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Motivation: Modeling with Chemistry

Concentrations of Greenh

ouse Gases from 0 to 2005

Radiative forcing of climate between 1750 and 2005
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Importance to represent climate gases
for radiative forcing: (CO,), CH,, O, H,O
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Tropospheric Chemistry

Stratosphere

Photo-chemistry
Gas-phase chemistry
Heterogeneous chemistry
Aerosol formation

@

 HNO3™

OH determines the
lifetime of Methane

D

N2O
CFCs

CO:z j H20 SOz (CHa)2S

Hydrosphere Biosphere Hydrosphere

4 Greenhouse Gases 4P Reactive Free Radical/Atom
4 Primary Pollutants <  Less Reactive Radicals
4» Natural Biogenic Species ¢I» Reflective Aerosols
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Importance of the Stratosphere‘“
and Exchange Processes

. UTLS exchange processes

/E\ 1+ |+ Exchange of chemistry
— S de e and aerosol due to
SRR SR stratospheric/
N N tropospheric transport
* Impact of halogen
loading on stratospheric
ozone (ozone hole) and
impact on climate
(importance of very
short-lived species)
-> local changes of short
Long range transport

Tropics Middle Latitudes Polar Region time scales are important
Stratosphere-Troposphere Analyses of Regional Transport (2008)
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Interactive Modelmg with Chemlstry
sanuary MACCITY Emissions (2005) 2.7km  ©s (PPD)

Tropospheric ozone distribution is dependent on:

* changes in precursors: NO, (NO + NO,), CO, volatile organic compounds (VOCs) and other
emissions

* Implications for air quality and ecosystem: EPA defines standards for air quality (75 ppb)

 Meteorology and Removal

-> Interaction with Radiation (climate gas)
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Modeling without Chemistry-Climate
Interactions in CESM

 Chemistry and aerosols are prescribed in CAMA4: (prescribed
monthly fields of CO,, CH, O, N,O, CFCs)

e Aerosols are calculated in CAMS5 (Modal Aerosols Model
MAM), but not coupled with chemistry, simple chemistry is
added (“fixed” oxidants) (prescribe: N,, O,, H,0, O;, OH, NO,,
HO,; chemically active: H,0,, H,SO,, SO,, DMS, SOAG)

No interaction between Chemistry and Climate
-> prescribed fields have to be derived using chemistry-
climate simulations

Office of
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Chemistry in CESM CAMS5

Radiation
Clouds (indirect effect)

s
Emissions M Dynamics/H,0

Chemistry prescribed

A.nthropogem.c ‘ Aerosol formation (MAM)
Biomass burning

Biogenic
Removal:
Wet/Dry Deposition
Land / Ocean Biosphere Snow / Ice
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Chemistry in CESM CAM5-Chem

. _ Radiation
— Chemical Reactions € | Clouds (indirect effect)
Emissions (chemical mechanism) Dynamics/H,0
Anthropogenic ‘ Aerosol formation
Biomass burning
Biogenic
i |

pd

392 Removal:

§ Wet/Dry Deposition

Land / Ocean Biosphere Snow / Ice
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Modeling with Chemistry

Chemistry: more and less complex mechanisms are available
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Chemical Mechanism: includes set of equations

Photolysis

End Photolysis
Reactions

End Reactions
Heterogeneous
End Heterogeneous
Ext Forcing

End Ext Forcing

The chemistry preprocessor: tool that generates CAM Fortran source code;

~—

Modeling with Chemis

[01D_N2]
[01D_02b]
[ox_11]
[01D_N20a]
[01D_N20b]
[01D_03]
[01D_CFC11]
[01D_CFC12]
[01D_CFC113]
[01D_CFC114]
[01D_CFC115]
[01D_HCFC22]
[01D_HCFC141B6]
[01D_HCFC142B]
[01D_CCL4]
[01D_CH3BR]
[01D_CF2CLBR]
[01D_CF3BR]

