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Sensitivity of simulating anvil clouds

• Tropical anvil cloud area feedback remains pretty uncertain 

Sherwood et al. 2020
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What is the mechanism for the resolution dependence of anvil cloud fraction?

What can we learn from limited-area simulations?



Mixing timescale can be resolution dependent

dx
Mixing timescale can be 
resolution dependent:
𝜅𝜅 = 𝑑𝑑𝑑𝑑/𝑢𝑢𝑟𝑟𝑟𝑟𝑟𝑟

Jeevanjee and Zhou 2022

Increasing anvil fraction in FV3 RCE simulations (also found 
in SAM, DAM)
More effective mixing in finer resolution simulations

𝑢𝑢𝑟𝑟𝑟𝑟𝑟𝑟



Experiment setup

1MOM Morrison
The System for Atmospheric Modeling (SAM)

128km x 128km convection-permitting runs

Two microphysics: one moment vs Morrison

RRTMG radiation

Radiative-Convective Equilibrium (RCE)



Decomposition of cloud fraction

(Beydoun et al. 2021)

𝐶𝐶𝐶𝐶𝐶𝐶𝑢𝑢𝑑𝑑 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝐶𝐶𝑓𝑓 ≈ 𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓 × 𝐿𝐿𝑓𝑓𝑓𝑓𝐷𝐷𝑓𝑓𝑓𝑓𝐷𝐷𝐷𝐷

𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓 ≈
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Horizontal
convergence

Cloud sedimentation

Sublimation, conversion to precip, vertical advection



Clear-sky convergence vs lifetime

Anvil fraction change is primarily driven by change of detrainment and clear-sky convergence



Stronger convective updrafts and environmental 
subsidence with finer resolution



Dissect environmental subsidence

Conservation of dry static energy 𝜎𝜎 = 𝑓𝑓𝑝𝑝𝑇𝑇 + 𝑐𝑐𝑔𝑔:

𝜕𝜕𝜎𝜎
𝜕𝜕𝑓𝑓

+ 𝑢𝑢 � ∇ℎ𝜎𝜎 + 𝑤𝑤
𝜕𝜕𝜎𝜎
𝜕𝜕𝑔𝑔

= 𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 + 𝑄𝑄𝑙𝑙𝑟𝑟𝑟𝑟𝑙𝑙𝑟𝑟𝑟𝑟

𝑤𝑤 =
𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

⁄𝜕𝜕𝜎𝜎 𝜕𝜕𝑔𝑔
+
𝑄𝑄𝑙𝑙𝑟𝑟𝑟𝑟𝑙𝑙𝑟𝑟𝑟𝑟
⁄𝜕𝜕𝜎𝜎 𝜕𝜕𝑔𝑔

−
𝑢𝑢 � ∇ℎ𝜎𝜎

⁄𝜕𝜕𝜎𝜎 𝜕𝜕𝑔𝑔
−

⁄𝜕𝜕𝜎𝜎 𝜕𝜕𝑓𝑓
⁄𝜕𝜕𝜎𝜎 𝜕𝜕𝑔𝑔



≈ +

Dissect environmental subsidence

A large portion of subsidence change is contributed by latent-driven subsidence



Enhanced environmental latent cooling

Is the enhanced environmental latent cooling due to an intrinsic dependence of sublimation to model resolution? 
Or simply a consequence of larger cloud coverage in finer resolution simulations?



Enhanced environmental latent cooling

Normalized by horizontal 
mean cloud mixing ratioHypothesis is that finer resolution makes condensed water 

easier to evaporate/sublimate



Causality test by artificially enhancing sublimation

Using Morrison scheme, we artificially increases the sublimation rate of ice (and snow)
Nonlocal sublimation/evaporation is important for mass flux change!



Spreads in cloud fraction and sublimation are NOT 
explained by sub-grid diffusion

Dashed lines: turn off horizontal scalar diffusion



Snapshots of cloud distribution at z=10km

500m-resolution run4km-resolution run
Zoom in

In finer resolutions, cloud mass is more separated and has finer edge structures



Coastline paradox

Great
Britain

Measure unit: 50km
Perimeter:

100km
2800km 3400km

(wiki)

the coastline of a landmass does 
not have a well-defined length
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Cloud perimeter/area ratio (1/m)

Finer resolution increases the perimeter 
per unit area cloud, which can enhance 
mixing with environmental air



