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𝑀~𝜌𝑤𝑅!
Vertical mass flux scales as radius 

squared

𝑒~𝜌𝑢𝑅

Horizontal mass uptake e rate with 
height scales as radius

Fractional entrainment 𝜀 scales e/M, 
and therefore inverse radius

𝜀~ #𝑒 𝑀~𝑅"#
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FIG. 13. Scatterplots of fractional entrainment rate e (y-axis) with various quantities (x-axis): a) vertical

velocity w, b) the ratio of buoyancy and vertical velocity squared B/w2, c) inverse height z�1, d) inverse updraft

radius R�1, e) environmental relative humidity RH , and f) buoyancy B. Each red dot indicates a data point

obtained from the theoretical expressions by randomly sampling over ranges of R, RH , updraft top height, and z

(see text for details). Linear correlation coefficients are shown in each plot.
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From Morrison et al. 
(2020), JAS

Theoretical relationship



From Peters et al. 
(2019), JAS

As radius increases (to the right), dilution 
decreases (upward)

Whole 
model run 
averages

Individual 5-
minute time 
snapshots



Strong correlations 
with inverse radius

Weaker correlations with 
rotational characteristics

From Peters et al. 
(2020a), JAS



How does vertical wind shear 
influence cloud width?



From Peters et al. 
(2019), JAS

Weak shear Moderate Shear Strong Shear

Distribution of updraft radii among CRM 
simulations



Strong correlations 
with inverse radius

Weaker correlations with 
rotational characteristics

From Peters et al. 
(2020a), JAS
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Using vertical wind shear to 
predict updraft width, 

entrainment, in a “smart 
entraining CAPE” calculation



CAPE (for undilute parcel)

Background sounding: T, 
RH, wind, etc

Entrainment Diluted 
buoyancy

Vertical 
velocity/kinetic energy

Tradition 
entraining CAPE



Shear CAPE (for undilute parcel)

Background sounding: T, 
RH, wind, etc

Updraft 
radius

Entrainment Diluted 
buoyancy

Vertical 
velocity/kinetic energy

New formula
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FIG. 3. A comparison of different theoretical w values (x axis, m s-1) vs. 1-hour averages of the instantaneous

maximum in w (y axis, m s-1) in the N20 runs (panel a), and theoretical w values vs. the average over all wNET

(y axis, m s-1) along trajectories in the P19 and P20 simulations (panel b). Solutions for wt,B (blue dots), for

ECAPE with e = 1⇥10�3 (green + symbols), ECAPE with e = 3⇥10�3 (purple + symbols), and MUCAPE

(red circles).One-to-one lines are shown in black. Root-mean square errors (RMSE) are shown in the legends.

The 1-2 hour average of the domain maximum w was used from the N20 simulations.
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New formula 
(blue dots)

ECAPE with 
two different 
entrainment 
rates: green
and purple

Traditional 
MUCAPE: 
red



Outstanding problems

• How do assumptions about updraft structure (i.e. plumes vs 
thermals) affect entrainment?

• What environmental factors other than vertical wind shear control 
updraft radius, particularly when shear is week?

• Entrainment is a notoriously nebulas process – how do we reconcile 
the various methods for defining and measuring these quantities?  Is 
there an obvious method that is optimal?

• How do we improve the treatment of entrainment in cumulus 
parameterizations based on the fundamental knowledge we have 
gained?


