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Atmospheric Chemistry:
Why is it important – Health

CESM Tutorial 2026

(7+ million premature deaths due 
to air pollution per year)

Ozone pollution (NOx, CO, VOC, CH4): 
● Da m a g e s  tis s ue s , c a us e s  infla m m a tion
● C oug hing , c he s t tig htne s s  a nd  wors e ning  of a s thm a

Particulate Matter: PM2.5 and PM10 diameter < 2.5 or 10 μm 
(SO2, VOC, NH3, BC, OC, fine dust):
● C a rd iova s c ula r im pa c ts  ( lung s  a nd  he a rt) , m orta lity

Sources:
● Fire s
● Tra ffic  /  Ind us try  &  Priva te  ( a nthropog e nic )
● Fa rm la nd  /  Ag ric ulture    
● V e g e ta tion
● PM: Dus t s torm s
● PM: V olc a noe s  
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Atmospheric Chemistry:
Why is it important – Climate

CESM Tutorial 2026

● C he m is try  a nd  a e ros ols  inte ra c t with we a the r a nd  the  c lim a te
● Im porta nc e  of d e s c rib ing  ozone  a nd  a e ros ol pre c urs ors
● Im porta nc e  of a e ros ol- c loud  inte ra c tions  in m od e ls

IPCC  AR6 WG1 Technical Report, Figure TS15
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Atmospheric Chemistry:
Why is it important – Stratospheric Ozone

CESM Tutorial 2026

The ozone layer in the 
stratosphere protects 
life from harmful UV, 
through photochemical 
reactions

Accurate modeling is required:
● Im pa c t on tropos phe ric  c he m is try
● Ozone  hole  re c ove ry ( C FC s )

○ e .g . c a us e  of a  s lowing  tre nd
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Atmospheric Chemistry in CESM3

CESM Tutorial 2026

● Mod e le d  proc e s s e s

○ Em is s ions

○ C he m ic a l m e c ha nis m

○ Ae ros ol m od e l a nd  c loud  
inte ra c tions

○ W e t De pos ition

○ Dry De pos ition

● Support
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Models solve the following for each chemical ( 𝜒𝜒)

CESM Tutorial 2026

Ei Em is s ions  
Ci G a s - pha s e -
C he m is try
Ai Ae ros ol- proc e s s e s

( G a s - a e ros ol e xc ha ng e ,
he t c he m .)

Ti Ad ve c tion + Diffus ion
Wi C loud - proc e s s e s

( we t d e pos ition)
Di Dry d e pos ition

Introduction to Atmospheric Chemistry, Daniel J. Jacob 

https://acmg.seas.harvard.edu/education/introduction-atmospheric-chemistry
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Models solve the following for each chemical ( 𝜒𝜒)

CESM Tutorial 2026

Ei Em is s ions  
Ci G a s - pha s e -
C he m is try
Ai Ae ros ol- proc e s s e s

( G a s - a e ros ol e xc ha ng e ,
he t c he m .)

Ti Ad ve c tion + Diffus ion
Wi C loud - proc e s s e s

( we t d e pos ition)
Di Dry d e pos ition

Introduction to Atmospheric Chemistry, Daniel J. Jacob 

it can get expensive very fast! $$$

https://acmg.seas.harvard.edu/education/introduction-atmospheric-chemistry
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Models solve the following for each chemical ( 𝜒𝜒)

CESM Tutorial 2026

Ei Em is s ions  

Introduction to Atmospheric Chemistry, Daniel J. Jacob 

https://acmg.seas.harvard.edu/education/introduction-atmospheric-chemistry
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Emissions in CESM: 4 main “types”

CESM Tutorial 2026

Emissions 
● Surfa c e  e m is s ions :  a nthropog e nic , b iog e nic , b iom a s s  burning  ( fire ) , oc e a n, s oil
● V e rtic a l e m is s ions : ( e xte rna l forc ing s ) : a irc ra ft, volc a noe s , powe r p la nts , ( fire  

optiona l)
● Inte ra c tive : Dus t, b iog e nic , s e a  s a lt, lig htning  NOX, ( fire  optiona l/ e xpe rim e nta l)

Surface concentrations
● Lowe r bound a ry c ond itions  ( g re e nhous e  g a s e s  C O2, C H4 , O3, N2O a nd , long - live d  

g a s e s  C FC s ) . C a n va ry la titud ina lly .

