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* Freezing by ice-nucleating
particles affects:
* Cloud phase

= |ce crystal number
concentration

= Formation of precipitation
= Convective invigoration(?)

= Lifetime/persistence of
clouds (e.g. anvils)

= Cloud radiative effects

and sources of atmospheric ice

more ice (net warming)

Few IN — midlevel clouds
persist as liquid (net cooling)

Terrestrial biological Urban, industrial
emissions emissions

Few IN - cirrus form More IN - fewer and larger
thlghest/coldest cirrus ice particles, more

extensnve clouds
CF X R

More IN -
more ice and
precipitation,
shorter life

Dust Oceanic
emissions emissions

DeMott et al., PNAS, 2010
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"  Most precipitation is formed
Pacific In clouds containing ice oL
Northwest o

|

180°  120°W  60°W 0 60°E  120°E 180°

Fraction of raining clouds that are

(a) ice-phase, (;
(b) liquid-phase, and :
(c) mixed-phase .
...at cloud top. z

180°  120°W  60°W 0 60°E  120°E 180°

...averaged over 5 years of collocated
CloudSat—CALIPSO data (2006-2011)

Miulmenstadt, et al., 2015
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\%/ Aerosols are responsible for much of the
Pacific variance in INP concentrations

NNMSN'}':‘,XVW?&E * INP concentrations vary by several orders of magnitude, and much of this variance can be
explained by variations in aerosol

* Very few atmospheric particles are effective INP: ~ 1 per 10°> - 10°

* Understanding which particles contribute to INP is important to better prediction of their
numbers, temporal and spatial variability, and potential response to global change

Meyers et al. 1992 DeMott et al., 2010, PNAS
Nig = No[(Si — 1)(Sp — 1)7'1° exp(aTyy). niNg, = @(273.16 = T))P (Ryer .5) 7 10-T0)+),
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‘?ﬁ/ A measurements-to-models approach to advance
Nt understanding of ice-nucleating particles

west
BORATORY
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Aim: Improve predictive understanding of INP variability:

« We understand the particle sources and atmospheric processes that control INP
variability at different places and times.

« We can use this understanding to skillfully predict INP concentrations in models.

Laboratory experiments probe Atmospheric & Models identify where and when

processes, identify key drivers, and Process Models observations will be mo§t .useful in testing
hypotheses and constraining models.

constrain parameter values.
Models quantify atmospheric relevance Challenging models with observations
/ importance of proposed processes. identifies limitations and knowledge gaps.

Laboratory Remote Sensing &

Experiments M Field Studies

Laboratory analyses facilitate interpretation of field observations.
New hypotheses to explain field observations can be tested in the laboratory.




\?/ Which particles drive immersion-mode INP

Pacific number for mixed-phase clouds?
Northwest . . _
NATIONAL LABORATORY Based on Murray et al. 2012; updated with sea spray and agricultural soil sources
Ly
=
2
T8 _
52
8 Sea spray
z
% g Fungal spores
2 o \ Bacteria (upper bound)
@ ® Desert dust [U17]
= ~ 1 Desert dust [D15]
3 = Ag. soil dust [T17]
€ 2 | @ Soot[DM98, DRI0, M12]
5 o = Soot [U17]
L “  Sea spray aerosol [M17]
= Bacteria (P. syringae, highest activity) [L89Y] .
= Bacteria (P. syringae, lowest activity) [Y81, M12]  Bacteria (lower bound)
<t = Cladosporium fungal spores [111, M12]
E —{ = Birch pollen [L&9, M12]
- | | | T |
-40 -30 -20 -10 0

Temperature [deg C]




xﬁ/ Missing piece 1: Airborne bacteria (?7?)

Pacific
North t : : :
o ey Certain bacteria (e.g. Pseudomonas syringae) are known to be

effective ice nucleators.

Goal: to place upper/lower bounds on the potential of bacteria-
bearing particles to contribute to atmospheric INPs.

Real-world mechanisms of bacteria emissions

Lofted with dust and soil Shaking leaves Sea spray
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and removal)

Simplified model of bacteria emissions
and transport

Constant, homogeneous source from each of ten
ecosystems

A 4

Monodisperse aerosol with 1um diameter

A 4

Transport and removal by wet and dry deposition

Simulations conducted within the
ECHAM/MESSy-atmospheric chemistry
(EMAC) model

Burrows et al.,
ACP, 2009b

Inter-ecosystem transport simulated by a global
atmospheric model (with emissions, transport

wetlands o o
tundra . o o o
shrubs o : .

seas e © ©o = ; @; o o
landice e
grasslands °
forests | . o o
deserts o( -
Crops o - o
coastal o é i
Destination — T
T @ LN w09V T W
B o0 2 =2 33T
S §68598°55S
ource §g S 22 B = o
© =
(@)




%/ Simulated bacteria-containing particle concentrations in

Pacific

Northwest fOI best match with literature data
max:8.4><105
best: 3.5x 10°

NATIONAL LABORATORY
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\zg/ Global estimates of bacteria emissions

Pacific

NNM%ervm?Tﬂ; Ensemble mean Ensemble range (5%-95%)
Mean emissions from land (particles m2 s1) 250 140 - 380
Mean emissions from seas (particles m2 s) 0 0-226

Global emissions (particles per year) (7.6 — 35) x 1023

Global emissions (Gg per year) 400 — 1800

90
60 T

30

=30+

Modeled concentration of -
bacteria-containing
particles (10° per m)

N 90 o % 180

Burrows et al., ACP, 2009b 0 1 2 5 10 50 100 150 200

-12 -
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Model grid bio
Low FBAP

High FBAP
Model interp. bio

00 ¢

Comparison of models with
airborne measurements of
biological particles

FBAP =
“Fluorescent Biological
Aerosol Particles”

Real-time measurement
of particle fluorescence
and aerodynamic size by
WIBS instrument.

