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Cloud drop collisional growth shapes 
Earth’s water cycle & energy budget.

• Initiates warm rain
• Regulates warm 

cloud precipitation 
efficiency  
• Shapes cloud 

radiative & 
precipitation 
properties
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Global climate models overestimate drop 
collisional growth relative to satellite obs.   
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We catalog CMIP6 global models’ 
representations of collisional growth.
Coupled Model Intercomparison Project Phase 6 (CMIP6)
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CMIP6 microphysics parameterizations 
share fundamental structural assumptions.
Coupled Model Intercomparison Project Phase 6 (CMIP6)
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Condensed liquid water is divided into 2 
categories loosely based on drop size.
CMIP6 shared assumption 1

increasing liquid drop size

category 1:
cloud drops

small

category 2:
raindrops

big
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2 category collision-coalescence 
has 4 components: 
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2 category collision-coalescence 
has 4 components: 

autoconversion 
is the problem 
component



Why is autoconversion the 
problem component?
early collisional growth: 
~autoconversion (r ≲ 40-60 μm)
• highly nonlinear
• < ṁ > ∝  m3

• “lucky” drops can runaway 
from smaller drop mode 

• sensitive to small changes 
in DSD
• probability of collision 

extremely sensitive to both 
drop sizes 

late collisional growth: 
~accretion (r ≳ 40-60 μm)
• approximately linear
• < ṁ > ∝  m

• not sensitive to small 
changes in DSD
• probability of collision not 

sensitive to smaller drop 
size 

Berry (1967), Long (1974), Kokubo & Ida (1996, 1998), Kostinski & Shaw (2005) 

DSD = drop size distributions 



increasing liquid drop size

category 1:
cloud drops

small

category 2:
raindrops

big

autoconversion
cloud drop + cloud drop = raindrop

Autoconversion is the only “process” that 
can create raindrops in warm clouds.
CMIP6 shared assumption 2



Rauto = f(L1,N1)

Autoconversion rate is a function of 
cloud category mass & number conc.

increasing liquid drop size

category 1:
cloud drops

small

category 2:
raindrops

big

autoconversion
cloud drop + cloud drop = raindrop

CMIP6 shared assumption 3



Cotton (1972) critiqued autoconversion 
schemes for neglecting “cloud aging.”

many other critiques tied to this issue                                                                                       
e.g., Seifert & Beheng (2001), Liu & Daum (2004), Seifert & Rasp (2020), Igel et al. (2022)
 



Cotton (1972) critiqued autoconversion 
schemes for neglecting “cloud aging.”

50+ years later, this critique is still 
applicable to CMIP6 models. 



CMIP6 assumptions ⟹ neglect 
autoconversion’s evolution with cloud aging.
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SCHEMATIC.
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CMIP6 assumptions ⟹ neglect 
autoconversion’s evolution with cloud aging.



If cloud aging is slow relative to drop 
lifetime against evaporation, warm 
clouds will not rain.
e.g., Seifert & Stevens (2010), Feingold et al. (2013) 
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@ t2 :

@ t3 : neglect 
cloud 
aging

NASA

MICRO MACRO

2
Are shared CMIP assumptions about autoconversion an 
important structural error in climate models?   



Do we need to kill the flawed but 
resilient autoconversion paradigm? 
Test CMIP6 autoconversion 
assumptions via
1) in situ observations
2) process model (LES) CPE 

framework

n) CMIP-class global model Auto
conversion

Reports of my 
death are greatly 

exaggerated.

LES = large eddy simulation
CPE = calibrated physics ensemble

.

.

.



1) Is the neglected aging regime 
important? Test with observations!
Use in situ DSD 
observations from 
HOLODEC instrument
• measure drop radii   

(5-1000 μm)                 
in ~10 cm-3 volume

in warm marine 
boundary layer clouds
• ACE-ENA                 

(North Atlantic)
• CSET (East Pacific)
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HOLODEC PI: Raymond Shaw, HOLODEC data processing: Susanne Glienke



How to assess aging regime with only 
“snapshots” of cloud microphysical state?

consistent 
with aging regime

• Drops of r ≳ 40-60 
μm have exited 
highly nonlinear 
collisional growth 
regime

• Cloudy air samples 
with 1+ drop of r ≥ 
40 μm are not 
consistent with being 
in aging regime inconsistent 

with aging regime

r ≥ 40 μm

r < 40 μm

SCHEMATIC.
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DSD observations are consistent with a 
frequently occurring aging regime.



