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Lecture 11. New particle formation in the atmosphere
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Nucleation Mechanisms

Binary Homogeneous Nucleation (BHN)

Ternary Homogeneous Nucleation (THN)

Ternary IMN (TIMN)

Ternary Nucleation with Amines 

Unary Homogeneous Nucleation (UHN)

H2O + H2SO4

H2O

H2O + H2SO4 + NH3

H2O + H2SO4 + NH3 + Ions 

H2O + H2SO4 +  Amines 

Organics-mediated Nucleation H2O + H2SO4 + Organics w/o ions

Ion-Mediated  Nucleation (IMN) H2O + H2SO4 + Ions 

Pure Organics Nucleation Organics w/o Ions
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Key parameters controlling atmospheric new 
particle formation and implications

JBHN = J ([H2SO4], RH, T)

JTHN = … + [NH3]

JATHN = … + [Amines]

JIMN =  J ([H2SO4], RH, T, Q,  S0)

JTIMN =  J ([H2SO4], [NH3], RH, T, Q, S0)

Jnucl_org = … + [Organics] + ions

Jpure_org = [Organics] + ions

…

Questions/Comments ?

Negative climate feedback mechanism: CLAW hypothesis

Charlson, R. J., J. E. Lovelock, M. O. Andreae, S. G. Warren, Oceanic phytoplankton, 
atmospheric sulphur, cloud albedo and climate, Nature, 326, 655-661, 1987.
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Solar activity and 
Earth’s climate

Little     Ice     
Age

GCR CN CCN Radius of 
cloud drops

Solar 
activity

Cloud albedo

Precipitation
Earth’s 

Temperature Cloud cover

Yu, JGR, 2002
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Water unary homogeneous nucleation
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H2SO4-H2O

ia =    1 2 3 ia ia*

ib = ib(1) ib(2) ib(3) ib(ia) ib(ia*)

(Yu, JCP, 2005a, 2007)

Kinetic Quasi-Unary Nucleation (KQUN)
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NH3 may enhance nucleation by stabilizing clusters (i.e., 
reducing evaporation rate)
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Effect of NH3: Theory versus experiments

< 1 order of magnitude (Kim et al., 1998: [NH3] = 0.71 -3.6 ppm; 
Christensen,1994; Diamond et al., 1985)

THN theory
(Coffeman and Hegg, 1995; Korhonen 

et al., 1999; Napari et al., 2002):

~ many orders of magnitude
([NH3] = 15 ppt)

Laboratory experiments

Enhancement of NH3

on nucleation rate:

unobvious (Nolan, 1987)

1-2 orders of magnitude (Ball et al., 1999: [NH3] = 80, 170 ppt)

If the laboratory 
measurements are real, our 
study indicates that the effect 
of ammonia on H2SO4-H2O 
homogeneous nucleation is 
very limited (Yu, JGR, 2006) .

Critical cluster

i=    1 2 3 4 i i*

i i

Kinetic THN (Yu, JGR, 2006)

FNH3 based on vapor pressure 
measurements: Depend 
strongly on the degree of 
neutralization.

[NH4
+]:[SO4

2-] ratio
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Classical thermodynamics (based on 
liquid droplet model): most of the 
sulfuric acid in the atmosphere is 
bound to stable ammonium bisulphate 
clusters (Anttila et al., Boreal Env. Res., 2005, 
Merikanto et al., JGR, 2007).

.

(Nadykto and Yu, 2006)

G 
(kcal/mol)SHreaction

-7.77  
(~-8.5)a-30.01-16.72

H2SO4+NH3 
(H2SO4)(NH3)

(a Hanson and Eisele, 2002)

DFT PW91PW91/6-311++G(3df,3pd)

Most of H2SO4 in the 
atmosphere is in the form 
of (H2SO4)(H2O)n, 
not (H2SO4)(NH3).

(H2SO4)(NH3) typically 
<0.1%
Nadykto et al., ACP, 2008.
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RH=4.6%, T=295 K
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KQUN
KTHN, FNH3=2

Classical THN model, [NH3] = 1 ppt
Classical THN model, [NH3]=10 ppt

Updated THN model, [NH3] = 1000 ppt
Updated THN model, [NH3] = 100 ppt

(based on Napari et al., 2002) (based on Merikanto et al., 2007)

(based on Yu, 
2006, 2007)

Understanding the role of ions in new 

particle formation in the atmosphere
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Classical Kelvin-Thomson (CKT) equation (Thomson, 1888):

