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Heterogeneous freezing of rain & rime-splintering dominate ice production in 
CAM6 Southern Ocean mixed phase clouds; this (unrealistically) masks 

sensitivities to in aerosol-ice interactions in CAM/CESM.



NSF NCAR GV

The Southern Ocean is pristine and covered with optically thick 
mixed phase stratocumulus clouds

>80% cloud cover; up to 80% of clouds are low-level clouds and 50% are mixed-phase

Climate and Global Dynamics Laboratory



Aerosol may impact cloud phase through ice nucleation
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Aerosol may impact cloud phase through ice nucleation
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CAM6 underestimates ice in Southern Ocean low-level clouds 
SOCRATES

Gettelman et al. (2020)
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Hypothesis: Marine INPs are responsible for the onset of ice formation in 
Southern Ocean low-level clouds

1. Test and implement INP heterogeneous ice nucleation scheme for marine and dust aerosol
 

Christina S. McCluskey, et al., Southern Ocean Aerosol and Ice Nucleating Particles in the Community 
Earth System Model Version 2, Under Review at J. Geophys. Res. Atmos.
 

2. Determine impact of marine INPs on Southern Ocean cloud properties

Southern Ocean low-level cloud radiative properties are sensitive to representation of dust 
and marine immersion freezing ice nucleation Vergara-Temprado et al., 2018 

Zhao et al., 2021

Or are they? 
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This Study: Why are Southern Ocean clouds in CESM2 insensitive 
to heterogeneous freezing of cloud droplet?

Model configuration:
• cam6_3_063
• 2˚ latitude x 2˚ longitude 
• 32 levels to ~1 hPa (100-1200 m vertical resolution)
• 30 minute time step (10 min sub-step)
• F2000climo compset
• CAM6 default physics (MAM4, CLUBB, RRTMG)
• MG2 cloud microphysics (cam_dev) with modified 

heterogeneous freezing ice nucleation 

Climate and Global Dynamics Laboratory



CAM6 Mixed-Phase Cloud Ice Processes:

1. Heterogeneous Freezing of Cloud Droplets 

What controls Ice Formation in CAM6?

1. Immersion Freezing of Cloud Droplets              

2. Deposition Freezing of Cloud Droplets 

3. Contact Freezing of Cloud Droplets

CAM6: Stochastic Dust (Hoose et al., 2010)

CAM5: Bigg T-dependent (Bigg, 1953) 

NEW: Deterministic Marine and Dust (D15M18)

CAM6: Stochastic Dust (Hoose et al., 2010)

CAM5: Meyers T-dependent (Meyers, 1992) 

CAM6: Stochastic Dust (Hoose et al., 2010)

CAM5: Young T-dependent (Young, 1974) 

Climate and Global Dynamics Laboratory

Mineral Dust INPs: DeMott et al. 2015 (D15)

 

Marine INPs: McCluskey et al. 2018 (M18)
 IN-active 

molecules

D15M18



CAM6 Mixed-Phase Cloud Ice Processes:

1. Heterogeneous Freezing of Cloud Droplets 

2. Heterogeneous Freezing of Rain to Ice (Bigg,1953)

3. Ice Multiplication from Rime-Splintering (Cotton, 1986)

4. Accretion of Cloud Ice to Snow 

5. Autoconversion of Cloud Ice to Snow 

6. Cloud Ice Sedimentation 

What controls Ice Formation in CAM6?

Climate and Global Dynamics Laboratory



Number tendencies added to MG2/MG3/PUMAS

Climate and Global Dynamics Laboratory

Special thanks to 
Kate Thayer-Calder & 
Cheryl Craig!



