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What makes a model useful?

A Accuracy

A To within what precision?

A Computational efficiency
A To what extent? Cost? How far into the future do we plan?

A Information required to run it is freely available
A Initial or boundary conditions, emissions data, reaction rates, etc.
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What do aerosol modellers trace?

A Typically, number and composition as a function of size

A Older models sometimes only trace mass of a single species and predict
number based on an estimated size

A Aerosol size distribution evolves over time

A For accuracy, we need to have good initial conditions and a go
understanding of what controls the evolution!

@5 UNIVERSITY OF

4 “H‘

“§ CAMBRIDGE



Aerosol Model Characteristics
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Sectional Aerosol Schemes

A Sectional (bin) aerosol models typically
have between 10 and 20 size bins

A Their predictions of size distributions ar
more accurate because they make no
assumptions about

A These are very computationally expens
because all of the bins interact
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Modal Aerosol Schemes

A Modal schemes assume the size
distribution can be described by53

log-normal modes
A Nucleation

Sectional (bin) scheme
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A Much more computationally efficient ar
usuallyaccurate to similar precision
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Moce Head CCH at 5=0.5% (Reade et ol, 2006)

Caope Grim CCW at 5=1.2% (Ayers et al 1997)
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Typical Aerosol Species

A Different aerosol species are traced to get more accurate
hygroscopicitysolubility and optical properties

A Most models will track some subsetsiflphate sea sprayblack
andorganiccarbon,dust, andnitrate

AModal schemes won't incl ufdre
example, sea spray and dust are emitted at large sizes and are
often only in the accumulation and coarse modes
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Soluble versus Insoluble Distributions

A Typically aerosol models will separate soluble and
Insoluble distributions

A Insoluble distributions are primary particles that usually
won’t activate as <c¢l oud d

A Soluble distributions are secondary or aged primary
particles

Soluble particle number determines climate effect!
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Typical aerosol processes

A (Primary Emission)
A Nucleation

A Condensation

A Coagulation

A Wet Removal

A Dry Removal
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Primary Emissions

A Not technically a process but definitely a major source

A Particle production generally simulated online as a
function of wind (dust, sea spray) or calculated from
emissions inventories (black carbon, organic carbon,
sulphate)

A Primary particles will usually be emitted at a specific size
In the model, based on empirical observations
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Nucleation

A Formation of nanometresized aerosol from precursor
vapours (typically sulphuric acid and water; sometimes
ammonia, amines, organics)

A Parameterisations within models generally depend on
concentrations of precursor vapours, temperature,
condensation sink due to prexisting aerosol (survival
probability), ion concentration, etc.
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Free Troposphere versus Boundary Layer

A Most observations of nucleation take place in the
boundary layer

A A significant proportion of climateslevant aerosol
originate from nucleatior- but the clean free troposphere
IS where these particles grow to relevant sizes

A Human health is strongly affected by small aerosol in the
boundary layer (hence, by nucleation)
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A Condensational growth occurs when vapours stick to
existing aerosol particles

A Most modelsdo notbother with evaporation (except.j@)

A About 10 years ago, would just have considerg8®and
maybeone representative organic

A Now some models include volatility basis sets of organic
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Volatility Basis Sets
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Coagulation

A Big particles move slowly but have a large ci®sstion
A Small particles have a small cressction but move really fast

AThere is less “big with big
but 1 n “bi g with small” coag
compensate

Coagulation is generally thmost computationally expensive part
of an aerosol model.

@5 UNIVERSITY OF

4 “H‘

“§ CAMBRIDGE



Wet Removal

A Nucleation scavenging: activation of aerosol particles as
cloud condensation nuclel and their subsequent loss to

precipitation
A Impaction scavenging: capture of aerosol particles by
falling droplets
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Dry Deposition

A Large particles are lost due to gravitational settling
(sedimentation)

A Particles with sufficient inertia can also be lost to
Impaction (e.g. running into a forest canopy)
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Loss Processes and the Accumulation Mode

A The accumulation mode exists because of the interactior
of loss processes for aerosols

A Large particles are easily lost to dry removal
A Small particles are easily lost to coagulation

A The accumulation mode covers a size range where these
loss processes are less efficient, resulting in large numb:e
of particles
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Model Tuning

A Models that include many complex interacting processes
someti mes need to account fo

A There are a few parameters within the model that can be
adjusted within sensible ranges
A e.g. entrainment rateautoconversiorrate

A Certain model outputs are checked to confirm they give
reasonable values
A e.g. TOA net long/shortwave radiation, cloud cover
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Model Tuning

A

A
A

Tuning effectively makes modeisore

useful(but not necessarily more accurate) g

"here 1I's no -“ugi1 ght

0 compare model runs properly, they
should use the same running sap — but

depending on what you change, this may

cause unphysical results
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World’s Most Ubiquitous Graph
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CLOUD Experiment

A Hypothesis: Cosmic rays produce ions, which affect
nucleation rates, which changes aerosol concentrations,
which affects the climate

A Highly advanced experimental sap with cuttingedge
measurementsintercomparisondetween various
iInstruments, and a chamber capable of covering the full
range of atmospheric conditions
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Semi-Empirical Parameterisations

A Construct a framework of expected behaviour based on
theory

A Check that it is consistent with the data
A Trust the datal*(*To within experimental error)
A Perform a fit

