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Atmospheric Chemistry:
Why is it important  — Health

Ozone pollution (NOx, CO, VOC, CH4):
e Damages tissues,causes inflammation
e Coughing, chesttightness and worsening of asthma

Particulate Matter: PM2.5 and PM10 diameter < 2.5 or 10

(SO2, VOC, NH3, BC, OC, fine dust):
e Cardiovascularimpacts (lungs and heart), mortality

Sources:
Fires
Traffic / Industry & Private (anthropogenic)
Farmland / Agriculture
Vegetation (7+ million premature deaths due

PM: Dust storms to air pollution per year)
e PM:Volcanoes
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Why is it important  — Climate
(a) Effective radiative forcing (b) Change in global surface temperature
1750 to 2019 1750 to 2019
Emitted Components
co, —— | +
N,O .. Climate effect through:
Carbon dioxide (CO3)
CFC + HCFC + HFC - = N0
NOy _- mm CFC + HCFC
e
NMVOC + CO =_ ‘H_ B Methane (CH,)
SO; { { I Ozone (03)
Organic carbon —E B H,0 (strat)
_ﬁ 1 Aerosol-radiation
Black carbon _H_ B Aerosol-cloud

Ammonia 4 Sum
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W m=2 'C
" IPCC AR6 WG1 Technical Report, Figure TS15

e Chemistry and aerosols interact with weatherand the climate
e Importance of describing ozone and aerosol precursors
e Importance of aerosol-cloud interactions in models
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Atmospheric Chemistry:
Why is it important  — Stratospheric Ozone

Ozone in the Atmosphere

UV Protection by the Stratospheric Ozone Layer

351

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

30

Stratospheric

25 Ozone

Ozone Layer

20—

Altitude (miles)

Altitude (kilometers)

15

—— Accurate modeling is required:
Ozone e Impacton tropospheric chemistry
e Ozone hole recovery (CFCs)
o e.g.cause ofa slowing trend

w

Largest increases
from air pollutants

|
e / o —

Ozone abundance ———»

0
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Atmospheric Chemistry in CESM3 & | @ NCAR
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e Modeled processes
o Emissions
o Chemicalmechanism

| o Aerosol modeland cloud
SRR interactions

[ TROPOSPHERE

Evaporation - - : BOUNDARY O W e t De p 0OS itiO n

and Convection L LAYER

- Sulfur
DEP%SFITION anilsﬂms

o Dry Deposition
e Support

e
P
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Models solve the following for each chemical (

ot

dx (i
240, = Sources(i) — Sinks(i) = E; + C; + A; + T; — Wj — D;

Atmospheric
! lb OX"

| Chemical Chemical |
| production p loss

L |
inflow Fy, | | outflow F

E D |
| |

Emission Deposition
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E Emissions

C; Gas-phase-

Chemistry

A; Aerosol-processes
(Gas-aerosol exchange,
hetchem))

7; Advection + Diffusion

Wi, Cloud-processes

(wet deposition)
D; Dry deposition

Introduction to Atmospheric Chemistry, Daniel J. Jacob
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Models solve the following for each chemical (

ot

it can get expensive very fast! $$$

dx (i
240, = Sources(i) — Sinks(i) = E; + C; + A; + T; — Wj — D;

Atmospheric
! lb OX"

| Chemical Chemical |
| production p loss

L |
inflow Fy, | | outflow F

E D |
| |

Emission Deposition
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E Emissions

C; Gas-phase-

Chemistry

A; Aerosol-processes
(Gas-aerosol exchange,
hetchem))

7; Advection + Diffusion

Wi, Cloud-processes

(wet deposition)
D; Dry deposition

Introduction to Atmospheric Chemistry, Daniel J. Jacob
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Models solve the following for each chemical ( X)

dx (i)
at

= Sources(i) — Sinks(i) = E;

Atmospheric

"box" Emissions

~.

<

Emission
° CESM Tutorial 2026 Introduction to Atmospheric Chemistry, Daniel J. Jacob



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

\

Emissions in CESM: 4 main “types” ZANCAR
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Emissions

e Surface emissions: anthropogenic, biogenic, biomass burning (fire),ocean, soil

e Verticalemissions: (externalforcings):aircraft,volcanoes, power plants, (fire
optional)

e Interactive:Dust, biogenic,sea salt, lightning NOX, (fire optional/experimental)

Surface concentrations

e lower boundary conditions (greenhouse gases C0O2,CH4,03,N20 and, long-lived
gases CFCs).Can vary latitudinally.

