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Atmospheric	Modeling	with	
Interac5ve	Chemistry	

Presented	by	Simone	Tilmes	ACOM/CGD	
	
•  Running	with	fully-coupled	chemistry,	different	chemical	

mechanism	versions	
•  DescripJon	of	secondary	organic	aerosols	as	parameterized	in	

CAM-chem	
•  EvaluaJon	
•  Other	applicaJons	of	CAMchem	
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Tropospheric	Chemistry	and	Aerosols	

Photo-chemistry	
Gas-phase	chemistry	
Heterogeneous	chemistry	
Aerosol	formaJon	
	
	
									OH	determines	the	
									lifeJme	of	Methane	
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Modeling	with	Chemistry	
Available	chemical	mechanisms	in	CAM-Chem	
Superfast	Chemistry	(CAM4/5):	

12	species,	simple	chemistry	mechanism,	CH4	prescribed	
LINOZ	+	Cariolle	in	stratosphere,	fully	coupled	

	Bulk	Aerosol	Model	(BAM)	(CAM4/5):	
Includes	Black	Carbon,	Organic	Carbon,	Sea	Salt,	Dust	
(prescribed	monthly	fields	of	CO2,	CH4,	O3,	OH,	HO2,	NO2,	N2O,	SO2/SO4)	

Tropospheric	chemistry	(trop_mozart)	(CAM4/5):	
Tropospheric	mechanism,	over	100	species	(MOZART:	Emmons	et	al.,	2010)	
Stratospheric	chemistry	is	prescribed	about	50	hPa:	(O3,	HNO3,	CH4,	CO)		
Emissions,	Dry/Wet	DeposiJon	
Secondary	Organic	aerosols	

Plus	stratospheric	chemistry	(trop-strat	mozart)	(CAM4/5):	
Tropospheric	and	Stratospheric	mechanism	(~122	species)	including	
	stratospheric	heterogeneous	reacJons,	about	300	reacJons	(similar	to	WACCM)	
(Lamarque	et	al.,	2012,	Tilmes	et	al.,	2015)	
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Chemistry	in	CESM	CAM5	

Emissions	of	SO2	
And	Aerosols	
Anthropogenic	
Biomass	burning	
Biogenic	

Removal:	
Wet/Dry	DeposiJon	

Land	/	Ocean	Biosphere	

Radia5on	
Clouds	(indirect	effect)	
Dynamics/H2O	

Snow	/	Ice	

Simple	Chemistry	

	Aerosol	formaJon	(MAM)	
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Chemistry	in	CESM	CAM5-Chem	

	
Complex	Chemical	ReacJons	

(chemical	mechanism)	
Aerosol	formaJon		

	

Emissions		
Anthropogenic	
Biomass	burning	
Biogenic	

Removal:	
Wet/Dry	DeposiJon	

Land	/	Ocean	Biosphere	

Radia5on	
Clouds	(indirect	effect)		
Dynamics/H2O	

Snow	/	Ice	

M
EG

AN
	

CAM4-chem	does	not	include	coupling	between	aerosols	and	clouds	
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1.	SoluJons:	lists	all	chemical	consJtuencies	and	defines	what	they	are,	e.g.			
	
•  Includes	Fixed	Species:	lists	of	chemical	species	that	do	not	change	
•  And	Non-transported	Components	(very	short	lifeJme)	
2.	SoluJon	classes,	divides	soluJon	species	into	explicit	and	implicit	(shorter	Jmestep	in	
the	solver)		
4.	Chemistry:	
•  Photolysis:	[jo3_a]																	O3	+	hv	->	O1D	+	O2	
•  Gas-phase	chemistry:		
						[O_O3]														O	+	O3	->	2*O2																																									;	8.00e-12,	-2060.	
•  Heterogeneous	ReacJon	
						[usr_N2O5_aer]				N2O5	->	2	*	HNO3	

Modeling	with	Chemistry	
Chemical	Mechanism:	includes	set	of	equaJons	
The	chemistry	preprocessor:	tool	that	generates	CAM	Fortran	source	code;	
numerically	solve	a	set	of	differenJal	equaJons	which	
represent	the	chemical	reacJons	->	temporal	evoluJon	of	the	chemical	tracers	

rates	(temperature	dependence	etc.)	

