is hydrophilic (with a kappa of 0.12).



TOMAS Overview

•
 

TwO-Moment Aerosol Sectional algorithm
•

 
Size range usually 10 nm –

 
10 μm

•
 

30 size sections (10 per decade of diameter)
•

 
Parameterized nucleation mode

•
 

Sometimes extended down to 1 nm (nucleation 
mode)

•
 

Moments = 1) aerosol number and 2) aerosol mass

Dp

Number Size Distribution

N2 N3 N4 N5
N6

N7

N30
N1

…

Mass Size Distribution

Dp
…

SO4
2-

NaCl

…

M2
M3

M4M5
M6 M7

M30

M1

Presenter
Presentation Notes
Our microphysics calculations are performed by the TOMAS (two moment sectional) algorithm.
The size distribution is typically divided into 30 sections spanning the 10 nm to 10 um size range. Optionally, we can reduce the size resolution or extend the size range down to 1 nm (e.g. when we want to include the nucleation mode explicitly).
“Two moments” means that aerosol mass and number are tracked in each size section. Contrary to mass-only sectional methods, number is explicitly tracked and conserved, allowing the number/CCN budgets I showed earlier. The aerosol mass distribution is further subdivided into each of the species I mentioned before.



Model Evaluation: CN10

•Captures variation in CN10 over two orders of 
magnitude

•Average error (LMNE) is a factor of 2
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I won’t dwell on model evaluation today, but this shows how our predicted CN10 concentrations compare to observations taken at the locations shown here. Our model nicely captures the large difference (two orders of magnitude) in aerosol number between remote and polluted locations. There is very little overall bias, and the predictions typically match observations to within a factor of 2 or so – not bad for a global model.



Model Evaluation: Marine Size Distributions

Observations
No Carbonaceous Aerosol
Bond EC/OC Emissions
IPCC EC/OC Emissions
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Looking at predicted size distributions, the black curves show lognormal fits to observations in marine areas binned by latitude. The colored lines show predicted size distributions with and without carbonaceous emissions. Overall, the model does ok. It captures the bimodal size distribution observed in marine areas that results from cloud processing including the average diameters of the Aiken and accumulation modes. In some locations, the total number concentrations are quite good and sometimes less so.



Regional Nucleation Events
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I don’t want to over-represent our model’s capabilities, but I was pleasantly surprised by this recent modeling result for ACE-Asia. The black line shows observed number concentrations at Gosan and on the Ron Brown. Nucleation events were observed by both platforms on April 12 and 13. They were separated by 100s of km so these are regional nucleation events. The model nicely predicts both events if we assume ternary nucleation, although ternary nucleation also produces some “false positives” on the 15th (perhaps due to ammonia emissions). Where the model exceeded my expectations was that these results popped out immediately using standard emissions and met fields; we did not tune anything to achieve this result.



Nucleation and CCN

•
 

Nucleation chemistry not understood
•

 
Several proposed nucleation mechanisms 
•

 
Binary (H2

 

SO4

 

-H2

 

O)
•

 
Ternary (H2

 

SO4

 

-NH3

 

-H2

 

O)
•

 
Ion-induced nucleation (also involves H2

 

SO4

 

)
•

 
Nucleation rates vary by many orders of 
magnitude

•
 

Scenario 1: Slow (binary) nucleation (Vehkamaki
 2002)

•
 

Scenario 2: Fast (ternary) nucleation (Napari
 2002)
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Let’s turn to the importance of nucleation to CCN levels on the global scale.
Nucleation is, of course, highly uncertain. Many mechanisms have been proposed, and their nucleation rates vary by many orders of magnitude.
A simple approach is to bound the sensitivity of CCN to nucleation by using a very slow and a very fast scenario. We understand the limitations of both parameterizations but deliberately choose something too low and high as a bounding exercise.
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CN10 increases ~2xCCN0.2% increases ~10%

6 orders of magnitude 
difference in nucleation rate 
globally

Different locations where 
nucleation is occurring
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When we use these two nucleation parameterizations, we do see very different behaviors on the global scale. Note that the nucleation rates (J1) predicted by binary and ternary (above and below) span 20 orders of magnitude! Ternary nucleation also predicts nucleation at the surface whereas binary does not.
The importance of simulating particle growth is illustrated if we look at CN10 concentrations. These differ by only a factor of ~2 over most regions. This is even more pronounced when we look at CCN0.2% concentrations that only differ by ~10%.