I ST IR |
=
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Interactive emissions: Dust

Faustemis = Faustemis(Us, W) becomes Fiustemis = Fdusiemis\ e W, Zo,rock’ LAI o)
L )
;
f \ Subtimestep wind

soil (Leung etal., 2024) Drag partition '
due to surface following the
similarity theory

moisture
roughness

horizontal
wind/friction

Danny Leung et al. (2024; L23) MIDAS (MODIS/Aqua) dust

Charlie Zender et al. (2003; DEAD)

AOD from dust

0.0 Slide: Danny Leung
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https://acp.copernicus.org/articles/24/2287/2024/

Interactive emissions: Biogenic

CLM-MEGANV2.1: Isoprene (micro-moles/m2/hr)
1 " " 1 " N

50N Y 0 /; 1300
] r 4 gg

40N - = - 3
4 i 4

3

30N g = § 712

° ‘,‘; 1

LY 5

P
, . : : ;
120W 90W

Guenther et al., GMD, 2012
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The MEGAN - v2.1 algorithm
Emissions for species i:

Fi=vi 25X

where

e y,:emission activity factor,depends on
leafarea index (LAl), meteorology (T,
solarradiation),leafage,soil moisture,
with separate light-dependent and
light-independent factors

e g;:emission factoratstandard
conditions for vegetation type (PFT) j

e x;:fractionalarea of PFT |

Slide: Louisa Emmons



Models solve the following for each chemical ( X)

Ay (i
)gg ) = Sources(i) — Sinks(i) = @

Atr'posptheric E Emissions
F————— = — - — - - — = = ., box C Gas-phase-
) Chemistry
Chfi]g‘sl;al A, Aerosol-processes

"IZ (Gas-aerosol exchange,
X . hetchem.)

Emission

13 CESM Tutorial 2026 Infroduction to Atmospheric Chemistry, Daniel J. Jacob
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Tropospheric Chemistry & | @ NCaR

. Sl Sefrors - ® Photochemistry
stratosphere 1 l _______________________________ e Gas- P hase
REER 3H chemistry
Advection h . R4.C0.0; Advection EE e Heterogeneous

OHUHZQ | 52 chemistry

s E e Aqueous phase
) ____________ e J chemistry

- e Gas-to-aerosol

Boundary
Layer

Chemu:a""
IF:'r«:-dur:i;mri" Mixing Mixing

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

Exchange
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Stratospheric Chemistry
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Ozone Destruction Cycle 1 : Upper Stratosphere

,):\ 7 v \ / \/’ */;3\/

Chlorine

ClO+0O i Cl+0O Ozone
REACTION cit;lﬁlc REACTIO[:\;] destruction
» Q< Jo,
Q co (_ J
— CIO+O0—>Cl+ O,

Cl+0; —>CIO + O,<
Ner: O+0;—>20,

B .
300— -
- » -
L] . a®
— L ]
2 - Haill. L]
8 250 ey .
2 see
o ... [ ]
5 N L] -
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] .
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[ ] ‘e '.
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4 October 2001
100 = I P P Prrc R
1960 1970 1980 1990

Year
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Ozone Destruction Cycles
2 and 3 : Polar Regions WMO2022

Cycle2:
ClO + ClO — (ClO),
(ClO), + sunlight — CIOO + ClI
ClIOO — CI+ 0,
2(CI+0; — CIO+0))
Ner: 20, — 30,

Cyce 3:

ClO+BrO — Cl+Br+ 0O,
or( ClO +BrO — BrCl + Oz)
BrCl + sunlight — Cl + Br
Cl+0; — CIO+ 0,
Br+O; — BrO+0,

Ner: 20; — 30,

Comprehensive Stratospheric
Chemistry

e Heterogeneous reactions
e Catalytic Cycles
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Atmospheric chemistry mechanisms in CESM3 & | @2 NcAR

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

| | ' | | | I i Comprehensive tropospheric
L Halogens -
200 'll'grpenes ] chemistry; for air quality simulations
- soprene |
B Aromatlcs _ - T1 with detailed terpene chemistry 265
§ 150 - (C:g - 7 Simpler tropospheric chemistry 97
3 - - suitable for climate simulations
s [ Ox 1| T1S = default
o - - . . .
% B Do f‘full-chemlstry” T1S T; W|’fhtcomprehen3|ve stratospheric 216
5 100 — Specified Oxid. — eE )
2 A | Troposphere
3 B B and T1IMA T1 with stratosphere, mesosphere, 295
“ - - Stratosphere (TSMLT) lower thermosphere chemistry
= = T4 with comprehensive stratospheric
- - T4S 1 eomp P 134
L _ chemistry

“ Specified Oxidants, with GHGs 33

16 CESM Tutorial 2026 Slide: Louisa Emmons

T1MA T1S T4S SO
Mechanism Name


https://www2.acom.ucar.edu/gcm/mozart

CESMB3 Configurations with Chemistry

[ WACCM \

TSMLT->T1MA
234 tracers

Middle
Atmosphere
(MA)
100 tracers

Specified
chemistry ->
Prescribed
Oxidants

K 31 tracers j

Provides Upper
Boundary
Conditions

(" AirQuality \

Chemistry

T1S: 231 tracers
T3S: 278 tracers
T5S (halogen
chemistry):
277 tracers

MOSAIC/CARMA

" J

oxidants, ozone,
strat. aerosol

»