 ISOP -> C5H8,	BIGENE	->	C4H8,		BIGALK	->	C5H12,	MEK	->	C4H8O 	

User	defined	reacJons:	are	defined	in	the		model	code:	mo_usrrxt.F90		
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Emissions:	are	defined	in	the	user_nl_cam	namelist	variable	
•  Depending	on	mechanism,	different	species	need	to	be	emiled		
	
	

	
	

	

Emissions		

•  Chemical	components	
are	currently	emiled	
at	the	surface.	

•  Include	
anthropogenic,	
biomass	burning	and	
fire	emissions.	

•  Biogenic	emissions	
can	be	calculated	by	
MEGAN	(make	sure	to	
not	double-count)	

•  Coming	soon:	fire	
emissions	may	be	
calculated	by	the	land	
model	

->	Careful	if	changing	emissions,	to	match	your	model	setup		
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Emissions:	surface	emissions	fields,	fixed	boundary	condiJons,	calculated	using	
vegetaJon	type	(biogenic,	VOC)	

		
	

	
	

	

Lamarque	et	al.,	2010	
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Organic	Aerosols	(simulated	in	CAM4-Chem)		

From	C.	Heald,	MIT	Cambridge	

Forma5on	of	SOA	
•  Emissions	of	

volaJle	organic	
carbons	

•  FormaJon	of	Semi-
VolaJles	

•  Emissions	of	POM	
->	SOA		
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Removal by 
photolysis 

+Ox	

Simplis=c	ways	of	trea=ng	the	complex	SOA	lifecycle	

Fi0ed	to	
chamber	data	

VOC	SOA	
SOA	yield:	net	conversion		

Vola;lity	Basis	Set		 VOC	
+OH,	O3	

2-products	BAM	 VOC	
+OH,	O3	

With	Solubility	
axis	

VOC	CAM5	BASE	 SOG	 directly	emits	SOG	

More	physical	approach	
Direct	coupling	to	biogenic	
emissions	changes	from	
MEGAN	
->	couples	SOA	forma5on	to	
land	use	and	climate	change		
	
->	only	works	in	full	chemistry	
version	at	this	point	
	

New	SOA	approach	in	CESM2	CAM5-Chem/	WACCM	
(next	year)	
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Aerosols:	CAM5	Modal	Aerosol	Model	(MAM3/7)	

Liu	et	al.,	2011	

a2	 a1	 a3	

a2	 a1	

a3	 a6	

a5	a4	

a7	

MAM3	

MAM7	

712 X. Liu et al.: Toward a minimal representation of aerosols in climate models

Table 1. Geometric standard deviations (�g) and dry diameter size
ranges for MAM3 and MAM7 modes. The size range values are
the 10th and 90th percentiles of the global annual average number
distribution for the modes (from simulations presented in Sect. 3).

Mode �g Size range (µm)

MAM3

Aitken 1.6 0.015–0.053
Accumulation 1.8 0.058–0.27
Coarse 1.8 0.80–3.65

MAM7

Aitken 1.6 0.015–0.052
Accumulation 1.8 0.056–0.26
Primary Carbon 1.6 0.039–0.13
Fine Sea Salt 2.0 0.095–0.56
Fine Dust 1.8 0.14–0.62
Coarse Sea Salt 2.0 0.63–3.70
Coarse Dust 1.8 0.59–2.75

single coarse mode based on the recognition that sources of
dust and sea salt are geographically separated. Although dust
is much less soluble than sea salt, it readily absorbs water
(Koretsky et al., 1997) and activates similarly as CCN (Ku-
mar et al., 2009), particularly when coated by species like
sulfate and organic. So dust is likely to be removed by wet
deposition almost as easily as sea salt, and the merging of
dust and sea salt in a single mode is unlikely to introduce
substantial error into our simulations; (3) the fine dust and
sea salt modes are similarly merged with the accumulation
mode; (4) sulfate is partially neutralized by ammonium in
the form of NH4HSO4, so that ammonium is effectively pre-
scribed and NH3 is not simulated. The total number of trans-
ported aerosol tracers in MAM3 is 15. The transported gas
species are SO2, H2O2, DMS, H2SO4, and a lumped semi-
volatile organic species. The prescribed standard deviation
and the typical size range for each mode are given in Table 1.

