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Aerosols

Definition:  Suspension of solid and/or liquid particles in air

Settling Velocity goes as  1/D2

D = 0.1 micron  
SV = 10-4 cm/s







D = 1 microns
SV = 10-2 cm/s








D = 10 microns
SV = 1 cm/s

Size Classifications

Nucleation (ultrafine) mode
D = a few nm to hundredths of a micron 

Accumulation (fine) mode 
D = tenths of microns to microns

Coarse mode



D = tens of microns and larger

PM 2.5:
All the particles with sizes less than 2.5 microns.

PM 10:
All the particles with sizes less than 10 microns.

CN:

Condensation nuclei: particles smaller than about 1 micron

CCN:
Cloud condensation nuclei: particles that can lead to cloud droplet formation at a specific supersaturation

Nucleation mode particles dominate the number density distribution.

Accumulation mode particles dominate the surface area distribution.

Coarse mode particles dominate the mass (or volume) distribution.

Loss Mechanisms

Nucleation mode
Brownian motion leads to efficient loss via coagulation (gravitational settling and washout by rain are slow)

Accumulation mode
Largely lost by either dry or wet deposition (gravitational settling and coagulation are slow)

Coarse mode
Gravitational settling is efficient (coagulation is negligible but washout can occur)

In general:

The rate of loss of nucleation mode particles is higher than that of accumulation mode particles.

Typical lifetime for accumulation mode particles is a few days up to a few weeks, depending very much on the altitude and the degree of scavenging by rain (or snow).

Course mode particles rarely make it out of the planetary boundary layer except, perhaps, in regions of convective uplift and in large storms.


In-cloud scavenging of aerosol particles is very efficient.


“Reactive” or “photochemical” loss of particles does not happen

Formation Mechanisms

Nucleation mode:  

Gas-to-particle conversion of low volatility gases, e.g. sulfuric acid vapour (free troposphere), highly oxidized organics (remote continental sites), higher oxidation states of iodine (coastal marine regions), leads to new particle formation events.  

This nucleation process is not understood at the fundamental, molecular level: role of ions, specific chemicals that are important.  How do you move from individual molecules through small clusters of molecules to an aerosol particle that behaves as a bulk liquid/solid?

The rate of this process is very highly dependent on the chemical nature of the atmosphere and on the amount of pre-existing aerosol surface area.

New particle formation is of extreme importance to our understanding of climate.  For example, the best (albeit poor) model to explain the observed correlation between cloudiness and solar activity involves new particle formation mediated by changes in cosmic-ray fluxes.

Accumulation mode:

These particles arise and grow from coagulation of smaller particles and from condensation/uptake of low volatility/soluble gases. 

There are also direct emissions of particles of this size to the atmosphere and the (re)formation of particles when cloud droplets evaporate.  In prolific source regions (e.g. urban air, arid regions, marine boundary layer), this can be the primary source of these particles. 

Coarse mode:
Mechanical forces generally give rise to the formation of large particles (and some smaller ones), e.g. bubble breaking at the surface of natural waters and dust formation by wind action.

Tend to not form course mode particles by coagulation of accumulation mode.

Classification by Chemical Composition

In the troposphere, internally mixed particles (i.e. multiple chemical species present in the same particle) are the norm.   The many chemical species make a quantitative, predictable description of the aerosol population unachievable at present, although models are moving in this direction. 

Nevertheless, for the time being it has become convenient to break the aerosol types into the following divisions:

· Sulfate particles 

· Organic particles 

· Mineral dust particles 

· Soot particles

· Sea salt particles 

Is this a valid representation?   

To some degree, this depends on the setting.  For example, in a large dust storm coming off the Gobi desert, the total particle surface area and mass will be overwhelmingly dominated by mineral dust.  But, as this mineral dust “ages”, it will pick up a thin mixed sulfate/organic coating in addition to what may have been already present before the dust was aerosolized.

In the stratosphere, it is thought that the chemical composition of the particles is relatively well described by current physical chemistry models.  This is particularly true for the sulfate aerosols which may have other species, such as HCl and HNO3 dissolved in them.  It is for this reason that a “quantitative” description of stratospheric chemistry is currently possible.  This is less true for solid polar stratospheric clouds where there still remain considerable uncertainties as to which type of cloud forms where and when.

1.   Sulfate

· Although sulfate aerosols all contain the SO42- ion, they are a highly heterogeneous mix of aerosol types.

· Formed from the oxidation of more chemically reduced sulfur compounds.  