[ Trop4 / Strat \
Chemistry

T4S: 141 tracers
30% cheaper than
TS

As TS 1 but cheaper
tropospheric

chemistry for

\ climate j

/" Specified "\

Oxidant
Chemistry

31 tracers
prescribed ozone,
oxidants,
aerosol
interactive GHGs
and tropospheric

80 km

\ aerosol j

Workhorse
Model
93L

40 km

Low Top Model
58L

Fully coupled simulations with chemistry are required to inform GHG chemistry runs
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CAMY7 (Specified Oxidants, SO) vs Full Chemistry

Same atmosphere, physics, resolution
Different chemistry and aerosols - > emissions and coupling

CAMY7: Aerosols are calculated, using simple chemistry (with “fixed” oxidants)
(prescribed: N ,, O,, H,0, O;, OH, NG;, HO,; chemically active: H ,0,, H,SO,, SO,, DMS,
SOAG)

Limited interactions between Chemistry and Climate

- > prescribed fields are derived using chemistry - climate simulations

e Prescribed ozone is used for radiative calculations

Prescribed oxidants is used for aerosol formation
Prescribed methane oxidation rates
Prescribed stratospheric aerosols
Prescribed nitrogen deposition
Sim plified secondary organic aerosol description

*** New in CAM7 compared to CAM6: GHG chemistry (oxidation, photolysis) as
opposed to fixed values, interactive SOAG production from biogenic emissions.

18 | CESM Tutorial 2026



Simplified T4S Chemistry: Climate Simulations

\
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AODVIS

T4S AULVIS D18 n (2004-2008)
Global Mean 0 1062

Tropospheric Column Ozone

T4S 5-Year Mean Tropospheric Column 03 (2004-2008)

T4S Global Mean = 29.94 DU
L =t e . 5 . e

T4S

30°N

60°S

180° 120°W 60°W 0° 60°E 120°E 180°

26 0.00 0.12 0.24 0.36 0.48 0.60 0.72

T4S - T1S

10 16 2 28 34 10
TCOker (DU)

T4S T1 S T1S Tropospheric Column O3 % Difference (2004-2008)

Global Mean A = -2.00%

T4S — T1S AODVIS Difference (2004-2008)
Global Mean A = -0.0009

180° 120°wW 60°W 0° 60°E 120°E 180°

0 3
%ATCOrrop —0.09 —0.06 —0.03 0.00 0.03 0.06 0.09
A AODVIS (tau)
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- 180° 120°W 60°W 0® 60°E 120°E 180°
g 4T T

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.

Slide: Jun Zhang



Default Modal Aerosol Model (MAM4)

A acc ation coarse
nu ion growth growt
ouvortr =
number number number
sulfate sulfate sulfate
sea salt sea salt seq salt

secondary organics\ /secondary organics
primary organics

soll dust

soil dust

black carbon
—1.6 l 1.6 - l 1.2

4 nm 26 nm I 220 nm

Primary Carbon: a4
number

Organic Carbon
Black Carbon

20 CESM Tutorial 2026

Representation of

Sulfates,

Black Carbon

Organic Carbon, Organic
Matter (OC, SOA),

Mineral Dust and Sea - Salt

MAMS : + Stratospheric
sulfate mode

Slide: Mike Mllls
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Secondary Organic Aerosol Description

CAM-chem
(Volatility basis set)

OH/O3/NO3

AH = 153
SOAGO

AH = 142
SOAG1

AH =131

- Anthropogenic

- Biomass burning

- Biogenic

(online using MEGAN)

SOAG2
NO/HO, - -

AH =120
. SOAG3

#“AH = 109
. SOAG4

deposition+
CAMG6
- Anthropogenic
- Biomass burning AH = 156
Emission > SOAG
- Biogenic (offline)
CAM7
T =1 day AH =131
SOAE SOAG

- Anthropogenic

- Biomass burning

- Biogenic

(online using MEGAN)

*deposition photolytic lossyydeposition

CESM Tutorial 2026

C

> Sauaten vepor () Aerosol

Comprehensive Chemistry:

e SOAG formation derived from
VOCs using Volatility
Bin/Basis Set (VBS)

e 5 volatility bins

Interactive with land emissions

Simplified Chemistry (CAM7)

e Updated interactions
between VOC emissions and
SOA production

e |Interactive with land

<4+— Partitioning

Jo et al., 2023, GMD



Models solve the following for each chemical ( X)

dx (i)

