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Köhler curve
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𝑆!" 𝑟, 𝑟# , 𝜅, 𝑇 =
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Surface tension of pure water
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2 0 𝜎 𝑇
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Surface tension of pure water
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𝑆 𝑟, 𝑇 = exp
2 0 𝜎 𝑇
𝑟𝜌%𝑅&𝑇

= exp
𝐴(𝑇)
𝑟

𝑇➚	 ➙	 𝐴 𝑇 ➘
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Köhler curve 
temperature dependance
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𝑆!" − 1 =
𝐴 𝑇
𝑟

−
𝜅𝑟#$

𝑟$

𝑇➚	 ➙	 𝑆∗	➘ 𝑟∗ ➚

𝑟∗ = 3 ⁄𝜅𝑟#$ 𝐴(𝑇)

𝑆∗ − 1 = ⁄4𝐴 𝑇 $ 27𝜅𝑟#$	
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Köhler curve for different solute 
amount
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𝑟F➚	 ➙	 𝑆∗➘	 𝑟∗ ➚

𝑆!" − 1 =
𝐴 𝑇
𝑟

−
𝜅𝑟#$

𝑟$

𝑟∗ = 3 ⁄𝜅𝑟#$ 𝐴(𝑇)	

𝑆∗ − 1 = ⁄4𝐴(𝑇)$ 27𝜅𝑟#$	
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Köhler curve for different solute
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𝜅➚	 ➙	 𝑆∗➘	 𝑟∗ ➚

𝑆!" − 1 =
𝐴 𝑇
𝑟

−
𝜅𝑟#$

𝑟$

𝑟∗ = 3 ⁄𝜅𝑟#$ 𝐴(𝑇) ∝ 𝜅

𝑆∗ − 1 = ⁄4𝐴(𝑇)$ 27𝜅𝑟#$ ∝ H1 𝜅	

Sodium chloride NaCl
𝜅=1.28

Ammonium nitrate NH4NO3
𝜅=0.67



Cloud Physics (2026-2027) Activation-2
/3910

𝑟∗ = 3 ⁄𝜅𝑟#$ 𝐴(𝑇)

𝑆∗ − 1 = ⁄4𝐴(𝑇)$ 27𝜅𝑟#$	

𝑟∗ 𝑆∗ − 1 =
2
3𝐴(𝑇)

𝑟∗ ∝ 𝑟#
$/* 𝑟∗ ∝ 𝜅

Dependence of activation/critical parameters on 𝑟# is stronger than on 𝜅:

• Hygroscopicity Range (𝜅 ∈ 0.2,1.4 ): Variations in chemical composition alter critical 
parameters (𝑆') by a factor of ≤ 2.5.

• Dry Radius Range (𝑟# spans > 1 order of magnitude): Variations in dry size influence 
critical parameters by a factor of ≥ 30.
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Equilibrium conditions

𝑟∗ = 3 ⁄𝜅𝑟#$ 𝐴(𝑇)

𝑆∗ − 1 = ⁄4𝐴(𝑇)$ 27𝜅𝑟#$	

Stable equilibrium

𝑑𝑆
𝑑𝑟 > 0

𝑟 < 𝑟∗

Unstable equilibrium

𝑑𝑆
𝑑𝑟 < 0

𝑟 > 𝑟∗

any random fluctuation in 
droplet size triggers a 
negative feedback 
mechanism that restores 
the droplet to its original 
equilibrium radius 𝑟!" 

any perturbation in 
droplet size triggers a 
positive feedback loop, 
driving the droplet away 
from its unstable 
equilibrium state
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𝑆 − 1 < 0

If environmental supersaturation 𝑆 − 1 < 0	 undersaturated! there is only one equilibrium point.
Droplet with radius 𝑟!" is in stable equilibrium with the environment. 

Droplets with 𝑟 < 𝑟!" will grow and droplets with 𝑟 > 𝑟!" will evaporate to reach equilibrium at 𝑟 = 𝑟!"
where 𝑆 = 𝑆!" 𝑟!" .

environmental
supersaturation

𝑟!" xrange [0.08,	0.8]	𝜇m
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𝑆 − 1 < 𝑆∗ − 1

If 𝑆 − 1 > 0	 and 𝑆 < 𝑆∗	there are two equilibrium points 𝑟!"$ and 𝑟!"%.
Droplets with 𝑟 < 𝑟!"$ will grow and droplets with 𝑟!"$ < 𝑟 < 𝑟!"% will evaporate 

to reach equilibrium at 𝑟 = 𝑟!"$ where 𝑆 = 𝑆!" 𝑟!"$ .
Droplets with 𝑟 > 𝑟!"% will spontaneously grow by condensation.

environmental
supersaturation

𝑟!"( 𝑟!"* xrange [0.08,	0.8]	𝜇m
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𝑆 − 1 > 𝑆∗ − 1

If 𝑆 > 𝑆∗ the environment is supersaturated with respect to all droplets. 
All droplets will grow by condensation. 

environmental
supersaturation

xrange [0.08,	0.8]	𝜇m
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Equilibrium conditions

If 𝑆 < 𝑆∗ :
In the stable regime droplets adopt their size to get into equilibrium with the environment; i.e. 
𝑆!" 𝑟!" = 𝑆.
In the unstable regime droplets either evaporate to reach equilibrium 𝑆!" 𝑟!" = 𝑆 or they grow 
spontaneously by condensation.
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Droplet activation; cloud 
condensational nuclei

• Activation: The transition from stable 
equilibrium (𝑟 < 𝑟∗) to an unstable, 
spontaneous growth regime (𝑟 > 𝑟∗) driven 
by ambient supersaturation.