Heterogeneous Freezing of Rain & Ice Multiplication from 
Rime-Splintering dominate ice number production

Climate and Global Dynamics Laboratory

SO region (-65<Lat<-50 and 80<Lon<165)

Similar results 
over the Arctic



Observational context: Light precipitation/drizzle observed at 
Macquarie Island & McMurdo Station

Tansey et al., 2022
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T-dependent Immersion Freezing 
of cloud droplets (Bigg, 1953) 

Dust Stochastic Immersion Freezing of 
cloud droplets (Hoose et al., 2010)

T-dependent Immersion 
Freezing of rain (Bigg, 1953) 

Over active heterogeneous ice nucleation of cloud droplets results in over-glaciated clouds

Reduction in heterogeneous ice nucleation of cloud droplets results in supercooled rain 
production, which is not maintained with CAM6 microphysics



Summary

• New simple immersion freezing scheme includes 
both dust and marine INP sources

• Number tendencies added to MG3/PUMAS

• CAM6/CESM2 Southern Ocean clouds are not 
sensitive to changes in ice nucleation

• Heterogeneous freezing of rain & 
rime-splintering dominate ice production in 
CAM6 Southern Ocean mixed phase clouds; this 
(unrealistically) masks sensitivities to in 
aerosol-ice interactions in CAM/CESM.



Southern Ocean Cloud Feedback: cloud-phase

Warmer temperatures lead to 
reductions in ice phase clouds 

and therefore increases in cloud 
optical depth  (cooling effect)

Bjordal et al., 2020



State-Dependent cloud-phase feedback

Warmer temperatures lead to 
reductions in ice phase clouds 

and therefore increases in cloud 
optical depth  (cooling effect)

Warmer temperatures lead to no 
change in cloud phase or optical 

depth 

After some amount of warming, all clouds over southern ocean will be 
liquid, dampening the Southern Ocean negative cloud feedback.

Bjordal et al., 2020



Future Work

• Scale the Bigg 1953 Heterogeneous Freezing of Rain 
Parameterization – not the full fix 

• Assess sensitivity to rain processes (e.g., rain 
autoconversion)

• Determine Southern Ocean Rain Biases and Budget

• Evaluate rain occurrence, phase, and rate against 
observations



Thank you! 



This Study: Why are Southern Ocean clouds in CESM2 insensitive to ice 
nucleation?Model configuration:

• cam6_3_063
• 2˚ latitude x 2˚ longitude (~100 x 100 km at 50oS)
• 32 levels to ~1 hPa (100-1200 m vertical resolution)
• 30 minute time step (10 min sub-step)
• F2000climo compset
• CAM6 default physics (MAM4, CLUBB, RRTMG)
• MG2 cloud microphysics (cam_dev) with modified 

immersion freezing ice nucleation 

Mineral Dust INPs: DeMott et al. 2015 (D15)
 

Marine INPs: McCluskey et al. 2018 
(M18)

 IN-active 
molecules

CAM6_3_63 Tests
Stochastic 

Dust
(Hoose et al., 2010)

Deterministic 
Marine 

(McCluskey et al., 2018)

Deterministic 
Dust 

(DeMott et al., 2015)

Bigg T-dependent 
(Bigg, 1953) 

Control ✅ ❌ ❌ ❌
D15 + M18 ❌ ✅ ✅ ❌

D15 (dust only) ❌ ❌ ✅ ❌
M18 (marine only) ❌ ✅ ❌ ❌

D15 + M18x10 ❌ ✅ x10 ✅ ❌

Climate and Global Dynamics Laboratory

Deterministic Immersion Freezing Ice Nucleation:



Control
D15 + M18
D15 (dust only)
M18 (marine only)
D15 + M18x10

Marine INPs minimally impacted cloud properties in CAM6

No simulated change in ice water path, shortwave or longwave cloud radiative 
effects due to ice nucleation modifications

Note: results consistent with Zhao et al., (2021)

Climate and Global Dynamics Laboratory



Observational context: Light precipitation/drizzle observed at 
Macquarie Island

Tansey et al., 2022



Predicting Southern Ocean nINPs in the marine boundary layer…

Modal Aerosol Model (MAM4)
Black Carbon

Dust dynamic emissions

Particulate Organic Matter

Sea Salt dynamic emissions

SO4

Secondary organic aerosol

Marine INPs: McCluskey et al., 2018 
(M18)

Mineral Dust INPs: DeMott et al., 2015 
(D15)
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2. Predicting Southern Ocean INPs in an Earth System Model

McCluskey et al., under review



Predicting Southern Ocean nINPs in the marine boundary layer
is way easier than aloft! 

(Aircraft, 0.5-6.2 km) (Ship, surface)

2. Predicting Southern Ocean INPs in an Earth System Model

McCluskey et al., under review