010
010
01D
01D
010
010
01D
01D
01D
010
010
01D
01D
010
010
01D
01D
010

+ o+ F o+ F o+ F F o+ F o+ F o+ o+ o+

N2 -> 0 + N2
02 -> 0 + 02
H20 -> 2%0H
N20 -> 2%ND
N20 -> N2 + 02
03 -> 02 + 02
CFC11 -> 3*CL
CFC12 -> 2*CL
CFC113 -> 3*CL
CFC114 -> 2*CL
CFC115 -> CL
HCFC22 -> CL

HCFC1416 -> 2*CL

HCFC1426 -> CL
CCL4 -> 4*CL
CH3BR -> BR

CF2CLBR -> CL + BR

CF3BR -> BR

rates (temperature dependence etc.)

numerically solve a set of differential equations which

represent the chemical reactions -> temporal evolution of the chemical tracers
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Modeling with Chemistry

Available chemical mechanisms in CAM-Chem
Superfast Chemistry (CAM4/5):

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

Bulk Aerosol Model (BAM) (CAMA4/5):

Includes Black Carbon, Organic Carbon, Sea Salt, Dust
(prescribed monthly fields of CO,, CH, O;, OH, HO,, NO,, N,0, SO,/S0,)

Tropospheric chemistry (trop_mozart) (CAM4/5):
Tropospheric mechanism, over 100 species (MOZART: Emmons et al., 2010)
Stratospheric chemistry is prescribed about 50 hPa: (O;, HNO,, CH,, CO)

Emissions, Dry/Wet Deposition
Secondary Organic aerosols

Plus stratospheric chemistry (trop-strat mozart) (CAM4/5):

Tropospheric and Stratospheric mechanism (~122 species) including
stratospheric heterogeneous reactions, about 300 reactions (similar to WACCM)
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Modeling with Chemistry

Emissions: surface emissions fields, fixed boundary conditions, calculated using
vegetation type (biogenic, VOC) , external forcings (aircraft emissions)

S fi ‘ A w U.S. DEPARTMENT OF Office of
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Modeling with Chemistry

Dry Deposition: uptake of chemical constituents by plants and soil (CLM),
depending on land type, roughness of surface, based on resistance approach
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Dry Deposition Velocity
| 1
V. =
Rq R +R +R

Resistance of: R b

Resistance of: RC

dynamic Resistance of:
sublayer
wet surface
interfacial laminary
sublayer sub-layer stomata
vegetation dry surface
sublayer

Deposition flux: F = —V dC

= . C: concentration of species am 10m
\J .
@ CESM Tutorial 2014, Chemistry / Aerosols

=% U.S. DEPARTMENT OF Office of

> 4 ENERGY Science




Community Earth System Maodel ée
y y . N W

Modeling with Chemistry

Wet Deposition: uptake of chemical constituents in rain or ice (linked to

precipitation, both large-scale and convective).
Removal is modeled as a simple first-order loss process

Xiscav=X; x F x (1 —exp(—A At))

* Xy IS the species mass (in kg) of Xi scavenged in time
F is the fraction of the grid box from which tracer is being removed, and A is the loss rate.
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Aerosols

Direct Effects:
e Radiation (scattering/absorbing)

Indirect Effects:
 Changes in cloud properties (consistency, reflectivity), precipitation

Controlled by: Emissions, nucleation processes, deposition, chemistry

Aerosols in CESM:

* Bulk Aerosols Model (BAM)

 Modal aerosol Model (MAM)

e Secondary Organic Aerosols (require chemistry)

R\‘\\\\\\\ @ ‘ F ¥ U.S. DEPARTMENT OF Office of
SO CESM Tutorial 2014, Chemistry / Aerosols :’ ENERGY  science
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Community Earth System Model

® No information on
® Particle number
® Aerosol size distribution

® Aerosol size distribution needs to be assumed for ... T q, '
® radiative transfer
® response of cloud properties to aerosol number
® Can't do aerosol nucleation
® Numerically efficient
¢ Useful when focus is on complex gas phase / aerosol chemistry

. DEPARTMENT OF Oﬁlce of
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Modal Aerosol Model (MAM3)

CESM CAM5
Aerosol size distribution using 3 modes
Other versions exist with 4 and 7 modes.

