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Cloud microphysics: Formation, growth, and transformation of cloud droplets and 
ice crystals
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Can We Even Observe Microphysics?

Nucleation:
- Homogeneous nucleation
- Heterogenous nucleation
Bergeron-Findeisen process

Deposition & sublimation
Ice aggregation
Riming
Secondary ice processes:
- Rime splintering (H-M)
- Collisional breakup
- Frozen droplet breakup

Condensation & evaporation
Collision & coalescence



▪ Reconciliation of scales

▪ More ice crystals than ice 
nucleating particles
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Research gaps in atmospheric ice nucleation from my perspective

▪ Sampling techniques and instrumentation 
modify the original ice nuclei

▪ No universal mechanism to predict the ice 
nucleating ability of a substance

Korolev, J. Atmos. Oceanic 
Technol., 2013
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Atmospheric ice nucleation by organic matter

Dissolved 
organic matter 
from rivers & 

swamps

Soil
Lignin, snomax

Alpine snowmelt
water

Borduas et al, Atmos. 
Chem. Phys. 2019, 19, 
12397

Müller, et al. ACS Environ. 
Au, 2023, 3, 164

Brennan et al., Atmos. 
Chem. Phys., 2020, 20, 
163

Thompson, et al. 
Atmos. Chem. Phys, 
2024, under review

Bieber & Borduas, 
Sci. Adv. 2024, 

Firewood smoke

Zeleny et al., ACS 
ES&T Air, 2024, 
revisions

Miller, Brennan, et al., 
Atmos. Meas. Tech. 2021, 
14, 3131

Paul Bieber

Bieber et al., J. 
Chem. Phys. 2024, 

High speed 
images of 
freezing

Lignin nanoparticle 
as INPs

Émilie Payment
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Sampling techniques of aerosols, cloud droplets and ice crystals

Korolev tips for ice crystals

Korolev, Emery, Creelman.
J. Atmos. Oceanic Technol., 2013, 30, 690

High volume sampler

Impinger

Cloud samplers
Jungfraujoch, Switzerland
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Online measurements of single ice nucleating particles

UT-CFDC: Kanji & Abbatt, Aerosol Sci. Technol., 2009, 43, 730 
SPIN: Garimella et al. Atmos. Meas. Tech. 2016, 9, 2781
HINC: Lacher et al., Atmos. Chem. Phys., 2017, 17, 15199
HINC-Auto: Brunner & Kanji, Atmos. Meas. Tech., 2021, 14, 269

Continuous flow diffusion chambers

AIDA chamber: Möhler et al. Atmos. Chem. Phys., 2003, 3, 211
LACIS: Hartman et al., Atmos. Chem. Phys., 2011, 11, 1753
PINE chamber: Möhler et al., Atmos. Meas. Tech. 2021, 14, 1143

Expansion chambers
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Online and offline measurements of ice nucleating particles

Single particle measurements Bulk solution measurements

Hill et al., App. Environ. Microbiol., 2014, 80, 1256
Stopelli et al., Atmos. Meas. Tech., 2014, 7, 129
Beall et al., Atmos. Meas. Tech., 2017, 10, 2613
Miller, Brennan et al., Atmos. Meas. Tech., 2021, 14, 3131
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UT-CFDC: Kanji & Abbatt, Aerosol Sci. Technol., 2009, 43, 730 
SPIN: Garimella et al. Atmos. Meas. Tech. 2016, 9, 2781
HINC: Lacher et al., Atmos. Chem. Phys., 2017, 17, 15199
HINC-Auto: Brunner & Kanji, Atmos. Meas. Tech., 2021, 14, 269
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List of droplet freezing techniques (40+ and counting)

Miller, Brennan, Mignani, Wieder, David, Borduas-Dedekind, Atmos. Meas. Tech., 2021, 14, 3131

Characteristics:
• droplet size
• number of droplets 

per experiment
• surface
• droplet shape
• low water 

background
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Drop Freezing Ice Nuclei Counter (FINC)

Killian Brennan

Miller, Brennan, Mignani, Wieder, David, Borduas-Dedekind, Atmos. Meas. Tech., 2021, 14, 3131
David et al., Atmos. Meas. Tech. 2019, 12, 6865 

LED lights

PCR trays

camera

Anna Miller
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How clean are our backgrounds and handling blanks?

Miller, Brennan, Mignani, Wieder, David, 
Borduas-Dedekind, Atmos. Meas. Tech., 2021, 14, 
3131
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FINC validation: Lignin as an immersion freezing standard

Killian Brennan

Anna Miller

Miller, Brennan, Mignani, Wieder, David, Borduas-Dedekind, Atmos. Meas. Tech., 2021, 14, 3131
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The role of the plastic/water and air/water interfaces

Light path
• Non heated

10
x

10
x

40
x

40
x

Gaps seen in the inner-surface of the PCR tray from the 
manufacturing process

Gaps disappear following heat treatment

• Heated, 120 oC, 2 h
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Avoid glassware!