Nucleation and CCN

avg. = 11% increase

Ternary    
Binary

CCN(0.2%) Ratio
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Here we see the same results but mapped at the model surface. We see the ratio of CCN in the ternary to the binary case. Sometimes the difference exceeds 20%. Typically, the sensitivity to a very large change in nucleation rates is only ~10%.
The conclusion is that it is often difficult for nucleated particles to survive and grow to CCN sizes. More precisely, the more particles that are nucleated the smaller the fraction that grow to CCN. Remember that this is a sensitivity study, so we are not saying that only 10% of CCN are from nucleation. Instead, this suggests that CCN formation is limited by the availability of H2SO4 and SOA that drive the growth of small particles to CCN sizes more than the nucleation rate itself.




Primary Emissions

Sensitivity of 
CCN to nucleation avg. = 11% increase

Sensitivity of 
CCN to emissions avg. = 27% increase

•

 

Primary emissions: EC/OC, plume sulfate, sea-salt
•

 

Uncertainty from primary emssions

 

greater
•

 

Results subject to choice of “bounding values”
•

 

Primary particles largely overlooked in terms of CCN budget

Ternary    
Binary

PE    
PE/3
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What about primary emissions particles as sources of CCN? Depending on the emissions, some are already large enough to function as CCN. Others have to grow by condensation to become CCN.
We did a sensitivity study where we reduced primary emissions by a factor of 3. We think a factor of 3 is a reasonable estimate of uncertainty, even conservative perhaps. We reduced emitted N and M, essentially holding the shape of the emitted size distribution constant. This included primary carbonaceous, plume sulfate, and sea-salt.
The figure on the left shows the ratio of CCN between these two scenarios.
Generally, CCN0.2% are much more sensitive to primary emissions that to nucleation: 27% on average at the surface compared to 11%.
Obviously, this depends partly on what you think of these uncertainty ranges, but I think that the number and size of primary particles has been largely overlooked as an important factor for the CCN budget.



CCN Formation Probability
Growth (condensation)

Coagulational

 

scavening

 

by larger particlesUF
CCN

•
 

For any UF particle, the probability of becoming 
a CCN is a competition between
•

 
Condensational growth

•
 

Coagulational
 

scavenging
•

 
Small nuclei suffer compared to primary 
particles
•

 
Takes longer to grow

•
 

More diffusive → higher collision probability
•

 
A greater number of larger particles to scavenge 
them
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Why are primary particles more effective than nucleated particles at forming CCN?
If we consider an UF particle, it grows primarily by condensation, depending on the availability of condensable H2SO4 and SOA.
While it grows, it may be lost by coagulation with a larger particle.
The probability of any single UF particle surviving to become a CCN depends on the relative growth and coag scavenging rates.
Small particles, nuclei especially, suffer in two ways:
It takes them longer to grow
While they are small, their diffusivity is very high, so they are likely to collide and coagulate with a larger particle.



Black Carbon Reductions

•
 

Many have suggested that BC reductions are a 
fast way to slow global warming

•
 

But…
 

BC controls will
•

 
Reduce primary particle emissions

•
 

CCN concentrations
•

 
Reduce the indirect effect (-0.3 to -1.8 W/m2)

•
 

Will BC reductions slow global warming??
•

 
Collaborators: John Seinfeld/Anne Chen 
(Caltech); Thanos

 
Nenes (GaTech); Yunha Lee 

(CMU)
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Black carbon, as an absorbing aerosol, is believe to make a significant contribution to global warming by several mechanisms
Many have proposed that controlling BC is a fast way to slow global warming
But most any BC control you can imagine will reduce primary particles and CCN, therefore weakening the indirect effect (a strong cooling)
The question that has been overlooked until now is “Will BC reduction actually slow global warming?”
These are brand new results and I want to particularly acknowledge collaborators at Caltech and GaTech