2) Attributing structural error to 
autoconversion via CPE framework in LES
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@ t3 : neglect 
cloud 
aging
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(more) MACRO

adapted from Tapio Schneider/Kyle Pressel/Momme Hell/Caltech + Pruppacher & Beard (1970)

parametrized



We constrain a CMIP-like bulk mp in LES 
based on a more complex bin mp using 
ML-enabled Bayesian inference.  

zisj.gg?EEEEmwmgq.E'.jzamm⇒.www.fmmmidqqqpahMBaammmmqq.MYaiqa.azmmmqmqoaq.me. paramagnetismqq.qo.mn#mngmqmaoowqam.a:m
(            )        

(TAU)

LES 
(CM1)

constrain 16 microphysics (mp) parameters

based on a more complex model 

BULK micro-
physics

BIN micro-
physics

LES 
(CM1)

CM1: Bryan & Fritsch (2002)
TAU: Tzivion et al. (1987,1989), Feingold et al. (1988)

similar workflow discussed by Ken Carslaw & Greg Elsaesser yesterday



CMIP-like bulk microphysics scheme 
(similar process rate forms)
• warm 2 moment, 2 category (cloud & rain) bulk scheme
• power laws for collision coalescence & sedimentation 

velocity 
• 16 constrainable parameters
• Rauto = a q1

b n1
2-b

• other processes & numerical implementation follow P3 
Morrison & Milbrandt (2015)

part of BOSS framework by Hugh Morrison, Marcus van-Lier Walqui, Sean Santos
Morrison et al. (2020), van Lier-Walqui et al. (2020) 



Constraining “observations”: mean end 
state properties from 135 bin mp LES 
stratocumulus cases.
• 135 marine stratocumulus cases with variable xenv
• based on DYCOMS II RF 02 Ackerman et al. (2009)

• varied environmental conditions xenv  :                                        
background aerosol + initial water & temperature profiles 
Feingold et al. (2016), Glassmeier et al. (2019) 

• Observations: mean LWP & surface rain rate 
• mean over last 2 hr & full domain for each xenv

LW
P 

[g 
m⁻

²]

0

50

100

150

200

LW
P 

[g 
m⁻

²]

0

50

100

150

200

LW
P 

[g 
m⁻

²]

0

50

100

150

200

LW
P 

[g 
m⁻

²]

0

50

100

150

200

LW
P 

[g 
m⁻

²]

0

50

100

150

200

LW
P 

[g 
m⁻

²]

0

50

100

150

200

LW
P 

[g
 m

⁻²
]

0

50

100

150

200

PPE member liquid water paths 



Process rates for constrained bulk 
scheme largely agree with bin rates—
except autoconversion. 
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Process rates only used to provide weak prior in constraint.
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The constrained power law 
autoconverstion rate PDF straddles 
in/after cloud aging regime.  

log(accretion rate [kg kg⁻¹ s⁻¹])
−15 −13 −11 −9 −7 −5

PD
F 

[{lo
g(

[kg
 kg

⁻¹ 
s⁻

¹])
}⁻¹

]

0.0

0.1

0.2

0.3

log(autoconversion rate [kg kg⁻¹ s⁻¹])
−15 −13 −11 −9 −7 −5

PD
F 

[{lo
g(

[kg
 kg

⁻¹ 
s⁻

¹])
}⁻¹

]

0.0

0.1

0.2

0.3

PDFs for 
individual 
posterior 
parameter 
sets

bin

bulk

mode 1: 
in aging 
regime

mode 2: after 
aging regime

other process rate 
PDFs similar 



autoconversion exponent [ ]
−2 0 2 4 6 8 10 12

PD
F 

[ ]

0.0
0.1
0.2
0.3

accretion
exponent [ ]

0 2
0
1
2

θ | y(xenv
i) constrain each env. condition i separately

po
st

er
io

r

suggests insufficient complexity in autoconversion “process”
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Constraint of autoconversion exponent 
parameter is the most sensitive to xenv. 



Autoconversion repeatedly emerges as 
a source of structural error.
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Future: many strategies to improve early 
stages of parameterized collisional growth!

• 2 category
• add stochasticity Stanford et al. (2019), Vukicevic et al. (2022)
• add memory Seifert & Beheng (2001), Koren & Feingold (2012), Chiu et al. (2021) 
• add third cloud category variable Igel et al. (2022) ADD

• 1 category
• remove artificial categories & track full liquid DSD properties 

Kogan & Belochitski (2013), Igel et al. (2022), Hu & Igel (2024)  

• 3 category 
• add drizzle category Lüpkes et al. (1989), Saleeby & Cotton (2004), Sant et al. (2013

change process functional form, add prognostic variable(s), change prognostic variables 

additional considerations: other microphysical processes, numerical implementation, 
subgridscale variability, computational cost, coupling to other physics modules 



Is it time to kill the flawed but 
resilient autoconversion paradigm? 

Auto
conversion

• CMIP6 models share fundamental assumptions in 
their microphysics parameterizations 
• Autoconversion, their representation of early stages of 

collisional growth (needed to initiate warm rain), 
neglects cloud aging

• Are shared CMIP assumptions about 
autoconversion an important structural error in 
climate models?   
• We add 2 lines of evidence to suggest we should 

be concerned about these assumptions 
• in situ observations
• process model (LES) CPE framework

Kaitlyn Loftus       kaitlyn.loftus@columbia.edu

c. 1963 - 20??


