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Immersion Ice Nucleation

Soluble and Immersion Ice crystal

Insoluble Aerosol ) Sopulation
Ice Nuclei (INP) Freezing

Mostly dust, soot, :
and biological INP completely immersed

material Thermodynamic equilibrium
Could happen at RH<100%

Plays a very important role in the evolution of Arctic and Convective
clouds. May affect climate sensitivity (Tan et al. 2016).

m Parameterized by estimating ice nucleation efficiencies from
laboratory data either in the form of active site density, or by
constraining nucleation theories
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Dealing with variability

» Singular approach: Typically neglected.
« Variability in the sample is about the same as in the target population.

» Stochastic approach: Contact angle distribution P(0) for the population (and
sometimes for each particle).

« Assumes CNT as correctly describing the underlying physical nucleation
mechanism.

e Cannot be used to validate nucleation theories.

« P(0) is not a fundamental property of the material as it carries information on
sample variability
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Dealing with variability

» Singular approach: Typically neglected.
« Variability in the sample is about the same as in the target population.

» Stochastic approach: Contact angle distribution P(0) for the population (and
sometimes for each particle).

« Assumes CNT as correctly describing the underlying physical nucleation
mechanism.

e Cannot be used to validate nucleation theories.

« P(0) is not a fundamental property of the material as it carries information on
sample variability

How significant is the bias in active site density/nucleation rate introduced
by neglecting variability?

How to remove it without assuming an specific mechanism (e.g., CNT)?
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Modeling Variability
¢ = area*active site density = J*area

¢ ~ =# active sites per droplet

Freezing fraction= Jfr = 1 — / e ?n(p)de.
0

_q - Laplace transform of n(¢)
fr=1-N(9, J‘ib) calculated at the mean ¢
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Modeling Variability
¢ = area*active site density = J*area

¢ ~ =# active sites per droplet

Freezing fraction= Jfr = 1 — / e ?n(p)de.
0

_q - Laplace transform of n(¢)
fr=1-N(9, J‘ib) calculated at the mean ¢

B 111(1_— ff)

Sp

Op — 0, Pas,app =

Apparent active site density

n(¢) is likely lognormal
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Using Synthetic Data to Estimate the Effect of Variability

1- Use nucleation theory to

find an “equivalent” active site Droplet freezing fraction for
density. This is the “true” Microcline, 6, =2
value,

t
Pastrue = f] dat’
0

2- Find freezing fraction for a

given oy,
ff =1 _N((pgqﬁ)
265 260 255 250 245 240
3- Compare Pas, true Vs. Pas, app: T (K)
_ In(1 — f¢)
Pas,app — — 3
P

arahona ACP 2018, Ickes et al. ACP, 2017, dmossfensasey
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Eliminating the bias

We don’t know o, INn advance

ff: I_N(q_ﬁ:gqﬁ)

>

Invert

as = =N (1 = 1y
b

(Quite difficult)

gmao.gsfc.nasa.gov



National Aeronautics and Space Administration

Eliminating the bias
We don’t know o, INn advance

fi=1=N(@.0s) T | = N0~ fo)
Invert =
(Quite difficult)

Ofc _ 4N 09
oT dT - -
: . — %_aaﬁfgpzo |:> j—;—ag:[) :>111i:/adT
8?1{;p N _% dﬁip' =S Pas= Sp’ 0
. In(0.5) T o_ O, Of
A (/TO adT) OT' 9lns,’

T, = Temperature at f.= 0.5
S,= mean surface area per droplet
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Bias-Free Ice Nucleation Efficiency

In(0.5 = -
Bag == H(_ ) exp / adl’ a = C_)f : /- Ol _
S oT " dln s,

p,s =—Active site density
T, = Temperature at f,= 0.5
s,= mean surface area per droplet

By performing droplet freezing measurements as a function of both
particle surface area and temperature, the intrinsic nucleation
efficiency of a material can be obtained.
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How much does variability matter?

10" e Oo=1 [
12 71 o
77777777777777777777777777777777777777777777777777777 1
7777777777777777777777777777777777777777777777 D )
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é_“ 106 — —TrUe rrrrrr N 0.01
0 | B .
4 | | | —
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| >
Increasing dispersion
The bias-free estimate always overlaps with the true value. _  In(1— fp)
Independent of variability. Corresponds to the actual Pas,app = 5y
efficiency.
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What about the real world?

= _1OB) ( /T adT) Assumptions:
K o 1. T, is known
2. The partial derivatives of f; can be

oo Oft, Ofr
o1 ols, accurately calculated

>0 T NogwD, = 0.05, AT=005K As arule to keep the RMS error under one
lc'lfl) 454 o mog:§D§ - 025 AT=0.25K | i
S ol — = | order or magnitude:
Tl RTT L AT~05K
% fg: ............................ :.-ﬁi** .................................... _ Aloglon —_ 05
F‘LO—”EE..L*é_EEE*E_ _ < 0
5)0'5‘5...“§::uuu"n ' i 5> %

0.0 ¢ * * X
A S O A L

D00  0.004 o.ooaijfo.mz 0.016 0.020 _ Smooth Spectra may accommOdate
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Random Error in f; larger error
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Application to Existing Data Sets
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Conclusions

 Ice nucleation active site densities and nucleation rates obtained from droplet
freezing experiments may be biased because variability is neglected.

e Such as bias may be significant reaching several orders of magnitude in
parameterized active site density. It may translate to about 40% error in freezing
fraction (~3 K in freezing threshold) when used in models.

« A method is introduced that for the first time allows to estimate the intrinsic ice
nucleation efficiency of a give material. In many cases the accuracy of current
experimental techniques is enough to improve estimates.

* The proposed method amounts to a distinction between the “freezing rate” and
the actual nucleation rate of a material. It allows the validation of nucleation
theories.
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