Tg
 C

O

Fire emissions of CO
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Interactive emissions: Dust

CESM Tutorial 2026

Charlie Zender et al. (2003; DEAD)
CESM2/CAM6

Danny Leung et al. (2024; L23)
CESM3/CAM7 (default)

MIDAS (MODIS/Aqua) dust
Gkikas et al. (2021)

horizontal
wind/friction

soil
moisture

AOD from dust

Slid e : Da nny Le ung

( Le ung  e t a l., 20 24 )

https://acp.copernicus.org/articles/24/2287/2024/
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Interactive emissions: Biogenic

CESM Tutorial 2026

The MEGAN- v2.1 algorithm
Emissions for species i:

Fi = γi ∑εi,j χj

whe re
● γi : e m is s ion a c tivity  fa c tor, d e pe nd s  on 

le a f a re a  ind e x ( LAI) , m e te orolog y ( T, 
s ola r ra d ia tion) , le a f a g e , s oil m ois ture , 
with s e pa ra te  lig ht- d e pe nd e nt a nd  
lig ht- ind e pe nd e nt fa c tors

● εi,j : e m is s ion fa c tor a t s ta nd a rd  
c ond itions  for ve g e ta tion type  ( PFT)  j

● χj : fra c tiona l a re a  of PFT j

Guenther et al., GMD, 2012

Slid e : Louis a  Em m ons
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Models solve the following for each chemical ( 𝜒𝜒)

CESM Tutorial 2026

Ei Em is s ions  
Ci G a s - pha s e -
C he m is try
Ai Ae ros ol- proc e s s e s

( G a s - a e ros ol e xc ha ng e ,
he t c he m .)

Introduction to Atmospheric Chemistry, Daniel J. Jacob 

https://acmg.seas.harvard.edu/education/introduction-atmospheric-chemistry
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Tropospheric Chemistry

CESM Tutorial 2026

● Photoc he m is try  
● G a s - pha s e  

c he m is try
● He te rog e ne ous  

c he m is try  
● Aq ue ous  pha s e  

c he m is try
● G a s - to- a e ros ol 

Exc ha ng e

Young et al., 2018, https://doi.org/10.1525/elementa.265
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Stratospheric Chemistry

CESM Tutorial 2026

Comprehensive Stratospheric 
Chemistry
● He te rog e ne ous  re a c tions
● C a ta lytic  C yc le s

WMO2022
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Atmospheric chemistry mechanisms in CESM3

CESM Tutorial 2026

Chemistry mechanism descriptions: https://www2.acom.ucar.edu/gcm/mozart

Slide: Louisa Emmons

Name Description # species

T1 Comprehensive tropospheric 
chemistry; for air quality simulations 179

T2 T1 with detailed terpene chemistry 265

T4 Simpler tropospheric chemistry 
suitable for climate simulations 97

T1S T1 with comprehensive stratospheric 
chemistry 216

T1MA 
(TSMLT)

T1 with stratosphere, mesosphere, 
lower thermosphere chemistry 225

T4S T4 with comprehensive stratospheric 
chemistry 134

SO Specified Oxidants, with GHGs 33

T1S = default
“full-chemistry”

Troposphere 
and 

Stratosphere

T1MA          T1S            T4S           SO

https://www2.acom.ucar.edu/gcm/mozart
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CESM3 Configurations with Chemistry

CESM Tutorial 2026

Fully coupled simulations with chemistry are required to inform GHG chemistry runs