Classical ion induced nucleation theory

Fundamental inconsistency exists 
between the general form of the 
CKT expression and the 
properties of small cluster ions 
(Holland and Castleman, 1982).
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Yu, 2005b

Dipole-charge interaction is important

Nadykto and Yu, 
2004;
Yu, 2005b

Modified Kelvin-Thomson equation:
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Yu, 2005b

Clustering enthalpies for protonated clusters: H+Xn-1 + X  H+Xn

(X = H2O, NH3, CH3OH, and C5H5N)

+

1 10
n

0

10

20

1 10
n

5

15

25

MKT Equ. with f = r  /r
 CKT Equation

MKT Equ. with f = 1

NO3 (HNO3)n ---> NO 3 (HNO3)n-1 + HNO3 HSO4
- (H2SO4)n ---> HSO 4

- (H2SO4)n-1 + H2SO4  (T=300 K)(T=293 K)

ΔG
n,

 n
-1

0
 (

kc
al

/m
ol

)

ΔG
n,

 n
-1

0
 (

kc
al

/m
ol

)

- -

    Data from Davidson et al., 1977
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Ion-mediated nucleation (IMN) model

Yu, ACP, 2006

Ion-mediated nucleation (IMN) model

1. Compositions of small charged clusters were 
parameterized based on H2O-ions clustering 
thermodynamic data from Froyd and 
Lovejoy (JPC, 2003).

2. Evaporation coefficients of H2SO4 molecules 
from charged clusters were calculated with 
Modified Kelvin-Thomson (MKT) equation 
which gives good agreement with ion-
clustering thermodynamic data (Yu, JCP, 
2005b; Yu, ACP, 2006).

3. Evaporation coefficients of H2SO4 molecules 
from neutral clusters were calculated with 
the most recent thermodynamic data for 
H2SO4-H2O binary system and were 
constrained by multiple laboratory data sets 
(Yu, JCP, 2007). 

Yu, ACP, 2006
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Ternary Ion-Mediated Nucleation (TIMN): 

Controlling Parameters

CERN CLOUD 
chamber

Kirkby et al., Nature, 2011
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Kinetic-based H2SO4-H2O-NH3 ternary ion-mediated 
nucleation (TIMN) model 

Yu et al., ACPD, 2018

Geometries of the most stable isomers of (a) (NH3)(H2SO4)(H2O)5, (b) 
(NH3)1(H2SO4)4, (c) (H3O

+)(H2SO4)2(H2O)5, (d) (NH4
+)(H2SO4)(H2O)6, (e) 

(HSO4
-)(H2SO4)3(NH3)(H2O)3, (f) ((CH3)2NH)2(H2SO4)3, (g) 

(H2SO4)2[(CH3)2NH]1(H2O)4, (h) (H2SO4)2[(CH3)2NH]2(NH3)2, (i) 
(C10H14O7) (H2SO4) (H2O), calculated at PW91PW91/6-311++G(3df,3pd) 
level of theory.

Quantum chemistry (QC) studies of neutral and charged clusters
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Kinetic-based H2SO4-H2O-NH3 ternary ion-mediated 
nucleation (TIMN) model 

Yu et al., ACPD, 2018

Kinetic-based H2SO4-H2O-NH3 ternary ion-mediated 
nucleation (TIMN) model 

Yu et al., ACPD, 2018
T=292 K, RH=38%, [H2SO4]=3x108 cm-3, [NH3]= 0.3 ppb 

Neutral

Positive

Negative
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References:  CLOUD data and CLOUDpara (Dunne et al., 2016)
ACDC (McGrath et al., 2012; Kürten et al., 2016)

CLOUDpara
(dashed lines):
Dunne et al., 
Science, 2016

TIMN (solid lines):
Yu et al., ACP, 2018
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CLOUDpara
(dashed lines):
Dunne et al., 
Science, 2016

TIMN (solid lines):
Yu et al., ACP, 2018

6-dimensional TIMN lookup table

JTIMN =  J ([H2SO4], [NH3], RH, T, Q, S0)

Ionization rate

Surface Area

Ternary Homogeneous 
Nucleation (THN)

Q = 0 

Binary ion-mediated 
nucleation (BIMN)  

[NH3]=0 

Binary Homogeneous 
Nucleation (BHN)

[NH3]=0 

Q = 0 
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https://gmd.copernicus.org/articles/13/2663/2020/

https://zenodo.org/records/3483797

31

32



10/1/2025

17

33

34



10/1/2025

18

Understanding the role of organics in 

new particle formation in the atmosphere
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