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OR ?



• “Invigoration” here 

stronger 
updrafts

• Lots of proxies for updraft strength, 
here we use CAPE.



Andreae et al. (2004)



When the ice 
hydrometeors precipitate from a 
parcel, it becomes more positively 
buoyant because of its reduced 
weight

Rosenfeld et al. 2008

unloadingfreezing



Kogan and Martin 1994



GOAL
 

To theoretically assess the 
magnitude of the cold-phase and 

warm-phase invigoration 
hypotheses



DIFFERENCES in CAPE 

To calculate 
Δ𝐶𝐴𝑃𝐸, we need 

to specify 𝑇𝜌(𝑝) → 

need an equation 

for 
𝑑𝑇

𝑑𝑝
 that 

accounts for 
freezing, 

condensate 
loading, and 

supersaturation



Freezing term; 𝜉 is frozen fraction

Supersaturation change 
with pressure

Condensate loading 
impacts these two terms



𝑑ln𝑆

𝑑ln𝑝

𝑑𝜉

𝑑𝑇

𝑟𝐹(𝑝)



Clean Polluted

Condensate 
loading 
assumption

No condensate 
loading

Condensate 
loading until 
freezing, then 
complete 
unloading

Freezing 
assumption

100% ice 
starting at -4oC

100% ice starting 
at -4oC

Condensate unloading 
may not be complete – 
partial unloading may 
occur

Condensate unloading 
is not instantaneous – it 
may occur gradually 
instead

Freezing is not instantaneous at -4oC – it is 
gradual down to -40oC



Clean Polluted

Condensate 
loading 
assumption

No loading

Freezing 
assumption

Linearly freeze between 
-4 and -40 oC

Linearly freeze between 
-4 and -40 oC

Mixed-phase zone

Loading threshold
rF

z

Unloaded 
fraction

The unloaded fraction and 
loading threshold are both 
varied.



Always 
weak  

invigoration
Probably 

weak  
invigoration Probably 

weak  
enervation

Always 
moderate 

enervation

Cloud Base Temperature (K)



Clean Polluted

Condensate loading 
assumption

No condensate 
unloading

No condensate 
unloading

Freezing assumption Linearly freeze 
between -4 and -40 oC

Linearly freeze 
between -4 and -40 oC

Supersaturation 
assumption

Equilibrium SS of 20% Equilibrium SS < 20%





Δw
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