Twin Otter data (black)

1000f . 0 .
100f 4 Aitken Accumulation Coarse
e : number number number
e.a; : sulfate sulfate soil dust
o 1 secondary OM secondary OM sea salt
2 4 sea salt primary OM sulfate
> 4
° black carbon
3 ; —N  soi
: { soil dust
1 sea salt
: coagulation
| condensation
1 | , .
, - - e Liuetal., 2011
Particle diameter D (nm)
From J. Kazil, CIRES
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Organic Aerosols (S|mulated in CAM4 Chem)

ORGANIC CARBON AEROSOL SOURCES
Formation of SOA
Secondary * Emissions of
Organic volatile organic
Semi- Aerosol carbons
Volatiles «--=seee:-- Reversible Condensation, {4: :\.‘ e Formation of Semi-
e_ o7 .
“““ 4 ¥ ~ °.° P Volatiles
“““ E by OH O NON MAY T e Emissions of POM
= y 1:. TR N Organic -> SOA
onoterpenes Aromatics
Isoprene Sesqwterpenes Acrosol
\ Direct
Emission

i % Ry i

Fossil Fuel Biomass
Burning

H/_/

BIOGENIC SOURCES ANTHROPOGENIC SOURCES
From C. Heald, MIT Cambridge
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Performance of the Models:
Ozone in Comparison to Ozonesondes and Aircraft

JJA 0-3 km JJA 2—-7 km O; (ppb)

Simulated Ozone (background),
Ozonesonde observations (squares), Aircraft observations (color of framed regions)
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Performance of the Models:

Carbon Monoxide in Comparison to MOPITT
April

CAM5-chem mol/cm2 CAM5-chem - MOPITT mol/cm2
90N

90N

60N —1 60N

30N - 30N
0 0 =
30S 30s -
60S - 60S -
90s L 905
o July o o
CAMS5-chem mol/cm2 CAMS-chem - MOPITT mol/cm2
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Performance of the Models:
SO, and SO, in Comparison to IMPROVE

IMPROVE ANN

SQz(ppb)
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0,, CO, BC tags with Offline Meteorology
Emmons et al., 2012, GMD

AK-Canada

South Asia

CAmekrica

The Model for Ozone and Related chemical Tracers (MOZART4)
Emissions: Streets ARCTAS emissions + daily fires (C. Wiedinmyer)
Vertical Injection of Fire Emission between 0-6 km

SOy
3 3
D 4

U.S. DEPARTMENT OF Ofﬂce Of
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Importance of Anthropogenic CO Emissions

April
without South Asia and SH > South Asia and SH only

Anthr. Emissions (no SAsia/SH) 080401 ©© (ppbv)

— kel kA )
ONELEOON MO0

CO averaged column between surf. and 200 hPa
2K U.S. DEPARTMENT OF Ofﬁce of
CESM Tutorial 2014, Chemistry / Aerosols e ENERGY science
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Importance of Anthropogenic CO Emissions

April
without South Asia and SH > South Asia and SH only

Anthr. Emissions (no SAsia/SH) 080401 €O (ppbv)

CO averaged column between surf. and 200 hPa
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Importance of Anthropogenic CO Emissions

B

April ]
without South Asia and SH South Asia and SH only
Anthr. Emissions (no SAsia/SH) 080401 ©O© (ppbv) Anthr. Emissions SAsia/SH 080401 €O (ppbv)
100 , 100
44 44
42 42
40 40
38 38
: :
3 3
30 30
29 29
28 28
26 26
3421 24
20 55
16 18
14 14
12 12
10 10
8 8
6 6
g 4
0 5

CO averaged column between surf. and 200 hPa
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WACCM and CAM-Chem Customer Support

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

Mike Mills
WACCM Liaison
mmillsQucar.edu
(303) 497-1425

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

L9 U.S. DEPARTMENT OF Office of

) U.S.
-"5 ENERGY Science
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WACCM: The
High-Top Model

