As cold as ice: cirrus cloud formation in the
upper troposphere

Margaret A Tolbert
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» Large uncertainties in climate forcing
» Cloud properties depend on nucleation
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Tropical Tropopause Layer

Stratosphere

TTL Region
~185-200K

Freeze-dry air ascending into the stratosphere

Cirrus nucleation impacts water (ex//increase saturation ratio
from 1.0 to 1.2 causes 10-15% increase in stratospheric H,O).




lce Saturation Ratio: S = Py,o/VP

ice germ

This study:
heterogeneous

Homogeneous nucleation ~ nucleation, S=7?
S=1.5




lce Nucleation in the Upper Troposphere

Adapted from Jensen et al., (2010)

Observation

Homogeneous
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Some observations and modeling studies do not
support homogeneous ice nucleation




Cirrus Cloud Nucleation Selective

Only 1 in 104

aerosol particles
nucleate ice!




Selective Ice Nucleation




Heterogeneous Ice Nucleation Selective

Heterogeneous nucleation:




Factors important for Ice Nucleation

Cirrus: Optically thin due to low ice concentration
Only 1 in ~10000 particles act as IN

. Particle size
. Composition
. Phase

. Chemical Distribution
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Large particles better ice nuclel
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Small particles require higher S;.. Most ice residuals supermicron




Factors important for Ice Nucleation

Cirrus: Optically thin due to low ice concentration
Only 1 in ~10000 particles act as IN

. Particle size Larger better

. Composition

. Phase

. Chemical Distribution




Mineral Dust Excellent IN

MACPEX

cmro 1000-3000 Tg/yr
‘ mineral aerosol
emitted in the

atmosphere

Clear sky
aerosol

Jul-A

Sulfate/Org/Nitrate
Biomass burning
Gerosol C Elemental carbon
B Sca salt
Mineral dust/Metallic
HE Oil combustion
B Other

Czizco et al. 2013




Cirrus IN in the Tropical Tropopause Layer (TTL)

Species considered
good heterogeneous
IN are

not present in TTL

» sulfate/organic main IN in TTL

Sulfate-Organic

Unfrozen Aerosol Subvisible Cirrus Res




Heterogeneous Ice Nucleation on Organics

adapted from Knopfet al., 2010

Adipic Acid [Prenni et al., 2001]
Citric Acid [Murray et al., 2010]
Glutaric Acid [Baustian et al., 2010]
Glutaric Acid + Ammonium Sulfate [Baustian et al., 2010]
Maleic Acid [Shilling et al., 2006]
Maleic Acid + Ammonium Sulfate [Shilling et al., 2006]
Oxalic Acid in Aq. Solution [Zobrist et al., 2006]
Oxalic Acid [Kanji et al., 2008]
€ Oxalic Acid [Wagner et al., 2010]
Palmitic Acid [Wise et al., 2010]
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Humic Acid Sodium Salt [Kanji et al., 2008]
Leonardite [Kanji et al., 2008]

Leonardite [Wang et al., 2011]

Leonardite + O3 [Wang et al., 2011]

Suwanee River Fulvic Acid [Wang et al., 2011]
Suwanee River Fulvic Acid + O3 [Wang et al., 2011]
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1.3 1 A ATD + SOA [Mohler et al.,2008]

A llite + SOA [Mohler et al., 2008]

Pure SOA [Mohler et al., 2008]

MILAGRO TO Site [Knopf et al., 2010]
MILAGRO T1/T2 Sites [Knopf et al., 2010]
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Propanoic Acid
Butyric Acid
Valeric Acid
Hexanoic Acid




Organics Studied in Present Work

glutaric acid soluble, low vp

Glucose forms a glass

1,2,06-

hexanetriol phase separates




Raman Microscopy: One Particle at a Time

CCD
Camera
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Comparison of heterogeneous ice nucleation

2.0- Glutaric acid
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Glutaric acid less effective ice nucleator than AS




Mixed Grid of externally mixed AS and Glutaric Acid













Comparison of heterogeneous ice nucleation

2.0- Glutaric acid
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Glutaric acid less effective ice nucleator than AS




lce Nucleation on Externally Mixed Particles

20 ] O Ammonium Sulfate Experiments
® Glutaric Acid Experiments
® Mixed Grid
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Ice preferentially nucleates on ammonium sulfate!