Provides Upper 
Boundary 
Conditions

Trop4 / Strat
Chemistry

T4S: 141 tracers
30% cheaper than 

TS1

As TS 1 but cheaper 
tropospheric  
chemistry for 

c limate

Specified  
Oxidant 

Chemistry

31 tracers
prescribed ozone, 

oxidants , 
aerosol

interactive G HG s 
and tropospheric  

aerosol

oxidants , ozone,
strat. aerosol

Air Quality 
Chemistry

T1S: 231 tracers
T3S: 278 tracers

T5S (halogen  
chemistry): 
277 tracers

MOS AIC /C AR MA

WACCM 

TSMLT->T1MA
234 tracers

Middle 
Atmosphere 

(MA)
100 tracers

Specified 
chemistry -> 
Prescribed 
Oxidants 
31 tracers

Workhors e 
Model 

93L

40 km

80 km

WAC C M 
(High Top 

Model)
135L

Low Top Model
58L

140 km
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CAM7 (Specified Oxidants, SO) vs Full Chemistry

CESM Tutorial 2026

Same atmosphere, physics, resolution
Different chemistry and aerosols - > emissions and coupling
CAM7: Aerosols are calculated, using simple chemistry (with “fixed” oxidants) 
(prescribed: N 2, O2, H2O, O3, OH, NO3, HO2; chemically active: H 2O2, H2SO4, SO2, DMS, 
SOAG)

Limited interactions between Chemistry and Climate
- > prescribed fields are derived using chemistry - climate simulations 

● Pre s c ribe d  ozone  is  us e d  for ra d ia tive  c a lc ula tions
● Pre s c ribe d  oxid a nts  is  us e d  for a e ros ol form a tion
● Pre s c ribe d  m e tha ne  oxid a tion ra te s
● Pre s c ribe d  s tra tos phe ric  a e ros ols
● Pre s c ribe d  nitrog e n d e pos ition 
● Sim plifie d  s e c ond a ry org a nic  a e ros ol d e s c ription

*** Ne w in C AM7 c om pa re d  to C AM6 : G HG  c he m is try  ( oxid a tion, photolys is )  a s  
oppos e d  to fixe d  va lue s , inte ra c tive  SOAG  prod uc tion from  biog e nic  e m is s ions .
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Simplified T4S Chemistry: Climate Simulations

Slide: Jun Zhang

T4S substantially reduces 
computational cost (30%) 
compared to T1S, while 
retaining interactive 
tropospheric chemistry

Interactive biogenic 
emission for secondary 
organic aerosol 
production.

Small differences in 
Tropospheric Ozone and 
AOD compared to T1S 
chemistry.

Tropospheric Column Ozone
T4S

T4S - T1S

T4S

T4S - T1S

AODVIS

CESM Tutorial 2026
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Default Modal Aerosol Model (MAM4)

CESM Tutorial 2026

Representation of 
Sulfates, 
Black Carbon
Organic Carbon, Organic 
Matter (OC, SOA),
Mineral Dust and Sea - Salt

MAM5 : + Stratospheric 
sulfate mode

Slide: Mike MIlls

Primary Carbon:
number
Organic Carbon
Black Carbon

a4

a1a2 a3



Secondary Organic Aerosol Description

Comprehensive Chemistry:
● SOAG formation derived from 

VOCs using Volatility 
Bin/Basis Set (VBS) 

● 5 volatility bins
Interactive with land emissions

Simplified Chemistry (CAM7)
● Updated interactions 

between VOC emissions and 
SOA production

● Interactive with land

Jo et al., 2023, GMDCESM Tutorial 202621

CAM7
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Models solve the following for each chemical ( 𝜒𝜒)

CESM Tutorial 2026

Ei Em is s ions  
Ci G a s - pha s e -
C he m is try
Ai Ae ros ol- proc e s s e s

( G a s - a e ros ol e xc ha ng e ,
he t c he m .)