WACCM top—

Michael Mills ~ CAM top—;

WACCM Liaison
mmillsQucar.edu

(303) 497-1425
http://bb.cgd.ucar.edu/

Q

U.S. DEPARTMENT OF Oﬁlce Of
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150 km + B

Noctilucent clouds

Mesophere and lower thermosphere

3OO
~~~~~ Wave
o~~~ ~ Preaking

50 km
Planetary waves
40 km % Tides 1016 J
O@( Gravity waves
%L 1
Q.
15 km Jarvis, “Bridging the
— y Atmospheric Divide”,
ah. Troposphere —  Science, 293, 2218, 2001
0 km ~ ciEaRe -~ —

Whole Atmosphere

‘:__7 - w
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WACCM Additions to CAM

Extends from surface to 5.1x10° hPa (~150 km), with 66 vertical levels

Detailed neutral chemistry model for the middle atmosphere,
- catalytic cycles affecting ozone
 heterogeneous chemistry on PSCs and sulfate aerosol
* heating due to chemical reactions

Model of ion chemistry in the mesosphere/lower thermosphere (MLT), ion drag,
auroral processes, and solar proton events

EUV and non-LTE longwave radiation parameterizations

- Imposed QBO, based on cyclic, fixed-phase, or observed winds

Volcanic aerosol heating calculated explicitly

Gravity wave drag deposition from vertically propagating GWs generated by
orography, fronts, and convection

Molecular diffusion and constituent separation
Thermosphere extension (WACCM-X) to ~500 km

BWACCM  comminiy Cimmbte Mode
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WACCM Motivation Atmosphetic Science

Across the Stf at 0p3 luse

Roble, Geophysical Monograph, v. 123, p. 53, 2000

« Coupling between atmospheric layers:

- Waves transport energy and momentum from the lower

atmosphere to drive the QBO, SAO, sudden warmings,
mean meridional circulation

L —

 Solar inputs, e.g. auroral production of NO in the mesosphere and -
downward transport to the stratosphere

- Stratosphere-troposphere exchange
 Climate Variability and Climate Change:
- What is the impact of the stratosphere on tropospheric variability?

- How important is coupling among radiation, chemistry, and circulation?
(e.g., in the response to O3 depletion or CO2 increase)

- Response to solar variability: impacts mediated by chemistry?

* Interpretation of Satellite Observations

. FMWACCM L,
| P A EE A
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CESM-WACCM component configurations

atmosphere

ocean

WACCM

specified chemistry <1~

static

free-running

> (pre-industrial or data
< | ”  present-day) |
O free-running < observations

specified dynamics reTnisiElnl climatology

land sea ice
data data
free-running observations free- || observations
runnin
climatology J climatology

Whole Atmosphere

Community Climate Model
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WACCM Specified Chemistry (WACCM-SC)

» Specifies Ozone (among Model # cores | simulated years/day | core-hrs/simulated year
other species) WACCM 352 7.5 1130
: SC-WACCM | 352 14.8 D73
ex as fast as WACCM:Tor - aqypye | 35 19.6 132
stratospheric dynamics COSMA 2° 116 9.0 9237
studies, with nearly -
identical results ::: E;Vé\_cﬂnccm | |
Below: Tropical H20 Tape Recorder looks like oaa o |
WACCM (good), not CCSM4 (bad) ;:f: M
(a) Tropical Water Vapor (WACCM) (b) Tropical Water Vapor (SC-WACCM) (c) Tropical Water Vapor (CCSM4) g’- 0 (;8 | J’