· Present in the nucleation and accumulation modes.
· Over the continents, the major sulfur source is SO2, formed from the combustion of dirty fossil fuels (coal).  In the gas phase:

OH + SO2 (  HSO3
HSO3 + O2 ( HO2 + SO3
SO3 + H2O  ( H2SO4    
The H2SO4 then condenses via gas-to-particle conversion and a relatively pure H2SO4/H2O particle forms.

· If there is ammonia (NH3) present, the acidic sulfuric acid particles can be fully neutralized to form ammonium sulfate:

H2SO4 + 2 NH3 (  (NH4)2SO4

· Over the oceans, the major source of sulfur is dimethyl sulfide (DMS) which is a biogenically produced species.   DMS is oxidized very rapidly in the marine boundary layer via gas-phase chemistry forming SO2 as a major product.  The SO2 then goes on to form H2SO4.

· In the stratosphere, the sulfuric acid forms as just described with the major sources of sulfur being SO2 (large volcanic eruptions) and OCS (volcanic quiescent periods).

2.   Organic

· Large numbers and types of organic chemicals (isoprene, terpenes, some oxygenates) are emitted by both pollution and biogenic sources.  

· Although initially volatile the molecules are chemically transformed into involatile/soluble species through gas-phase chemistry, and gas-to-particle conversion then occurs:  

O3 + alpha-pinene ( a lot of products (pinonic acid, pinonaldehyde, pinic acid, …)

· Others (e.g. waxes, fatty acids) are emitted through mechanical processes, e.g. leaf abrasion, bubble-breaking at the surface of natural waters, cooking

· The organic component is sufficiently complex that only a small fraction has been speciated.  What is the unspeciated fraction?

· A sizable fraction of the organic component is water soluble and a sizable fraction is not.

· The phase of this complex mixture is not known but is likely to be heterogeneous.

· The organic component of “sulfate” aerosols is sizable, even in the upper troposphere.  Indeed, there is a detectable organic component in the sulfate aerosols of the lower stratosphere that tends to be ignored. 

3.  Mineral Dust

· Very large amounts of mineral dust are formed from storms over arid areas, such as the Sahara and the Gobi Desert.  

· These dust clouds can be transported over thousands of kms, e.g. from Asia to North America.  In the clouds, the dust particle surface area is dominant over other aerosol types.

· Dust particles are extremely important as ice nuclei and, potentially, as sites for heterogeneous chemistry. 

· Particles are formed of a range of minerals, e.g. alumina, silica, iron oxide, carbonates, all coated to some degree with sulfate/organic as the particles age in the atmosphere.

4. Soot

· Contain elemental carbon in the form of very small particles aggregated together

· Formed by the combustion of fossil fuels and biomass burning, e.g. forest fires and agricultural burning

· In the upper troposphere, they are deposited in surprisingly high numbers by aircraft

· Component of the accumulation mode primarily, but not exclusively

· Invariably contain organic species as well 

· These are a very large, significant component of the INDOEX region, formed largely by large amounts of domestic biomass burning for heat and cooking

· Will commonly see small soot particles adhering to the sides of larger sulfate/organic/dust particles

5. Sea-salt

· Formed when bubble breaking occurs at the surface of the ocean or other natural bodies of water. 

· They contain both sea-water and the oily film originally present on the surface of the water

· Relatively large numbers of large particles form so that they frequently dominate the surface area and mass in the marine boundary layer

· Because of sulfur oxidation processes occurring in the droplets, they will also contain sulfate in addition to that present in sea water.  This is referred to as non-sea-salt sulfate.

· There is the potential for the release of reactive halogens from these particles so affecting the particle composition (and the gas phase, as well).

6.  Water and Ice Clouds
· Usually not referred to as aerosols because their size and settling velocities are high.

· Nevertheless, both ice and liquid water clouds are clearly also very important for heterogeneous chemistry

· When they are present they almost always dominate the condensed-phase surface areas, i.e. cloud chemistry becomes important.  The one exception to this is in the upper troposphere where very thin, sub-visible cirrus can form amongst the interstitial aerosol particles.

Particle Phase

Extremely important from both chemical and radiative perspectives is the phase that particles have in the atmosphere:  Are the particles solids, liquids or solid/liquid mixtures?

Why does it matter?  

Solution droplets take up substantial amounts of water as the relative humidity goes up and so the particles scatter radiation more efficiently, whereas solids do not:    Growth factor = [Size at high RH]/[Size at low RH]  

Solution droplets tend to promote cloud droplet formation more easily than do pure solids.  