3 Aerosol distributions and budgets

All simulations are performed with the stand-alone version
CAM5.1, using climatological sea surface temperature and
sea ice and anthropogenic aerosol and precursor gas emis-
sions for the year 2000. The model is integrated for 6 yr, and
results from the last 5 yr are used in this study. In this section
model-simulated global distributions and budgets for differ-
ent aerosol species are analyzed and comparisons are made
between MAM3 and MAM7.

 65 

 

 

 

 

 

Figure 2. Predicted species for interstitial and cloud-borne component of each aerosol 

mode in MAM3.  

Fig. 2. Predicted species for interstitial and cloud-borne component
of each aerosol mode in MAM3.

3.1 Simulated global aerosol distributions

Figures 3a and b show annual mean vertically integrated (col-
umn burden) mass concentrations of sulfate, BC, POM, SOA,
dust and sea salt from MAM3, and the relative difference of
these concentrations between MAM7 and MAM3, respec-
tively. These aerosol species concentrations are summations
over all available modes (e.g., the POM concentration in
MAM7 includes contributions from the primary carbon and
accumulation modes). Sulfate has maximum concentrations
in the industrial regions (e.g., East Asia, Europe, and North
America). The distribution patterns and absolute values of
sulfate concentration are very similar (mostly within 10%)
between MAM3 andMAM7 (Fig. 3b). This is expected since
most of sulfate burden (⇠90%) is in the accumulation mode
(see sulfate budget in Sect. 3.2). This is also the case for
SOA, which has high concentrations over the industrial re-
gions and tropical regions with strong biogenic emissions
(e.g., Central Africa and South America). The differences
between MAM3 and MAM7 are generally small (mostly
within 10%). POM column concentrations have spatial dis-
tributions and magnitudes similar to SOA, but are lower in
Europe, Northeastern US and South America, and higher in
Central Africa. The distribution patterns of BC burden con-
centrations are similar to those of POM, but have relatively
larger contributions from the industrial regions because of
different emission factors of BC/POM from different sectors.
Dust burden concentrations have maxima over strong source
regions (e.g., Northern Africa, Southwest and Central Asia,
and Australia) and over the outflow regions (e.g., in the At-
lantic and in the western Pacific). Sea salt burden concentra-
tions are high over the storm track regions (e.g., the Southern
Ocean) where wind speeds and emissions are higher, and in
the subtropics of both hemispheres where precipitation scav-
enging is weaker.
One major difference between MAM3 and MAM7 is the

treatment of primary carbonaceous aerosols (POM and BC).
These aerosols are instantaneously mixed with sulfate and
other components in the accumulation mode in MAM3 once
they are emitted, and thus are subject to wet removal by
precipitation due to the high hygroscopicity of sulfate. In
MAM7, carbonaceous aerosols are emitted in the primary

Geosci. Model Dev., 5, 709–739, 2012 www.geosci-model-dev.net/5/709/2012/
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Differences	in	Aerosols,	CAM4	and	CAM5	
Annual	 Summer	Winter	

Sulfate:	
SO4	
SO4	(a1,a2,a3)	
SO4	(a1,a2,	
									a4-7)	
	

BC:	
CB1,	CB2	
BC	(a1)	
BC	(a1,	a3)	
	

OC:	
CB1,	CB2,	SOA	
pom	(a1,	a3),	
soa	(a1,	a2)	
pom	(a1,	a3),	
soa	(a1,	a2)	
	 Surface	layer	concentraJon	(mg/m3)	

IMPROVE	
CAM4-BAM	
CAM5-MAM3	
CAM5-MAM7	



CESM	Tutorial	2016,	Chemistry	

Scien5fically	Validated	Chemistry	Versions	
hZp://www.cesm.ucar.edu/models/scien5fically-supported.html	
	