Water + amino acids
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Probing the role of the air-water interface experimentally
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High speed imaging of supercooled droplets (2100 f/s)

Paul Bieber
1-Docosanol

(positive control)
Birch pollen extract

Betula pendula
Bacterial proteins

inaZ, Pseudomonas 
syringae
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Statistics of nucleation at the air-water interface

Paul Bieber
1-Docosanol

Birch pollen extract
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Further probing the aggregation of lignin

Nano Particle Tracking Analysis (NTA)
• Light scatters on nano mater sized particles 

in a solution
• The motion is proportional to the size of the 

particles

Paul Bieber



Ice nucleating (bio)organic macromolecules
Xyla
n

Laminari
n

Lignin
1

18Bieber et al., in prep.
1 Bogler & Borduas, ACP, 
2020



Ice nucleating (bio)organic macromolecules
High-speed microscopy

Hydrophobicity Insolubl
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🡪 Dissolved organic material shows little or no affinity for ice nucleation at the air-water 
interface

19
Bieber et al., in 
prep.



Less hydrophobic organic nano aggregates nucleate ice in the 
bulk
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Adapted from https://particletechlabs.com/analytical-testing/nanoparticle-tracking-analysis/ accessed 
30.03.23

Bieber et al., in 
prep.

Nanoparticle tracking analysis 
(NTA)

https://particletechlabs.com/analytical-testing/nanoparticle-tracking-analysis/


▪ Fundamental mechanism and H-bonding
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Molecular dynamic simulations

β-helix exposes water to a flat 
array of threonine (T) repeating 
unit TxT

Hudait, Odendahl, Qiu, Paesani, Molinero, 
J. Am. Chem. Soc., 2018, 140, 4905 

Threonine (T)

Serine (S)

Hartmann et al., Front. Microbiol., 2022, 13, 872306. 
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Role of dimerization for the INAz protein to nucleate

Hartmann et al., Front. Microbiol., 2022, 13, 872306. 

Structure and Protein-Protein Interactions of Ice Nucleation Proteins Drive Their Activity 
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How does lignin nucleate ice?

200 nm

500 nm

InformMeasure

Dr. Jingqian Chen

A bottom-up approach to probe and understand ice nucleation mechanisms.

Synthesize

100 nm

Anna Zeleny

BrC
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Optical Contact Angle (OCA) tensiometer

Nicole Link

Katie Thompson
(U Leeds)

Thompson, Link, Murray, Borduas-Dedekind, in 
preparation
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Surface tension and ice nucleating ability of lignin

Nicole Link

Katie Thompson
(U Leeds)

Thompson, Link, Murray, Borduas-Dedekind, in 
preparation



Cloud microphysics: Formation, growth, and transformation of cloud droplets and 
ice crystals
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Can We Even Observe Microphysics?

Nucleation:
- Homogeneous nucleation
- Heterogenous nucleation
Bergeron-Findeisen process

Deposition & sublimation
Ice aggregation
Riming
Secondary ice processes:
- Rime splintering (H-M)
- Collisional breakup
- Frozen droplet breakup

Condensation & evaporation
Collision & coalescence
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Atmospheric ice nucleation by organic matter

Dissolved 
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water
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Sci. Adv. 2024, 

Firewood smoke

Zeleny et al., ACS 
ES&T Air, 2024, 
revisions

Miller, Brennan, et al., 
Atmos. Meas. Tech. 2021, 
14, 3131

Paul Bieber

Bieber et al., J. 
Chem. Phys. 2024, 
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3D self-assembly in proxies for atmospheric aerosols

Pfrang, Rastogi, Cabrera-Martinez, Seddon, Dicko, Labrador, Plivelic, Cowieson, Squires, Nature Comm., 2017, 8, 1724
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Volume and rate of freezing

Pao K Wang, "Physics and Dynamics of Clouds and Precipitation: Chapter 7 Nucleation” 2013

▪ When it takes < 1 s for 50% of spherical droplets to theoretically freeze homogeneously
▪ Nucleation is stochastic process from size fluctuations of the initial ice germ

V = 100 pL
Diam = 58 nm

V = 100 nL
Diam = 580 μm

V = 100 μL
Diam = 5.8 mm

V = 1 μL
Diam = 1.2 mm

V = 1 pL
Diam = 12 nm
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Role of micelle formation for ice nucleation of lignin

Miller, Master Thesis, 2020

Anna Miller



31

Micelle concentration and ice nucleating ability of aerosols

Anna Miller

Gérard et al. (ES&T, 
2019) reported surfactant 
concentrations in aerosol 
>100 mM

� No CMC for 
lignin

� But how does 
CMC change 
with T?

C
M
C
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Size fractionation of dissolved organic matter matters

Lin Boynton
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Preliminary results using Suwannee River fulvic acid standard isolates