BC Reductions: Primary Particles
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Scenarios:
•

 
Base case

•
 

50% FF: reduce fossil fuel emisions by 50% 
(EC,OM,N)

•
 

50% CARB: reduce all carbonaceous emissions 
by 50%
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It is important to describe the primary particle emissions and how we changed them in these simulations.
We use standard global emissions inventories. Fossil fuel is close to equal parts BC and OM, and we assume that the emissions are centered in a mode at 30 nm. Biomass burning and biofuel emissions are more OM than EC and occur in a mode centered at 100 nm.
The size of these peaks is proportional to the emitted number, which is dominated by fossil fuel under these (reasonable hopefully) assumptions.
These emissions are not dumped immediately into the global model. We have an emissions preprocessor that forces them to undergo 10 hours of coagulation with background aerosol before being added to the model.
To investigate BC reduction, CCN, and the AIE: we run a base case, a case where we cut fossil fuel emissions by 50% - these cuts include mass and number equally. Finally, we also do a simulation where we cut all carbonaceous emissions shown here by 50%.
Obviously the results depend on the exact control strategies pursued but these were chosen as simple starting points.



BC Controls Reduce CDNC 

CDNC 
[cm-3 ]

Smax
[%]

Reff
[μm]

195.6 0.26 8.27

In global annual average,

50% FF: CDNC reduced by 4.6%
50% CARB: CDNC reduced by 8.7%

50% FF    

Base case
Ratio of cloud droplet 

number (CDNC)
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In these simulations, we linked the CCN distributions to cloud droplet number concentrations using the activation parameterization of Thanos Nenes.
What you see here is the ratio of CDNC in the half-fossil fuel case compared to the base case. For that scenario, CDNC decreased by almost 5% in the global average and you can see the more detailed map here.
When we cut all carbonaceous emissions, we get a stronger effect: almost a 9% reduction in cloud drop number.
These are significant reductions in the AIE that, by themselves, would lead to some warming.



BC Reductions: Forcing Assessment

•
 

For a 50% reduction in fossil fuel EC/OC/N:
•

 
FF-BC absorption: 0.2 W/m2

 

→ 0.1 W/m2

 

= -0.1 W/m2

•
 

Semi-direct: 0.3 W/m2

 

→ 0.23 W/m2

 

= -0.07 W/m2

•
 

Snow albedo: 0.1 W/m2

 

→ 0.07 W/m2

 

= -0.03 W/m2

•
 

Net: -0.2 W/m2

 

(reduced global warming)
•

 
But…
•

 
Reduced indirect effect (this work) = +0.22 W/m2

•
 

Reduced OC cooling = ???
•

 
Are BC reductions approx. climate neutral?

•
 

Caution: preliminary results
•

 
CCN impacts of reducing black carbon appear to 
largely (completely?) offset climate benefits
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Let’s assess the net effect of BC reductions on the energy balance.
First, the good news. If we reduce BC emissions, we reduce three warming mechanisms: direct, semi-direct and snow albedo effects. Taking IPCC and other estimates of these forcings and applying proportional reductions, we get -0.2 W/m2 of reduced global warming.
Now, the bad news. If we also account for the reduced CDNC, we get an offset in the AIE that leads to 0.22 W/m2 warming.
Obviously, there are uncertainties on all these values and our results are still preliminary, but these estimates suggest that cutting BC emissions may be very close to climate neutral – or too close to call at this point.
If we account for likely reductions in the direct effect from co-reductions in OM, the net effect may be enhanced warming.



Organic Aerosol Hygroscopicity

• ~6% change in CCN0.2% globally averaged

• >20% change in biomass burning areas
•

 

Caveat: internal mixture assumed; external mixing increases 
sensitivity

CCN0.2 high = 0.3 / CCN0.2 low 
 

= 0.1
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Another uncertainty is the hygroscopicity or CCN activity of organic aerosol.
Because of the aging assumptions in our model, most of our OM is categorized as “hydrophilic”.
If we vary the CCN activity of this material (measured with the kappa parameter), we can see the effect on global CCN levels.
Here I show the CCN enhancement ratio we get by varying kappa from 0.1 to 0.3, a reasonable range of observed atmospheric mixtures.
Globally averaged the effect is ~6% and exceeds 20% in organic rich areas such as biomass burning.
An important caveat is that we assume internally mixed aerosol, so OM is essentially competing with inorganics with high CCN activities. To the extent that OM is externally mixed, its properties become more important.