Ti Ad ve c tion + Diffus ion

Introduction to Atmospheric Chemistry, Daniel J. Jacob 

Free running versus nudged (T, U, V)

https://acmg.seas.harvard.edu/education/introduction-atmospheric-chemistry
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Models solve the following for each chemical ( 𝜒𝜒)

CESM Tutorial 2026

Ei Em is s ions  
Ci G a s - pha s e -
C he m is try
Ai Ae ros ol- proc e s s e s

( G a s - a e ros ol e xc ha ng e ,
he t c he m .)

Ti Ad ve c tion + Diffus ion
Wi C loud - proc e s s e s

( we t d e pos ition)
Di Dry d e pos ition

Introduction to Atmospheric Chemistry, Daniel J. Jacob 

https://acmg.seas.harvard.edu/education/introduction-atmospheric-chemistry
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Wet Deposition

CESM Tutorial 2026

Large - scale and convective precipitation:
uptake of chemical constituents in rain or ice
Considers in - cloud and below - cloud 
scavenging rates and solubility factors of 
aerosol and chemical species
A first - order loss process:

where
Xiscav s c a ve ng e d  s pe c ie s  ( kg )
Xi s pe c ie s
F fra c tion of the  g rid  box from  whic h 

tra c e r is  be ing  re m ove d
λ is  the  los s  ra te

M
ea

n 
N

O
3

w
et

 d
ep

os
iti

on
 m

g/
m

2

Observations

Model

References: (Barth et al., 2000, Neu and Prather 2012, Lamarque et al., 2012)
Im a g e s : De ni Murra y
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Aerosol – Cloud Interactions

CESM Tutorial 2026
E3SM: Wang et al., 2020 (JAMES)
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Dry Deposition Velocity Calculation

Resistance model:

F = deposition flux
C = concentration of species in 10m 
surface layer

Uptake of chemical constituents by 
plants and soil (CLM), depends on 
land type, roughness of surface

CESM Tutorial 2026
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Atmospheric Chemistry in CESM3

CESM Tutorial 2026

● Mod e le d  proc e s s e s

○ Em is s ions

○ C he m ic a l m e c ha nis m

○ Ae ros ol m od e l a nd  c loud  
inte ra c tions

○ W e t De pos ition

○ Dry De pos ition

● Support
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User Support for chemistry modeling in CESM

Wiki Page for Chemistry: 
https://wiki.ucar.edu/display/camchem/Home
MUSICA: Regional Refinement WIki: 
https://wiki.ucar.edu/display/MUSICA

CESM Tutorial 2026

Contact us:
Simone Tilmes
CAWG Co - chair
tilmes@ucar.edu

Rebecca Buchholz
CAWG Liaison
buchholz@ucar.edu

Shawn Honomichl
CAWG Liaison
shawnh@ucar.edu

Forum to search for 
and ask questions:
http://bb.cgd.ucar.edu/ 

Regional Refined

MUSIC A:
Multi- Sc a le  Infra s truc ture  
for C he m is try  a nd  Ae ros ols

https://wiki.ucar.edu/display/camchem/Home
https://wiki.ucar.edu/display/MUSICA
mailto:tilmes@ucar.edu
mailto:buchholz@ucar.edu
mailto:shawnh@ucar.edu
http://bb.cgd.ucar.edu/
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Key takeaways

● Atmospheric chemistry is important in models due to the feedback into the 
earth system. It has impacts on health, weather and climate .

● Adding atmospheric chemistry processes into earth system models requires 
many approximations and parametrizations

○ Considerations include: Emissions, Chemical mechanism, Aerosol model 
and cloud interactions, Transport, Dry Deposition, Wet Deposition

● Models allow us to perform multiple experiments regarding our atmosphere. 
Using the correct model and model configuration is important to correctly 
answer your question.

CESM Tutorial 2026
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