A Make more measurements and check that the fit is
consistent with the observations
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Parameterisation Pathways

Theparametrisationis split into four pathways, representing four
different types of inorganic nucleation

--
Jb.n Jb, Jb
jt,n jt,i jt

Sum jn ji J

>fs UNIVERSITY OF

i i‘iwl

“§> CAMBRIDGE



Sulphuric acid dependence

Each of the four nucleation pathways
depends on an independent power of
sulphuric acid

|~ [HSQJP

It IS Interesting to note that the powers
of the ternary neutral and ternary ien
Induced channels are almost exactly
equal to the power of the binary neutral
channel minus one

o
o

log HSQ
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Temperature dependence

Nucleation rates level off at low
temperature and decrease rapic
with increasing temperature

The formula used to capture thit -
behaviour Is

l0g(k(T)) = k—explkyT—ks)

200 220 240 260 280 300
Temperature
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lon dependence

lon-balanceequationusedto accountfor the lossof ionsto nucleation

dn . .
— =Q-an’°-Cn - j..-j.
dt Q - S - Jb,l Jt,|

Thebinaryandternaryion-inducedchannelsare coupledvia theion-
balanceequation

Thesumof J, ;andj;; saturatesto Q
Whenonereached), the other will naturallydecrease
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lon dependence

lon-balanceequationusedto accountfor the lossof ionsto nucleation

dn > : .
at =QFan’r C.n -}, - |,
CRII |
Recombination Nucleation

Thebinaryandternaryion-inducedchannelsare coupledvia theion-
balanceequation

Thesumof J, ;andj;; saturatesto Q
Whenonereached), the other will naturallydecrease
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Interactions between ion-induced pathways

-3
H2804 (cm ™)
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Ammonia dependence

A APiTOF measurements show no ammonia participating
nucleation at low temperature, NH

A Makes sense for ternary nucleation rate to eventually
saturate with increasing J3Q for a given Nklvalue
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Ammonia dependence

A APiTOF measurements show no ammonia participating
In nucleation at low temperature, NH

A Makes sense for ternary nucleation rate to eventually

saturate with increasing J3Q for a given Nklvalue

5, e U ’O L LA 1/ 11/ (3 L4
X ——— —— v O O Yu

@5 UNIVERSITY OF

AR [

“§ CAMBRIDGE




Ammonia dependence

A APiTOF measurements show no ammonia participating
In nucleation at low temperature, NH

A Makes sense for ternary nucleation rate to eventually
saturate with increasing J3Q for a given Nklvalue
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Ammonia behaviour
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Change in Modelled CN3/ CN15

INTEX-NA LACE
(a) Continental, USA (b)Marine, N. Atlantic (c) Europe
12 ‘ 12 T 12
10} 10} \ 10} ~
:
E 8 3 8 3 : 8 i
e I
2 8 6} 6} <
=
4t 4} 41 :
! ! : | 2f l
T e

10' 102 10° 10*° 10° 10' 10% 10° 10° 10° 10' 10 10° 10° 10°
CN,/cm™® STP CN,/cm™® STP CN,, / cm™ Ambient




<% CAMBRIDGE

Emulating model resuits (and how it relates to
measurements and observations)

Department of Geography



What i1s an emulator?

An emulator Is a statistical representation
of a specific output from a more complex
model ..

The emulator consists of both the output -
function (solid line) and a 95% confidence
Interval (dashed lines).

Emulators can be used in higher 1
dimensions to determine model 3 -
uncertainties and their interactions 2 1 0 1 2
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Emulating alobal aerosol

Since 2012, Lindsay Lee and colleagues at the University of
Leeds have been using emulators to improve our
understanding of which uncertainties have the greatest impact
In aerosol models

he initial paper considered 8 parameters (including the
diameter at which particles can be nucleation scavenged, the
uncertainty in sea spray emissions, or the sulphuric acid
concentration where nucleation can occur) and determined
which was most important to the modelled CCN output
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Dominant Parameter

Dominant Parameter - Total effect % explained by dominant total effect

X1: Oxidation diameter
s X6: Cloud nucleation scavenging diame xé»f-' -
| X8: Sea spray emissions I. e

s UNIVERSITY OF

RH(



Implications for Experimentalists!

Several other papers have come out since this one, each
giving more insight into which parameters we most need to pin
down to create more accurate aerosol models

Theyore not necessarilyithey on
the parameters that it matters most if we get them wrong!

If you want inspiration when writing a proposal,
look to these papers!
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Schmidt et al., PNAS, 2011

_ o B Cardiopulmonary mortality due to
Volcanoes emit large guantities long—term exposure to PM2.5
of SO2, which oxidizes to form g : : 5
sulfate aerosol

Aerosol models can be
combined with response
functions and population records SN
to estimate mortality rates due to IS S v b —

acute volcanic events oo of fotalties per yeor
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Partanen et al., 2013

Sulphur emissions from ship ® . iips 2020
fuel also have a large effect on
human mortality, especially
since they are a long-term

ships-2010 n::url:uett_
source and such a large
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Summary

Modellers need laboratory experiments and in-situ
observations

We particularly like CCN, high-altitude/free tropospheric observations, and
shiny new emissions inventories

Models are complicated but can be useful
Please ask guestions if anything was unclear!
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