SOA Source

Compare CCN0.2% predicted in:

•Base SOA Scenario:  19 Tg/yr (traditional biogenic)

•High SOA Scenario:  64 Tg/yr (+45 Tg/yr generic 
“anthropogenic”)

Generic SOA “mechanism”:

•45 Tg/yr generic precursor emitted

•Co-located with SO2 (and ultrafine particles)

•Oxidation timescale: 12 hours and 100% yield

•Condensation only (non-volatile)

•SOA production is major uncertainty on condensational 
growth of UF to CCN
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Another process that we have looked at is the amount of condensable vapor that grows ultrafine particles to CCN.
Since the sulfur budget is fairly well understood, the major uncertainty stems from the amount of SOA condensing onto particles.
We have developed a low and a high SOA production scenario.
The low scenario includes 19Tg/yr of traditional biogenic SOA. The high scenario adds an additional 45 Tg/yr of SOA production that we call “pseudo anthropogenic” to roughly mimic recent evidence that there is more SOA out there than what traditional models say.
The “mechanism” for this pseudo SOA is simple but flexible and easy to modify.
We emit 45 Tg/yr of a lumped pseudo source. These emissions are co-located with SO2 to approximate an anthropogenic source. Our major rationale for this approach is that there should be a lot of UF particles nearby and this should maximize the impact of the SOA on CCN formation. We oxidize this pseudo precursor with a 12 h timescale to allow a little transport and fix a 100% yield to guarantee 45 Tg/yr of SOA production. After this, the SOA is (unfortunately) considered non-volatile so we have condensation only.



SOA Source Plot shows ratio:

CCN0.2 (High SOA)    
CCN0.2 (Base SOA)

•CCN increases are >20% to 2x in N Hemisphere

•Global average impact is ~12%
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This plot shows the CCN enhancement ratio between the high and low SOA production cases.
You can see the largest increases occur in polluted regions, exactly where we put the pseudo anthropogenic source.
In these areas, CCN increase by more than 20% and up to a factor of 2
Globally averaged, the impact is ~12%




Conclusions

•
 

CCN Sensitivity to nicrophysics
 

and chemistry

•
 

CCN budget coupled to ultrafine mode
•

 

Large fraction of CCN derived from growth of UF particles
•

 

CCN very sensitive to primary particles (including BC 
reductions)

•

 

…but coagulational

 

scavenging of UF particles also essential 
(e.g. relatively low sensitivity to nucleation)

Factor Bounds CCN Sensitivity
Primary particles 3x 27%
SOA production 19 to 64 Tg/yr 12%
Nucleation Binary/ternary 11%
OC hygroscopicity 

 
from 0.1 to 0.3 6%
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This table is a little more provocative than I perhaps intend, but it summarizes the relative importance of different factors to the global CCN budget.
I don’t want to say that any of the factors lower on the table are negligible, unimportant or unworthy of study. CCN is only one of many reasons we study these issues and I suspect that some of the smaller uncertainties are climatically important. I have published papers on most or all of these as have my CMU colleagues, and I plan to continue working on them.
I do think it does underline important factors such as primary particles that have been ignored until recently. We should not ignore these factors.
Also, when we say “my research is important to CCN”, I think we need to quantify how much, under what circumstances or in synergy with what other processes.
Linking CCN formation to ultrafine particles leads to some interesting conclusions. BC controls may not slow global warming, and we are able to see that it is very hard for variations in cosmic rays to affect CCN.
Finally, we have put a lot of work into developing a more physically based model of CCN that includes microphysics. It is nice to see some payoff in the form of the results shown above. I wish to remind you that most or all of the above results are impossible without microphysics models.
I see this model as a tool for the entire community to envision CCN formation on the global scale and how different processes and hypotheses fit in the big picture. If you think you have something we need to put in the model and evaluate, I really do welcome collaborations.
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