Tilmes,	S	et	al.,	2015:	DescripJon	and	evaluaJon	of	tropospheric	chemistry	and	aerosols	
in	the	Community	Earth	System	Model	(CESM1.2),	Geosci.	Model	Dev.,	8,	1395-1426,	
doi:10.5194/gmd-8-1395-2015,	2015.	(
hlp://www.geosci-model-dev.net/8/1395/2015/gmd-8-1395-2015.html)		
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Evalua5on	of	the	Model	

AMWG	Diagnos5c	Package	includes	Chemistry	Evalua5on	
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Evalua5on	of	the	Model	
AMWG	Diagnos5c	Package	includes	Chemistry	Evalua5on	
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CCMI	Simula5ons	in	Comparison	to	Ozonesonde	Data:	Mid-La5tudes,	500hPa		

Eastern	US	
900hPa	

50hPa	250hPa	

500hPa	

WACCM	REFC1	
CAM-Chem	REFC1	
	 1995-2004	average	
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Performance	of	the	Models:		
Carbon	Monoxide	in	Comparison	to	MOPITT	
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Changing	Chemistry	
Chemical	Mechanism:	add	or	change	tracers	and	reacJons	(e.g.	Tagging	of	tracers)	
Emissions:	include	required	emissions	
Deposi5on:	add	dry	and	wet	deposiJon	components	to	the	model	code	

Running	with	MEGAN	Emissions:	
hlp://www.cesm.ucar.edu/working_groups/Chemistry/
running_CESM1_MEGANNv0408.pdf		
	
Roadmap	to	run	and	change	chemistry	(CESM	1.2.0)	
hlp://www.cesm.ucar.edu/working_groups/Chemistry/roadmap_cesm120.pdf	
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The	Model	for	Ozone	and	Related	chemical	Tracers	(MOZART4)	
Emissions:	Streets	ARCTAS	emissions	+	daily	fires	(C.	Wiedinmyer)	
																							VerJcal	InjecJon	of	Fire	Emission	between	0-6	km	
	

South Asia 

O3,	CO,	BC	tags	with	Offline	Meteorology	
Emmons	et	al.,	2012,	GMD	
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Importance	of	Anthropogenic	CO	Emissions	
without South Asia and SH South Asia and SH only 

April	

CO	averaged	column	between	surf.	and	200	hPa	
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without South Asia and SH South Asia and SH only 
April	

Importance	of	Anthropogenic	CO	Emissions	

CO	averaged	column	between	surf.	and	200	hPa	
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without South Asia and SH South Asia and SH only 
April	

Importance	of	Anthropogenic	CO	Emissions	

CO	averaged	column	between	surf.	and	200	hPa	
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Observations
Ø  MOPITT-CO, IASI-CO, MODIS AOD
Ø  Meteorological observations

Observations, plus errors

Ensemble of optimized initial 
conditions every 6 hours	

DART
Assimilation 

-> update CO concentration
And Meteorology

Weighted mean of observations and 
model knowing respective errors

CESM
Community	Atmosphere	
Model	(CAM	and	CAM-Chem)	
Ensemble	of	atmospheric	
state	with	chemistry	

Ø  Ensemble of 
emissions (+CO tags)

Ø  Ensemble of transport
Ø  Ensemble of 

deposition (land 
model)

Ø  Ensemble of 
Chemistry
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CAM-chem	forecas5ng	

For	the	NASA	KORUS-AQ	
experiment,	CAM-chem/DART	
forecasts	were	run	

	
MOPITT	CO	retrievals	were	
assimilated	each	day	(30-
member	ensemble)	

	
GEOS-5	meteorology	was	used	to	
drive	a	single	CAM-chem	
forecast	simulaJon	

	
Tagged	CO	tracers	were	included	
to	track	source	contribuJons	
to	Korea	

hlp://www.acom.ucar.edu/acresp/korus-aq/			
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WACCM	and	CAM-Chem	Customer	Support	

CGD Forum: http://bb.cgd.ucar.edu/ 

Mike Mills
WACCM Liaison
mmills@ucar.edu
(303) 497-1425

Simone Tilmes
CAM-Chem Liaison
tilmes@ucar.edu
(303) 497-1445