Heterogeneous chemistry tends to go faster on solutions than on solids, although ice is an exception.  

A few general statements:

1. There is a hysterisis in the manner by which many particles take up and lose water.

2. Particles can readily be formed in thermodynamically metastable states, e.g. supercooled or supersaturated.

3. The degree of metastability may be reduced by the presence of solid inclusions.

4.  It is likely that mixed phase particles are common. 

Some will disagree, but if the ultimate goal is to develop a quantitative, first principles description of tropospheric chemistry, particularly in the boundary layer, I would argue that knowledge of particle phase will constrain us the most.  This is because we have neither in situ field measurements of the phase of many tropospheric particles nor a fundamental understanding of the processes that determine whether a particle wants to be a solid or a metastable solution.

What can we say in general:

Sulfates:  

- Pure sulfuric acid particles (i.e. stratospheric) are liquids under almost all conditions 

- Neutralized sulfate particles (i.e. ammonium sulfate) will be liquids at high RH but solids at low RH

- Mixed sulfate-organic particles show no tendency to solidify (in the lab)

Organics:

- We don’t know a lot.

- Fresh biogenic particles tend to be not as highly water soluble and so will have smaller Growth Factors and a tendency to be more solid-like

- Aged, oxygenated organics formed, for example from air pollution, are much more highly soluble.

Sea-salt particles:

- These particles will be liquids in every marine environment.  

- They may solidify if carried inland or to high altitudes

Mineral dust and soot particles:

- Almost certainly contain solid cores.

- However, there will be a thin liquid shell of sulfates/organics that might make the particles react like a liquid.

Radiative Properties

· Particles interact with both solar and infrared radiation in both a scattering and absorptive manner. 

· Soot-containing particles absorb strongly in the visible, whereas organic and mineral dust particles do to a much smaller extent.  Sulfate and marine particles are largely non-absorptive in the visible. 

· From a climate perspective, scattering is most important in the visible given that the particles are a few tenths of a micron in size.

· Absorption in the infrared can be significant.

· It has been argued the “easiest” way is to control enhanced global warming is to control “black carbon/soot”.

Heterogeneous Chemistry
Definition:   Chemistry that occurs between different phases, i.e. between gaseous and solid/liquid particles.

Focus here on two general types of processes: Scavenging of gaseous species via non-reactive processes and reactive heterogeneous chemistry

Impact is on the gas-phase composition (e.g. the Ozone Hole) and on the chemical nature of the particles themselves.  The importance of the latter arises from the importance of the particles to both the direct and indirect aerosol effect,  i.e. Can particles that by themselves are poor cloud condensation nuclei (CCN) be transformed via heterogeneous processes into particles that are good CCN?   

A few thoughts: 

Sometimes a distinction is made between reactions that happen at ‘surfaces’ (heterogeneous reactions) and those that happen throughout the bulk of a particle (multiphase reactions).

There is considerable focus currently on heterogeneous processes because our understanding of their nature is considerably less well advanced than is our understanding of gas-phase chemistry. 

In the stratosphere, our understanding of heterogeneous processes is reasonably well advanced.  They are known to impact the rate of ozone depletion in both the polar regions and at mid-latitudes.  The effects are seen clearly in the polar regions because of the containment provided by the vortex.

In the troposphere, their impact is not nearly so clear.  There are a small number of reactions that are undoubtedly important on a global scale but clear detection of their effects on the atmosphere is not as easily observable because of the rapid mixing times in the troposphere and its chemical heterogeneity.  On a local or regional scale, the effects can be observed more easily as “snapshots”.

A major challenge in tropospheric chemistry is an accurate representation of the important heterogeneous chemistry in a model, given the complexity that is observed in the chemical composition of the particles themselves.

Scavenging

Scavenging from the gas phase can occur via dissolution into a liquid particle/droplet or via adsorption to the surface of a particle.  This is often referred to as “wet deposition” in the context of liquid water clouds and precipitation.

· Henry’s Law Solubility expresses the degree to which a species is soluble, for a given partial pressure of the gas:


H = (Concentration in Liquid)/(Partial Pressure) 

Species that are extremely soluble include:

Nitric acid (HNO3) 

Hydrogen peroxide (H2O2)

Hydrogen chloride (HCl)

Complete “wet deposition” of these species certainly occurs when they encounter liquid water cloud droplets and it will occur to a smaller degree when only aerosol particles are present.  

