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• Very efficient loss mechanism for 
CCN/INP/water & thus

• Energy budget/radiative balance

• Cloud sustainment/dissipation

• Surprisingly common in low-level, mixed-
phase Arctic stratiform clouds; e.g., for 
Oliktok Point (2016-2018, ∼ 42𝐾 particles)

• 2/3 of frozen hydrometeors at least moderately rimed

• About half (45%) heavily rimed (graupel or graupel-
like)

• Despite typical values of 𝑳𝑾𝑷 < 𝟓𝟎 𝒈/𝒎𝟐

Why Riming in the Arctic?
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Degree of riming from Praz et al. (2017)

~𝟏𝟎𝟓 to 𝟏𝟎𝟔 collisions

𝟏𝟎𝟎 − 𝟏, 𝟎𝟎𝟎 collisions 
every second (for typical 
precipitation time scale of 
103 seconds)
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Enhanced Riming:
Oliktok Point (Sep 2016 – Sep 2018)
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Fitch & Garrett, 2022

Effective density from Böhm (1989)

𝜌𝑒 = 𝜌𝑒(𝑣, 𝐷𝑚𝑎𝑥, 𝐷, 𝑝, 𝑇)

Riming Enhancement Factor (REF)
𝜀 ∝ 𝜌𝑒𝐷 ⋅ 𝐿𝑊𝑃−1

Singh et al., 2024
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“Enhanced” Riming Events
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• Hypothesis #1: “Clean” clouds favor enhanced 
riming

• Lower CCN concentrations & fewer, larger cloud droplets

• Larger droplets → higher riming efficiency (Tridon et al., 2022)

• Immersion freezing may be an important nucleation process in 
this case (Lance et al., 2011; Creamean et al., 2018)

• Hypothesis #2: “Polluted” clouds favor enhanced 
riming

• Higher CCN concentrations & smaller, more numerous cloud 
droplets

• i.e., 1st Indirect Effect, but WRT longwave radiative cooling

• Stronger cloud-top radiative cooling enhances buoyant 
production of turbulent kinetic energy (TKE)

2 Competing Hypotheses
for Enhanced Riming
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Transport into the Arctic:
Arctic Haze (Dec-Apr)
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Arctic Haze NSS Sulfate (CCN) at 
Utqiagvik: 1997-2014
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Transport into the Arctic:
Long-range/Lofted Transport
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Locations of Interest
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MOSAiC Expedition (2019-2020)
2021-2024 2016-2018
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• Prudhoe Bay oilfield
• Onshore vs. offshore flow

• Cosine of the direction to binarize the wind 
direction (northerly vs. southerly)

• From surface to 2 km

• 20 minutes leading up to event

Local Anthropogenic Aerosol 
Source at Oliktok Point
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Creamean et al., 2018

offshore
  flow

onshore
flow
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MASC and Riming Enhancement 
Factor (REF): Oliktok Pt. & Utqiagvik
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Multi-Angle Snowflake Camera 
(MASC)

Garrett et al. (2012)

Fall Speed (𝑣)

Perimeter (𝑃)

Geometric Cross-section
(𝐴 = 𝑁𝑝𝑖𝑥 ∗ 𝐴𝑝𝑖𝑥)

Max Dimension (𝐷𝑚𝑎𝑥)

Orientation (𝜃)

Complexity

 𝜒 =
𝑃

2𝜋𝑟
(1 + 𝜎 )

Area-equivalent 

radius (𝑟 = 𝐴/𝜋)

Aspect Ratio (𝛼 =
𝐷𝑚𝑖𝑛

𝐷𝑚𝑎𝑥
)

ROI
Background
pixels

Foreground
Pixels

𝐷𝑚𝑎𝑥

𝐷𝑚𝑖𝑛

𝐴

𝑟

Flatness

 𝜙 =
𝛼𝑚𝑎𝑥−𝛼𝑚𝑖𝑛

𝛼

𝛼2 = 0.16𝛼0 = 0.63 𝛼1 = 0.43

𝜙 =
0.63−0.16

0.41
= 1.15

𝜃

𝐷𝑚𝑎𝑥

𝑃

14

Riming Classes:
 𝜒 ≤ 1.35: heavily rimed graupel
 1.35 < 𝜒 ≤ 1.75: moderately rimed
 𝜒 > 1.75: sparsely rimed aggregates
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MASC and Riming Enhancement 
Factor (REF): Oliktok Pt. & Utqiagvik