Over US Western Plains
in autumn.

Twohy et al., 2016, ACP
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about IN activity
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PBAP

200 | 200 |

Pacific [ r. [
Northwest 400 { 400 1 400
NATIONAL LABORATORY 'E‘ '& || I
% L H

| E.04 = 600 600 | 600

800 800 | 800 |

1000 | 1000 |

1.E-05

1000 |
TE08 90S 455 EQ 45N 90N 90S 455 EQ 45N 90N 90S 455 EQ 45N 90N
1.607 PBAP-MAX
c0s © Primary Biological Aerosol Particles 200 |
o (PBAP) — here: bacteria, fungal spores, |
| pollen. .

e10f ¢ Even with very generous assumptions, °°

{E12 PBAP contribute at most 0.6% to global oo

immersion freezing rate in this study.  1000! L
TE 90S 455 EQ 45N 90N

When and where might PBAP matter as IN?
- In regions where dust, soot influence is low (e.g. Amazon, Southern Ocean)?
- In low-lying, warmer parts of mixed-phase clouds

- - 3 -1
Immersion freezing rate [cm ™ s ]

Hoose, Kristjansson and Burrows, ERL, 2010



\%/ Primary Bilological Aerosol Particles may be
iImportant in initiating cloud drop freezing at

Pacific

Northwest  |Qwer altitudes
—— Upper limit contribution of PBAP to immersion freezing as a percentage of total
. Immersion freezing.
| < 200
r=
— 400
o
3
b @ 600
' E:I- i
- > 800 S A
1000 3f
-00) 0 o0
|atitude
PBAPs may be important in initiation ice formation in
the warmer part of low-level clouds. Spracklen and Heald, 2014



%/ Missing plece 2: sea spray organic matter
Observed marine IN concentrations are higher over phytoplankton bloom regions.

E%ﬂ?c Occasionally, very high IN concentrations have been reported over active blooms.
NATIONAL L
6
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~7" Marine biological IN estimate
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Model
parameterization: Sea
spray emissions

Satellite data: proxies
for marine biological
activity (POC, Chl-a)

Satellite: POC

\ 4

In situ data: IN
concentration in marine
plankton bloom

Intermediate result from
simulations: Particulate
organic matter in sea spray

\ 4

6
v29-13 t"mx * 700

Result: IN estimate in sea spray o
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Burrows et al., 2013



~7 Percent contribution

Pacific

Northwest of sea spray organic INP to total
INP in the marine boundary layer

« Best “bounding” estimate using

observational data available at the time. 07
 Relied on a single, decades-old S
measurement of ocean surface material 7.
INP efficiency. 0
« No modern observations of INP in marine R A" b e
air were available for evaluation of this BEStI estimate
estimate. -- T 7

0

20 40 70 80 90 100

Burrows et al., 2013 Low bio-IN (XO.].
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Sea surface
microlayer
material as a
source of ice
nucleating
particles

Wilson et al.,
2015, Nature.

Fraction frozen
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% New measurements of INP in ocean surface microlayer
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Northwest Mmodern measurements of source material
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a Surface-level marine [INP]_,5 and OC concentration m=3(ugm3) ¢ 850 hPa marine and feldspar [INP]_,,
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)
)
)
6.0 (0.10)
)
)
)

4.8 (0.08
4 3.6 (0.06
2.4 (0.04
1.2 (0.02)
0.0 (0.00)
b Simulated versus observed INP concentrations
108 - %
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105 | 4 Ref. 4, Equatorial Pacific i
® Ref.3 B -
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material enable first estimate of sea spray INP using

j: Wilson et al.
w0 (2015)
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Accounting for sea spray
Improves model
agreement with observed

INP hnumber

DOE SCGSR graduate
student fellowship
award to Christina
McCluskey, CSU

McCluskey et al., 2019

Mace Head, Ireland: August 2015
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Seasonal variability
In INP vertical

profiles

Ninps (L) @ -25° C

McCluskey et al., GRL, 2019
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\%/ Missing piece 3: Organic-rich agricultural soils

Pacifi~

NOI" Annual mean CESM dust emissions [g m-2 yr-1] Crops fraction (0.5 x 0.5 deg)
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7 Agricultural soll INPS  roboetal, 2014

Pacific : : e
Northwest INP fraction from Continuous Flow Diffusion Chamber (CFDC)
NATIONAL LABORATORY
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IN-activity of agricultural soil samples from Richland

and SGP

Pacific
Richland soil SGP soil
Northwest
NATIONAL LABORATORY
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* We have learned a lot in the past 10 years!

» Biological particles can now be better-measured and characterized through
fluorescence measurements

= Sea spray particles are now understood to be weak INPs, and to contribute to INP
populations in remote marine air

= Increasingly, improved INP parameterizations are being tested in models and shown to
have skill in predicting INP number

 Bold claim! We are on the cusp of greatly improving the integration of INP
measurements into atmospheric modelling

= More measurements globally in more environments (although still few long-term)
» Greater understanding of measurement uncertainties

* Progress comes from working together across expertise and disciplinary
boundaries.

= How can modelers more effectively provide guidance to the experimental community?
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