Factors important for Ice Nucleation

Cirrus: Optically thin due to low ice concentration
Only 1 in ~10000 particles act as IN

. Particle size Larger better

Minerals/salts good

. Composition

Organics poor

. Phase

. Chemical Distribution




glass pitch  peanut ketchup
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High viscosity
Low diffusion

Koop PCCP 2011




Atmospheric Glasses

Glasses: CHZOH
Raffinose ] LGVOglUCOSBn

Glucose

Levoglucosan

Sulfuric acid YE

Nitric acid i

\/f'? b OH OH g "OH OH O
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Low volatility ) A i Glucose

High mol. weight
Soluble organics
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Not glasses:
(NH,)HSO, H,SO, HNO,

Zobrist et al., (2008)

Organic aerosol can exist as highly viscous amorphous glasses
High MW and high O content favors glass formation




Smash Experiment

Adapted from
Murray ACP 2011

e
i




Smash Experiment

Adapted from
Murray ACP 2011

“Smoosh” = Liquid Shatter =» highly viscous
(semi-)solid or glassy state

29




Depositional Ice Nucleation on
(un-smashed) Glassy organic

Before they liquety, glassy particles can nucleate ice
depositionally




Heterogeneous Ice Nucleation on
Organic Glasses

Citric Acid [Murray et al., 2010]

Raffinose [Wilson et al., 2012]
HMMA [Wilson et al. 2012]
Levoglucosan [Wilson et al., 2012]
Raffinose/M5AS [Wilson et al., 2012]

Citric Acid [Baustian et al., 2012]
Citric Acid/AS [Baustian et al., 2012]
Glucose [Baustian et al., 2012]
Glucose/AS [Baustian et al., 2012]
Sucrose [Baustian et al., 2012]
Sucrose/AS [Baustian et al., 2012]
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napthalene-SOA (Depositional)
[Wang et al., 2012]

napthalene-SOA (Immersion)
[Wang et al., 2012]
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a-pinene SOA [Mohler et al., 2008]
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Simples organic glasses — good IN
Complex glassy organic (SOA) a poor ice nucleus?




Factors important for Ice Nucleation

Cirrus: Optically thin due to low ice concentration
Only 1 in ~10000 particles act as IN

. Particle size Larger better

Minerals/salts good

. Composition

Organics poor

. Phase Glasses mixed

. Chemical Distribution




Spectral Classification for Raman Mapping

cO, NO; SO,
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Spectra were classified using characteristic frequencies:
Organics, Sulfates, Nitrates (aged sea salt), Carbonates
(mineral dust), Ammonium.
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Raman Mapping to Probe Mixing State

organic organic

— \
1 um

carbonate

sulfate

not an IN

Collected at Storm Peak
Almost all contained at least trace organics
14% were coated with organics




Liquid-Liquid Phase Separation

O:C < 0.7 will Liquid-Liquid Phase Separate mixed with AS

One Liquid Organic Phase
One Crystalline Phase
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Two Liquid Phases One Liquid Phase
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Increasing RH

Bertram ACP 2012




Deliquesced 1,2,6-Hexanetriol (Caaay )

OH

+ Ammonium Sulfate at 260 K
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Liquid-Liquid Phase Separation
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Efflorescence
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lce Nucleation inside out




S, for inside-nucleated ice

m 1,2,6-Hexanetriol
m 1,2 ,6-Hexanetriol + Ammonium Sulfate

Ammonium Sulfate [Baustian 2010]
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Coated AS almost as good IN as pure AS




lce Nucleation for Glassy Coating

T4,~193 K
MW= 134 g/mol

OH

D =

T =400 K (Tg~280 K)
Efﬂoresoed Sulfate  mw=220g/mol

Goal: Liquid at 250 to phase separate, lower T to form glass




lce Nucleation on Glassy Organics




S, for Mixed Organic

1,2,6-Hexanetriol + C10 Polyol
1,2,6-Hexanetriol + C10 Polyol + Ammonium Sulfate

Ammonium Sulfate [Baustian 2010]

Temperature (K

Good IN over entire range for different reasons




Atmospheric IN with organics

Minerals, salts: excellent IN
Partial organic coating...still good IN

0 Liquid organic coating: can be good IN

Some glassy organics good IN

Inorganics still good IN even when mixed with organics
Consistent with sulfate/organic IN at TTL




Aerosol size, composition, phase and
distribution all important for ice nucleation

Halo-

0.18 [0.01 to 0.35]
carbons

N,O 0.17[0.13 to 0.21]

CO 0.23 [0.16 to 0.30]

Anthropogenic

0.10 [0.05 to 0.15]

X -

NO Nitrate -0.15[-0.34 to 0.03]

Aerosols and | \ineral dust Nitrate

precursors | Organic carbon Black carbon
Minerald

-0.27 [-0.77 t0 0.23]

hort lived gases and aerosols

, NH.,, :
QRN en Cloud adjustments

and Black carbon)|  due to aerosols

-0.55 [-1.33 to -0.06]

Albedo change

-0.15 [-0.25 to -0.05
due to land use [ :

Changes in

2 ) 0.05 [0.00 to 0.10]
solar irradiance

2.29[1.13 to 3.33]
]

Total anthropogenic

IPCC 2013
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