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Figure 7.6 | Change in effective radiative forcing (ERF) from 1750 to 2019 by 
contributing forcing agents (carbon dioxide, other well-mixed greenhouse gases 
(WMGHGs), ozone, stratospheric water vapour, surface albedo, contrails and 
aviation-induced cirrus, aerosols, anthropogenic total, and solar).

IPCC, Climate Change 2021: The Physical Science Basis

https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.ipcc.ch%2Freport%2Far6%2Fwg1%2Ffigures%2Fchapter-7%2Ffigure-7-6%2F&psig=AOvVaw0caz87IKv3e2zpgasASTLl&ust=1756183914667000&source=images&cd=vfe&opi=89978449&ved=0CBkQjhxqFwoTCICfsIaVpY8DFQAAAAAdAAAAABAE
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Sizes:

 1. Bulk

 2. Modal

 3. Sectional

Approaches to modeling aerosols

Mixing states:

 1. External

 2. Internal

 3. Semi-external



“A Study of the Formation and Evolution of 
Aerosols and Contrails in Aircraft Wakes: 
Development, Validation & Application of an 
Advanced Particle Microphysics (APM) 
Model”

Yu, 1998, Ph.D Dissertation, Advisor: Prof. R. Turco

Two versions of APM model: 

2. A simplified and computationally 
efficient APM for integrating with 
3-D global and regional models

1. A comprehensive APM box model for 
detailed particle microphysics studies

 GEOS-Chem (Yu and Luo, ACP, 2009)
 WRF-Chem (Luo and Yu, ACP, 2011)
 NAQPMS (Chen et al., SOLA, 2017)
 IAP-AACM (Chen et al., ACP, 2021)
 CESM2-WACCM (Williamson et al., 

Nature, 2019; Yu et al., under review, 
2025) 

 WRF-CMAQ (Mao et al., JGR, 2025)
 E3SMv3 (Luo et al., to be submitted, 2025)



Advanced Particle Microphysics (APM) for 3-D Models
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■ APM considers particle nucleation, condensation, coagulation, equilibrium/partition, and deposition processes.
■ APM includes 40 size-bins for secondary particle,15 size-bins for OC and BC, 20 size-bins for sea salt, and 15 

size-bins for dust.



chemistry
/microphysics



Binary and Ternary Ion-Mediated Nucleation (IMN) 
and other Nucleation Schemes (Yu and Turco, GRL1997, GRL 2000, 
JGR 2001, ACP 2008, 2011; Yu, JCP 2005, ACP 2006, JGR 2010; Yu et al., 2017, 2018) 

Equilibrium uptake of NH3, HNO3, and H2O: 
ISORROPIA II (Fountoukis and Nenes, ACP, 2007) 

SOA formation: Extended 2-product method which considers 
successive oxidation aging and kinetic condensation (Yu, ACP, 2011) 

Mixing state: Semi-externally mixed that tracks the amount of 
secondary species coated on primary particles (Yu and Luo, ACP, 2009; 
Yu et al., ACP, 2011) 
Validation: Computationally efficient and simulations validated 
by a large number field measurements  (Yu and Luo, 2009, 2010; Yu, 
2010; Luo and Yu, 2011a, b; Yu et al., 2011, 2012; Ma et al., 2012a, b) 

Key features of APM



GEOS-Chem-APM



Computing cost (24-core workstation) 

59+88= 147 tracers

(2ox2.5o , 47 layers, 1 yr) 
Original model
59 tracers
~ 5 day

With APM

~ 11 days

GEOS-Chem

GEOS-Chem-APM (Yu and Luo, 2009)

 Full chemistry (NOx, SOx, 

VOCs, etc.)

 Full size-resolved microphysics

 Offline assimilated meteorology

 Suitable for studies of 

processes and global long-term 

simulations



[H2SO4]

0-1 km 0-1 
km

Hyytiälä

1                 10              100             1000          10000
dN/dlogDp

(#/cm3)

Model

Data 
acknowledgements: 
Prof Markku Kulmala, 
CREATE and 
EUSSAR data base. 1                 10              100             1000          10000

dN/dlogDp
(#/cm3)

Obs

IMN

0-1 
km

[LV-SOG]

0-1 
km

CN
CCN/IN

Ext Coef.
AOD



Clear seasonal variations of particle number concentration 
over Antarctica associated with nucleation  

0-1 km0-1 km

[H2SO4]
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Neumayer

Modeling results are for surface layer
Yu and Luo, Atmosphere, 2010

data references: König-Langlo et al. (1998), Weller and Lampert (2008)



Yu et al., ACP, 2012.

Yu and Luo, 2009; Luo and Yu, 2011.
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Comparison with AOD measurements



Comparison with AOD measurements
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Ma and Yu, 2014
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WRF-Chem-APM



WRF-Chem-APM simulations

Time periods:  April 5-21, 2009; May 5 – 21, 2012

Horizontal resolution: 27km x 27 km

# of grid boxes: 180 X 126 X 30

Computing cost (Intel Xeon, 28 cores):

 1 hour of wall clock for 1-day simulation

Nucleation schemes: 

Baseline:  Ion-mediated nucleation (Yu, 2010)

Sensitivity study: Organics-mediated nucleation 
(Riccobono et al., 2014)
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Comparison of simulated T, RH, Wind direction, and 
wind speed with observations: 

4/7/2009 4/21/2009

Overall reasonable 
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