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• Observations and large-
eddy simulations (LES) 
show that moist convection 
often comprises one or 
more distinctive large 
(cloud-scale) thermal 
structures each with their 
own circulations.

• Important to understand 
dynamics of these thermals 
because they contain 
relatively undilute cloud air 
à thus, key to 
understanding cloud ascent 
and cloud top height. 

Varble et al. (2014) LES 

Figure 17. Example vertical cross sections through deep updrafts in quarter domain DHARMA-2M simulations showing (a–c) MSE (filled) and (d–f ) total condensate
(filled) with vertical velocity (thin black contours: 1 and 5m s!1; thick black contours: 10, 15, 20, and 25m s!1) overplotted. The 100m run is shown in Figures 17a and
17d, the 100 m run degraded to 900m in Figures 17b and 17e, and the 900 m run in Figures 17c and 17f. Note that the MSE scale is slightly changed from Figure 14
because the 100 m run cross sections are shown for an earlier time when boundary layer MSE was greater.

Figure 18. Cumulative distributions of the contribution of 10 km altitude (a) vertical velocity values to total upward mass flux, (b) condensate contents to total
condensate, and (c) upward condensate fluxes to total upward condensate flux for the 1310Z to 1750Z period on 23 January 2006 in DHARMA-2M quarter
domain (88 km by 88 km) simulations. The ~900m horizontal grid spacing, 96 vertical level simulation is shown in black, the ~100m horizontal grid spacing, 192
vertical level high-resolution simulation in solid orange, and the high-resolution simulation degraded to a horizontal grid spacing of ~900m in dashed orange.
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     Large thermals drive the bus…



• Overall flow structure of moist thermals is similar to dry thermals and 
strongly resembles a ring vortex (esp. Hill’s analytic spherical vortex)
 

(e.g., Sherwood et al. 2013; Romps and Charn 2015; Morrison et al. 2021)
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(NOTE: there is a long history of studies on dry convective dynamics informing 
convection parameterizations, e.g., plume models)

Turner (1973)

• Entrain and spread with constant dR/dz (consistent with dimensional 
analysis, laboratory and numerical modeling studies)

• Spreading rate dR/dz depends on initial shape; initially spherical 
thermals have dR/dz ~0.15 (incompressible, unstratified)

• Entrain mainly by engulfing fluid from below the thermal, turbulent 
mixing plays a limited role (Turner 1957; Lecoanet and Jeevanjee 2019)

• Nearly zero or slightly negative dynamic pressure drag (Morrison et al. 
2022a)

• Very little detrainment (Lecoanet and Jeevanjee 2019)

The dynamics of dry thermals are relatively well 
understood...

 Can this inform our understanding of moist thermals? 

The key dynamics of dry thermals:



• Fractional entrainment rate is closely related to the thermal spreading rate, 
dR/dz (R = radius, z = height); detrainment is negligible. Spreading rate 
depends strongly on initial thermal aspect ratio (aspect ratio of the initial 
buoyancy perturbation).

• Thermal growth rate (a = dR/dz) and ascent rate (w) can be well represented 
by an analytic model:

Entrainment in dry thermals
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Results shown for various 
initial thermal aspect ratios Ar.

Morrison et al. (2023)



This provides a fairly complete picture of 
entrainment in dry thermals…

What about moist thermals?

 



A comparison of entrainment in dry 
versus moist (cloud) thermals
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Thermal spreading rate is factor of ~2 
smaller for moist thermals compared to 
dry owing to their different distribution 

of buoyancy and thus baroclinic 
generation of vorticity…
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What about turbulent thermals…
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Main initial findings:

Helps explain why cloud thermals do not expand much as they 
rise (e.g., Hernandez-Deckers and Sherwood 2016; Peters et al. 

2020), yet are substantially diluted.

While overall flow structure is similar between dry and moist 
thermals, their entrainment, detrainment, and dilution behavior 
is different à dry thermals are a poor approximation of moist 

thermal behavior.



Thank you!
Questions?

https://www.flickr.com/photos/nicholas_t/543334336
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