· Adsorption of species to solid surfaces is usually described in terms of partition coefficients (amount on surface divided by partial pressure) or, more accurately, adsorption isotherms:

Fractional Surface Coverage = KP/(1+ KP)

Note:  There are two regimes to the uptake that occurs via adsorption – where the surface is either saturated or unsaturated.

Examples:

1. HNO3 – Does nitric acid get scavenged in the upper troposphere by cirrus?

2. HCl – The partitioning of HCl to cloud surfaces in the stratosphere drives much Ozone Hole chemistry.

3. Upper troposphere – Adsporption to ice strongly affects chemical transport from the boundary layer, via deep convection

Heterogeneous Reactions

The chemistry that occurs in the gas phase either involves radicals (e.g. Cl + O3 ( ClO + O2, OH + CH4 ( H2O + CH3) or it is photochemical (e.g. HNO3 ( OH + NO2, CF2Cl2 + hv ( Cl + CF2Cl).  Molecules that have all their electrons paired up do not react together at atmospherically significant rates in the gas phase.

Particles can promote reactions that do not proceed in the gas-phase.  For example, some of the most important ones are:

N2O5 + H2O  ( 2 HNO3
BONO2 + H2O ( HOBr + HNO3
ClONO2 + HCl ( Cl2 + HNO3
SO2 + H2O2 ( H2SO4



HOBr + Br- + H+ ( Br2 + H2O

Why do heterogeneous reactions proceed?

· In the case of ClONO2 + HCl ( Cl2 + HNO3 (and a number of other reactions) the reaction is thought to proceed via the initial adsorption of HCl onto a particle surface, where it ionizes:

HCl  ( H+ + Cl-
and it is known that Cl- will react with ClONO2 (an “ion-molecule” reaction) very efficiently: 

Cl- + ClONO2 ( Cl2 + NO3-

· For the case of the reactions which involve H2O, there is so much water on pretty much all atmospheric surfaces that a number of water molecules work in concert to alter the chemical nature of the reactant and so drive the reaction.

· Surfaces can also “concentrate” reactants relative to gas-phase concentrations

Expression of the rate of a heterogeneous reaction:

A(gas) + B(surface) ( Products

Remember that the rate of loss of A is defined as:

Rate  =    - d[A]/dt    =    k [A] [B]

The kinetics of these reactions is implemented in photochemical models in the following manner:

Rate = [A]  (( v Area) / 4 

where:    
( is called the Uptake Coefficient and it is the probability that the gas-  phase reactant is lost upon collision with the surface

v is the mean thermal velocity of the gas-phase reactant 

Area is the total particle surface area per unit volume

Note: 
The quantity  “(( v Area) / 4” is a first-order rate constant with units of 1/time.  Its inverse is the e-folding time for loss of A due to this heterogeneous reaction. 

Implementation:  The usual thing to do is to have specified in the model the values of the uptake coefficient for different reactions and the total surface areas of particles.

Remember:
The value of the uptake coefficient “(” has inherent in it a lot of things … everything that determines the rate at which A and B react together on a surface.  

Processes to consider:

· Diffusion through the gas phase to react the particle surface

· “Mass accommodation” to the particle, i.e. the process that implies the particle has left the gas phase and entered the condensed phase

· Adsorption to surfaces for solid particles or dissolution into the bulk in the case of solutions.

· Diffusion through the bulk of the particle, which is of minor importance for solid particles but extremely important for solid particles

· Reaction on the particle, either at the surface for solids or in the bulk of the particle in the case of liquids

To take this all into consideration, the following general equation results for the case of liquid aerosol particles (neglecting gas-phase diffusion limitation):

1/(  = 1/( + v / {4 R T H D1/2 (kII [B])1/2 }

where:  
(  is the mass accommodation coefficient of A



kII  is the liquid phase rate constant between A and B



H is the Henry’s law constant of A



D is the liquid phase diffusion coefficient for A



v is the mean thermal velocity of A    



[B] is the concentration of B in the aerosol particle

At present the important stratospheric heterogeneous reactions occurring in sulfuric acid particles have been parametrized in this manner:  see Hanson, Ravishankara and Solomon, JGR, 99, 3615, 1994.   This is a very important paper in the field because it put the description of uptake coefficients onto a firm fundamental setting (as opposed to them being simply “numbers”) and it showed that the rates of some of these reactions will be particle-size dependent.  (See, also, earlier work by Schwarz at BNL, if you are interested in this topic.) 