Riming Enhancement Factor (REF): 𝜺𝒓 =
𝒎𝒐𝒃𝒔

𝒎𝒄𝒄
=

𝝅𝝆𝒆𝑫𝒑
𝟑/𝟔

𝑨𝒑⋅𝑳𝑾𝑷

• Collection kernel: 𝐾 𝑟𝑝, 𝑟𝑑 = 𝜋 𝑟𝑝 + 𝑟𝑑
2

𝐸𝑐 𝑟𝑝, 𝑟𝑑 |Δ𝑣𝑇|

• Assumptions:
• Ice particle large compared to droplets: 𝑟𝑝 ≫ 𝑟𝑑

• Still air: Δ𝑣𝑇 ≃ 𝑣𝑝 = 𝑑𝑧𝑝/𝑑𝑡

• Concentration of liquid water droplet mass: 𝑤𝑙

• Mass growth rate:
𝑑𝑚𝑝

𝑑𝑡
= 𝐾𝑤𝑙 = 𝜋𝑟𝑝

2𝐸𝑐𝑤𝑙

𝑑𝑧𝑝

𝑑𝑡

• Further assuming 𝐴𝑝 = 𝜋𝑟𝑝
2 ≠ 𝐴𝑝(𝑧) & 𝐸𝑐 = 1

• Integrating 𝑑𝑚𝑝 from cloud top to cloud base & noting 𝐿𝑊𝑃 = 𝑧𝑐𝑡׬

𝑧𝑐𝑏 𝑤𝑙𝑑𝑧 ,the 
total rimed mass from continuous collection is

𝑚𝑐𝑐 = 𝐴𝑝𝐿𝑊𝑃 Lamb & Verlinde, 2011
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• Shape-based estimation of 
REF (Maherndl et al., 2024):

• Normalized rime mass (Seifert et 
al., 2019):

𝑀 =
𝑚𝑟𝑖𝑚𝑒

𝑚𝑔
=

𝑚𝑟𝑖𝑚𝑒

𝜋𝜌𝑟𝑖𝑚𝑒𝐷𝑚𝑎𝑥
3 /6

• Where 𝜌𝑟𝑖𝑚𝑒 = 700 𝑘𝑔/𝑚3

• REF:

𝜺𝒓 =
𝒎𝒐𝒃𝒔

𝒎𝒄𝒄
=

𝑴𝝅𝝆𝒓𝒊𝒎𝒆𝑫𝒎𝒂𝒙
𝟑 /𝟔

𝑨𝒑 ⋅ 𝑳𝑾𝑷

• Sensitive to choice of 𝜌𝑟𝑖𝑚𝑒

VISSS and REF:
MOSAiC Expedition
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Maherndl et al., 2024
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Enhanced Riming:
Oliktok Point (Sep 2016 – Sep 2018)
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Month

Fraction of graupel with 𝜺𝒓 > 𝟑
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Enhanced Riming:
Utqiagvik (Apr 2021 – Oct 2024)
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Month

Fraction of graupel with 𝜺𝒓 > 𝟑
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Enhanced Riming:
MOSAiC (Oct 2019 – Oct 2020)
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𝜌 = 700 𝑘𝑔 𝑚−3

𝜌 = 180 𝑘𝑔 𝑚−3

Month

Fraction of graupel with 𝜺𝒓 > 𝟑
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• Preliminary results indicate enhanced riming more likely during 
Arctic haze season (Dec-Apr)

• Suggests early support for Hypothesis #2: “polluted” clouds
• smaller & numerous droplets

• enhanced radiative cooling in turn enhancing dynamics/TKE

• However, more work to do:
• Analyze local influence WRT low-level flow regime (onshore vs. offshore)

• Include cloud-level measurements (limited)

• Attempt to classify types/sources

• And more…

Conclusions/Future Work
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