• Defines the critical supersaturation (𝑆∗) and 
critical radius (𝑟∗) required for 
unconstrained droplet growth.

• Cloud condensation nuclei (CCN) : Aerosol 
particles with sufficient size and solute 
content to activate at a prescribed 
supersaturation. 

• The concept of activation is fundamental to 
determining how aerosol particles function 
as CCN and establish the initial droplet size 
distribution and microstructure of clouds.

/3916
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Activation
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• Activation Criterion: Droplets activate only if their critical supersaturation is lower than the ambient 
value 𝑆∗ 𝑟& < 𝑆!'(	. 

• Size Threshold: In the depicted scenario, only aerosol particles with dry radii 𝑟& > 0.03𝜇𝑚	activate. 
• Sequential Activation:

• Initial/Low 𝑆!'(: Larger CCN activate first (lower 𝑆∗).
• Rising 𝑆∗: Progressively smaller CCN cross their activation threshold. 

environmental
supersaturation,

𝑆!1& − 1
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CN condensation nuclei
CCN cloud condensation nuclei
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CN (condensation nuclei) aerosol particles that can become water drops for 
supersaturation <400%

CCN (cloud condensation nuclei) are defined for a given saturation S

Critical supersaturation 

𝑟#,'3 =
4𝐴$

27𝜅 𝑆 − 1 *

4( $

For a given environmental saturation 𝑆!1& all 
particles for which 𝑟# > 𝑟#,'3 will be 
activated/

𝑆∗ − 1 = ⁄4𝐴(𝑇)$ 27𝜅𝑟#$	

In this figure 𝑟#,'3 = 0.03𝜇𝑚.

𝑆!1& − 1
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Log-normal distribution
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𝑛 𝑟# =
𝑑𝑁(𝑟#)
𝑑𝑟#

=
𝑁

2𝜋	𝑟# ln 𝜎	
exp −

ln 𝑟# − ln 𝑟#,5
*

2	𝑙𝑛*𝜎 	 𝑐𝑚-$𝜇𝑚-(
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Log-normal distribution
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𝑛% 𝑟# =
𝑑𝑁(𝑟#)
𝑑 log 𝑟#

= 𝑟# 𝑛(𝑟#)ln 10 = 	
𝑁 ln 10
2𝜋	ln 𝜎	

exp −
ln 𝑟# − ln 𝑟#,5

*

2	𝑙𝑛*𝜎 	 𝑐𝑚-$
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CN condensation nuclei
CCN cloud condensation nuclei
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CN (condensation nuclei) aerosol particles that can become water drops for 
supersaturation <400%

CCN (cloud condensation nuclei) are defined for a given supersaturation S
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ACTIVATION SPECTRUM

Quantifies the cloud-forming propensity of an aerosol population as a 
function of supersaturation, 𝑁!!" 𝑆 .

Represents the cumulative number concentration of particles activated into 
cloud droplets at or below a given supersaturation, 𝑆.

These spectra are experimentally determined using cloud condensation 
nuclei (CCN) chambers, in which low supersaturations (typically 𝑆 ≤ 1 − 2%) 
can be precisely generated and controlled.
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Activation spectrum
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𝑁667 = Y
3!,#$
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𝑟#,'3 =
4𝐴$

27𝜅 𝑆 − 1 *
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𝑁 = 𝐶 0 𝑆9

C concentration of particles activated for S=1%
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Activation spectrum
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𝑠 = 0.01	%
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Activation spectrum
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Activation – where it happens ?

• Activation occurs near cloud base as ascending updrafts drive adiabatic cooling and 
generate peak supersaturation, 𝑆5:;.

• Under typical atmospheric conditions, CCN activation is confined to the first 30–50 m 
above cloud base. However, in vigorous convective updrafts with vertical velocities on 
the order of 10	𝑚𝑠-(, supersaturation can exceed 1%, sustaining activation higher into 
the cloud column. 

• The peak value of the supersaturation determines the fraction of available CCN that are 
activated. 𝑆5:; dictates the activated fraction ( ⁄𝑁667 𝑁67), set by the competition 
between updraft cooling rates and water vapor depletion via diffusional droplet 
growth.

• Cloud droplet number concentration (𝑁#) is set by the aerosol activation spectrum 
𝑁667 𝑆  at peak supersaturation achieved during cloud formation.

– clouds forming in continental or polluted environments typically exhibit significantly 
higher droplet number concentrations than those developing in marine or pristine 
maritime environments, where aerosol background concentrations are 
substantially lower.

/3932
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Aerosol Characterization 
Experiment ACE2

/3933
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ACE2
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Aerosol
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Aerosol
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Second Aerosol Characterization Experiment 
(ACE2) 

June-July 1997,
Stratocumulus clouds over the Atlantic 

/3937

Cloud divided into 5 layers. 
Cloud droplet concentration reflects fairly well the activation process at the cloud base.
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Cloud droplets number concentration

PRISTINE POLLUTED
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