Where do all these fundamental quantities come from?

Laboratory measurements of rate constants, diffusivities, solubilities, etc.

Examples of Tropospheric Heterogeneous Reactions

1.   Hydrolysis of N2O5
Loss of NOx can occur via:  

NO2 + NO3 ( N2O5  followed by N2O5 + H2O  ( 2 HNO3
This process completes with: 

OH + NO2 ( HNO3 followed by dry/wet deposition of HNO3.

And so, this reaction can have highly significant impact on levels of NOx, O3 and OH.  This is, arguably, the most important heterogeneous reaction from the perspective of global tropospheric chemistry.

Ref:  Dentener and Crutzen, JGR, 98, 7149, 1993.

2.   Scavenging of HNO3 by Cirrus

Laboratory measurements have shown that nitric acid readily adsorbs to ice surfaces at upper tropospheric temperatures.  Experiments have not yet been able to study the uptake under the very low partial pressures of the UT.

Aircraft flights have confirmed that there is nitric acid on the cirrus particles but there is not yet agreement between the lab and field studies in the amount of nitric acid that might sit on the cirrus particles.

If nitric acid partitions to the cirrus so significantly as to lower the gas-phase partial pressures and if the ice particles gravitationally settle, then there may be significant vertical redistribution of nitric acid in the troposphere.

Refs:

Lawrence and Crutzen, Tellus B, 50, 263, 1998.



Abbatt, GRL, 24, 1479, 1997.
3.   SO2 Oxidation on Cirrus

It is very well known the dominant SO2 oxidation mechanism is in cloud water, via reaction between “dissolved” SO2 and oxidants such as O3 and H2O2.

To what extent does similar chemistry occur on ice particles in the upper troposphere?  Laboratory studies have shown that the reaction proceeds on fresh ice at rates that will make it competitive with gas-phase oxidation via reaction with OH in moderately thick ice clouds.  On the thinnest cirrus, i.e. sub-visible, the reaction is too slow.

There is indirect evidence that the chemistry allows occurs on ice surfaces in the lower atmosphere as well.

Refs:

Rotstayn and Lohmann, JGR, 107 (D21), art no. 4592, 2002. 



Clegg and Abbatt, Atmos. Chem. and Phys., 1, 73, 2001.

4.   Halogen Oxidation in the Marine Boundary Layer

There is now very clear evidence for ozone loss in the springtime, high latitude boundary layer.  Simultaneous measurements of BrO by DOAS techniques have confirmed that the ozone loss is driven in some manner by gas-phase, halogen radical catalysis:
BrO + BrO ( Br2 + O2
Br2 + hv ( 2 Br

Br + O3 ( 2 BrO

But, where does the active bromine come from?  The best explanation, now supported by both laboratory and field studies, is that there is a “bromine explosion” driven by an autocatalytic reaction

HOBr + H+ + Br- ( Br2 + H2O

that occurs on sea-salt aerosols or, more likely, on the snow/ice pack.
Refs:

Barrie et al., Nature, 334, 148, 1988.



Vogt et al., Nature, 383, 327, 1996.
5.  HONO Production and O3 loss in High Surface Area Environments

In high surface area environments such as urban areas and in the middle of a dust storm, there is some evidence that relatively slow heterogeneous reactions may proceed:

O3 ( 3/2 O2
Importance: An important current issue is trans-continental pollution.  To what degree does the pollution from industrial east Asia make its way across the Pacific ocean and impact ozone levels in North American?   

2 NO2 + H2O ( HONO + HNO3
Importance:  HONO is a major source of OH in urban regions because it photolyzes before, i.e. at higher solar zenith angles, than O3.

Ref:
Wang et al., GRL, 30 (11), 1595, doi: 10.1029/2003GL017014, 2003; and references therein.

6. HO2 Uptake on Tropospheric Aerosols

A current recommendation in the literature is that HO2 is lost on tropospheric aerosols with an uptake coefficient of about 0.2, i.e. very efficiently.  

When these kinetics are incorporated into a global model, this can be a very significant HOx loss process, approaching 90% of HOx loss is some regions, e.g. INDOEX.  

Is this appropriate?  Loss on most solids occurs with an uptake coefficient quite a bit smaller than this, perhaps around 0.001 or so.  However, it is true that HO2 is lost on solution particles very efficiently if there are species in the particles that the HO2 can react with. 

Ref:  
Martin et al., JGR, 108 (D3), 4097, doi: 10.1029/2002JD002622, 2003.