𝑈𝑈𝑟𝑟𝑟𝑟𝑎𝑎

Estimate sublimation due to horizontal mixing

𝑈𝑈𝑟𝑟𝑟𝑟𝑎𝑎: advection velocity at cloud edges



𝑈𝑈𝑟𝑟𝑟𝑟𝑎𝑎

Estimate sublimation due to horizontal mixing
After one time step 𝑑𝑑𝑓𝑓:
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Estimate sublimation due to horizontal mixing
After one time step 𝑑𝑑𝑓𝑓:

Volume of cloud (environment air) advected 
across boundary:

𝑄𝑄𝐶𝐶𝐶𝐶 = 0.5 𝐿𝐿 𝑈𝑈𝑟𝑟𝑟𝑟𝑎𝑎 𝑑𝑑𝑓𝑓

𝐿𝐿: cloud perimeter

𝑄𝑄𝑄𝑄𝑙𝑙𝑟𝑟𝑒𝑒𝑙𝑙: cloud mixing ratio at inner edge grids

𝑄𝑄𝑄𝑄𝑙𝑙𝑟𝑟𝑎𝑎∗ ,𝑅𝑅𝑅𝑅 : saturation vapor mixing ratio and relative 
humidity in environment near clouds
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: saturation adjustment

Sublimation after saturation adjustment:

𝑆𝑆𝑢𝑢𝑆𝑆𝐶𝐶𝑓𝑓𝐷𝐷𝑓𝑓𝑓𝑓𝑓𝑓𝐶𝐶𝑓𝑓 ∝ 𝑄𝑄𝐶𝐶𝐶𝐶 [𝑄𝑄𝑄𝑄𝑙𝑙𝑟𝑟𝑒𝑒𝑙𝑙 + 𝑄𝑄𝑄𝑄𝑙𝑙𝑟𝑟𝑎𝑎∗ (1 − 𝑅𝑅𝑅𝑅)]

𝑄𝑄𝑄𝑄𝑙𝑙𝑟𝑟𝑒𝑒𝑙𝑙: cloud mixing ratio at inner edge grids

𝑄𝑄𝑄𝑄𝑙𝑙𝑟𝑟𝑎𝑎∗ ,𝑅𝑅𝑅𝑅 : saturation vapor mixing ratio and relative 
humidity in environment near clouds



Estimate sublimation due to horizontal mixing

𝑈𝑈𝑟𝑟𝑟𝑟𝑎𝑎

𝑄𝑄𝑄𝑄𝑙𝑙𝑟𝑟𝑒𝑒𝑙𝑙

𝑄𝑄𝑄𝑄𝑙𝑙𝑟𝑟𝑎𝑎∗ ,𝑅𝑅𝑅𝑅

After one time step 𝑑𝑑𝑓𝑓:

Volume of cloud (environment air) advected 
across boundary:

𝑄𝑄𝐶𝐶𝐶𝐶 = 0.5 𝐿𝐿 𝑈𝑈𝑟𝑟𝑟𝑟𝑎𝑎 𝑑𝑑𝑓𝑓

𝐿𝐿: cloud perimeter

: saturation adjustment

Sublimation after saturation adjustment:

𝑆𝑆𝑢𝑢𝑆𝑆𝐶𝐶𝑓𝑓𝐷𝐷𝑓𝑓𝑓𝑓𝑓𝑓𝐶𝐶𝑓𝑓 ∝ 𝑄𝑄𝐶𝐶𝐶𝐶 [𝑄𝑄𝑄𝑄𝑙𝑙𝑟𝑟𝑒𝑒𝑙𝑙 + 𝑄𝑄𝑄𝑄𝑙𝑙𝑟𝑟𝑎𝑎∗ (1 − 𝑅𝑅𝑅𝑅)]

Normalize sublimation by total cloud mass (𝑄𝑄𝑄𝑄𝑐𝑐𝑙𝑙𝑟𝑟 𝐴𝐴) 
at this layer:

𝑆𝑆𝑢𝑢𝑆𝑆𝐶𝐶𝑓𝑓𝐷𝐷𝑓𝑓𝑓𝑓𝑓𝑓𝐶𝐶𝑓𝑓
𝑓𝑓𝐶𝐶𝐶𝐶𝑢𝑢𝑑𝑑 𝐷𝐷𝑓𝑓𝑠𝑠𝑠𝑠 ∝

𝐿𝐿
𝐴𝐴 𝑈𝑈𝑟𝑟𝑟𝑟𝑎𝑎

𝑄𝑄𝑄𝑄𝑙𝑙𝑟𝑟𝑒𝑒𝑙𝑙 + 𝑄𝑄𝑄𝑄𝑙𝑙𝑟𝑟𝑎𝑎∗ (1 − 𝑅𝑅𝑅𝑅)
𝑄𝑄𝑄𝑄𝑐𝑐𝑙𝑙𝑟𝑟

𝐴𝐴 : cloud area



Estimate sublimation due to horizontal mixing
Diagnosed



Estimate sublimation due to horizontal mixing

𝑆𝑆𝑢𝑢𝑆𝑆𝐶𝐶𝑓𝑓𝐷𝐷𝑓𝑓𝑓𝑓𝑓𝑓𝐶𝐶𝑓𝑓
𝑓𝑓𝐶𝐶𝐶𝐶𝑢𝑢𝑑𝑑 𝐷𝐷𝑓𝑓𝑠𝑠𝑠𝑠 ∝

𝐿𝐿
𝐴𝐴 𝑈𝑈𝑟𝑟𝑟𝑟𝑎𝑎

𝑄𝑄𝑄𝑄𝑙𝑙𝑟𝑟𝑒𝑒𝑙𝑙 + 𝑄𝑄𝑄𝑄𝑙𝑙𝑟𝑟𝑎𝑎∗ (1 − 𝑅𝑅𝑅𝑅)
𝑄𝑄𝑄𝑄𝑐𝑐𝑙𝑙𝑟𝑟

𝐿𝐿
𝐴𝐴

𝑄𝑄𝑄𝑄𝑙𝑙𝑟𝑟𝑒𝑒𝑙𝑙

1/𝑄𝑄𝑄𝑄𝑐𝑐𝑙𝑙𝑟𝑟 𝑈𝑈𝑟𝑟𝑟𝑟𝑎𝑎



With a more sophisticated microphysics scheme

With Morrison double-moment scheme, does the same mechanism in 
single-moment simulations still hold?



Cloud fraction still explained by enhanced 
convective updraft and environmental subsidence

Morrison scheme produces more anvil clouds than one-moment scheme and has 
weaker (~1/3) convective updrafts mass flux in the upper troposphere



In Morrison scheme, radiation driven subsidence 
also contributes to the total subsidence change



Finer resolution leads to less stable upper troposphere



Finer resolution has larger entrainment rate

A (entraining-detraining) 
bulk-plume model:
𝜕𝜕𝜙𝜙𝑐𝑐
𝜕𝜕𝑔𝑔

= −𝜖𝜖 𝜙𝜙𝑐𝑐 − 𝜙𝜙𝑙𝑙 + 𝑆𝑆𝑐𝑐

1
𝑀𝑀
𝜕𝜕𝑀𝑀
𝜕𝜕𝑔𝑔

= 𝜖𝜖 − 𝛿𝛿

𝜙𝜙𝑐𝑐 and 𝜙𝜙𝑙𝑙: FMSE in convective updraft  
and environment
𝑀𝑀: convective updraft mass flux
𝜖𝜖 and 𝛿𝛿: fractional 
entrainment/detrainment rate
𝑆𝑆𝑐𝑐: FMSE source in convective updraft



Open questions

• Can the results in limited-domain RCE be generalized to global storm 
resolving simulations?

• Can a different sub-grid diffusion scheme lead to different resolution 
dependence?



Vertical resolution dependence

Jenney et al. 2022

Reducing grid size horizontally and vertically 
have opposite effect on anvil fraction, why?

How should we deal with these resolution 
dependence? What is the truth?



Summary
>> Anvil cloud fraction keeps increasing in RCE simulations with finer horizontal resolution
>> By decomposing anvil cloud fraction as the product of detrainment and lifetime, we find 
that the increase of anvil cloud fraction is primarily due to the increase of detrainment 

Several factors may contribute to the increase of detrainment:
• With Single-moment microphysics scheme:
>> Finer resolution increases the perimeter per unit area cloud, which increases the 
exposure and mixing of clouds to environmental air and leads to more latent cooling in the 
environment
>> Enhanced environment latent cooling leads to stronger environmental subsidence and 
convective updrafts
• With Morrison double-moment microphysics scheme:
>> The weaker upper-troposphere stability requires larger environmental subsidence to 
balance the similar amount of radiative cooling, leading to greater horizontal cloud mass 
detrainment and higher anvil cloud fraction



Temperature 
profile change



Surface precipitation change in the 1MOM run
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