5 Sources(i) — Sinks(i) =

Atmospheric £ Emissions
F————— = — - — - - — = = ., box C Gas-phase-
| Chemical Chemical Chemistry
| Lhémica qmical A; Aerosol-processes

production p loss

L
\X/

(Gas-aerosol exchange,

hetchem.)
7; Advection + Diffusion

|_>

| outflow F

Free running versus nudged (T, U, V)

Emission
22 CESM Tutorial 2026 Introduction to Atmospheric Chemistry, Daniel J. Jacob
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Models solve the following for each chemical ( X)

dx (i)
at

= Sources(i) — Sinks(i) =

Atmospheric E Emissions
F————— = — - — - - — = = box C Gas-phase-
| . . Chemistry
| Chemical Cheircl)n;Scal I A, Aerosol-processes
lproductlog‘ y | (Gas-aerosol exchange,
- X e hetchem))
inflow Fy, ! | outflow F T, Advection + Diffusion
Wi, Cloud-processes

(wet deposition)
D; Dry deposition

Emission Deposition

Introduction to Atmospheric Chemistry, Daniel J. Jacob
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Wet Deposition & | @2 NcAR

EEEEEEEEEEEEEE

Se o o , Large - scale and convective precipitation:
e AN = e uptake of chemical constituents in rain or ice
"o-.o: ' ~~-o) . .
o L EOOGPRS R (o ol Considers in - cloud and below - cloud
e % Yoo Al scavenging rates and solubility factors of
N Y _Tos7e oy aerosol and chemical species
. X A first - order loss process:
m?tL?ng!AETSsngrlc Deposmon Pro@\bse rvatl O n S p
= — —_ —_
@ Xiscav = Xi X F X(l exp( AAt))
% Where
g Xiscay scavenged species (kg)
z X species
2 F fraction of the grid box from which
R traceris being removed
A is the loss rate

Images: Deni Murray
24| CESM Tutorial 2026 References: (Barth et al., 2000, Neu and Prather 2012, Lamarque et al., 2012)



Aerosol — Cloud Interactions
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| @2 Ncar

Ice
nucleation

Secondary
activation 2

In-cloud 2 @ °

. L
scavenging | s

Convective Y

transport 2

L]
e

Activation 2

2
e ® gos

Snow
| formation

Aqueous
chemistry

Particle
nucleation

oo Activation

Coagulation

Condensation 1

Gas & particle
emissions 3 4

Coalescence
& scavenging

Dry depaosition

Resuspension
(droplet)

Collection &
Scavenging

Diffusion/impaction
scavenging

Resuspension
(raindrop) 6

Wet deposition 6

Impurities in 7
snow & ice

n H,SO, vapor production and loss (NewH2504)

a Convective transport and wet removal (NewConvTran)

Representation of marine organic aerosol (NewMOA)

g SOA precursor gas emission (NewSOA)

B Ice nucleation and ice-to-snow conversion (NewlceNuc)
[ Resuspension of aerosol from evaporated raindrops (NewResusp)
Light-absorbing particles in snow and ice (NewInSnow)

25 CESM Tutorial 2026

E3SM: Wang et al., 2020 (JAMES)



Dry Deposition Velocity Calculation

RG
Resistance of: Rb
Resistance of: Rc
dynamic Resistance of:
sublayer
wet surface

interfacial laminary

sublayer sub-layer stomata
vegetation dry surface
sublayer

26 CESM Tutorial 2026

Resistance model:
1
" R +R +R

F=—v,C

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
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Atmospheric Chemistry in CESM3

CESM Tutorial 2026

FREE
TROPOSPHERE

I A
Evaporation | BOUNDARY
and Convection g LAYER

Y W e

e Modeled processes

O

Emissions
Chemicalmechanism

Aerosol modeland cloud
interactions

Wet Deposition
Dry Deposition

e Support



User Support for chemistry modeling in CESM

Wiki Page tor Chemistry:

https://wiki.ucar.edu/display/camchem/Home Forum to search for
MUSICA: Regional Refinement WIki: and ask questions:
https://wiki.ucar.edu/display/MUSICA http://bb.cgd.ucar.edu/
Contact us:
MUSICA: Simone Tilmes
Multi- Scale Infrastructure CAWG Co - chair
for Chemistry and Aerosols tiimes@ucar.edu

itsatiis Regional Refined

Rebecca Buchholz
CAWSG Liaison
buchholz@ucar.edu

11111

180 150W 120 50 Shawn HonomiChI
23 26 29 32 35 III’ 50 53 5;;2 65 7174 77 80 83 CAWG Llalson
28 CESM Tutorial 2026 shawnh @uca r.edu
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29

Key takeaways

e 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

dx (i)
ot

= Sources(i) — Sinks(i) = E; + C; + A; + T; — W; — D;

o 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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