20— 20— 20— 05c.:o'06
304 o L 301 < L 30 s Io_4 oal
N FR-WACCM | | SC-WACCM| | CCSM4 | | los ol PHi Jﬂ H
_ o _ o _ ° - {02 0
f'.:; 50 p s é 501 ! g 50 S L oy NOV DEC JAN FEB MAR
S 60 S 2 S 60 v S 601 ST
g g § | o oo - {01 Above:
& 70' & 7ob & 701 ¢ i ove: WACCM4-SC
80 80 80 ' also gets sudden
o0 \ 0. ¥ 0. L stratospheric w_arming
% ) A frequency right
JFMAMJJASOND 100JFMAMJJASOND 100JFMAMJJASOND

Month Month Month

: VACCM oy it roder




Community Earth System Model &8 A‘ . %
v / ¥ el ﬁ%%ﬁﬁ /

.

Specified Dynamics: SD-WACCM and SD-CAM-Chem

- Reproduce winds and temperatures from specific 2(6)rl]::-i\?eels GE(;ZSI(’?’\‘,"QEISRRA
periods in analyses from GEOSS5 (2004-present) or 0 ~ p— 0

MERRA (1979-present).

« FSDW compset starts on 1 Jan 2005, uses GEOSS5, :
out of the box. 200 — = — 200

* Increased vertical resolution
« CAM-Chem: 26 levels =& SD-CAM-Chem: 56

|€V€|S 400 — — — — 400
- WACCM: 66 levels = SD-WACCM: 88 levels
- Nudge T, U, V, PS towards analyses at every 600 _ 600
dynamics timestep. Nudging strength (i.e. 1%, 10%
each timestep) and top altitude (50 km default for
WACCM) can be adjusted. oo - .

- Chemistry interacts with radiation, atmosphere,
land, ocean

- Data ocean and sea ice components 1000 1000
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Stratospheric Sulfate Surface Area Density Climatology

Ciilfatra CiirFfara Araa Nancihs A2 hDa

El Chichon | Mt Pinatubo: - Observations
175N, 935\ ' 15°N, 120°E used: SAGE |,
SAGE I, SAM I,
_ and SME
Instruments.
Agung  Non-volcanic
8°S, 115°E | periods filled
with monthly
mean of
Iy fﬁ?g 1998-2002
rakatau: a:
2168, {05°E! | wen,  UAUes
" | 27-28 Aug 1883 | 91°W, - Used Pinatubo
24 Oct. aerosol for
1902 Krakatau and
Santa Maria.

Le 4 QAT
A C c M Whole Atmosphere
= Community Climate Model
'» \
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rface Temperature Anomalies
CCSM-CAMA4 1deg DM@ I'Dd?uﬁgm 0 a
—WACCM4 Pre-Indusrtrial normalized 1o -

—WACCM4 20th Century
—WACCM4 1955-2005
— QObservations (HadCRUTS3)

O
o

—
N

A

/

TS anomaly (K)
O
o

|
0.4 w 2 L
S 2
- S 3
_ S %
-0.8 = g 3 £
| Volcanic surface cooling is too
_ g strong in the current released
-12 — s 3 versions of WACCM and CCSMA4.
I | | I | | I | | I | | I | |
1860 1890 1920 1950 1980

Year
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New 1960-2013 stratospheric sulfate dataset for
CCMI (not yet released): significant improvements

New/CCMI Old/CCSM4 Mauna Loa (19 5N) AOD Comparlson
== MLO PFR AOD

=== Ammann et al. (2003)
== Sato et al. (1993) i
== CAM4 with CCMI

CAM4: Old Volcanoes — Background, AEROQ,

CAM4: New Volcanoes - Background, AEROQ,
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Grading of Chemistry in CCMes: Chaptelr 6 of the
SPaRC CCM\/a\l

TOTAL TOTAL - CCMs were evaluated on
BrO/Bry SEN, Sop 1063 their ability to represent long-
o CIO/Cly Grade lived constituents (precursors
© 1.0
o  NOJNOy | and short-lived substances
'g HO, 0.9 .
L - N (radicals).
O : . .
o%p . - WACCM graded out high in
Sulf_Sad 0 all categories (i.e., grade of 1
Cl, Tropo o is the highest possible).
»  BryvsN,0 04 - This is a reflection of the:
S ClvsN,0 03 1) completeness of the
. .
3 FetvsN20 0.2 chemical processes
© NO,vsN,O H
£ Oy o 0.4 included |
3T 0.0 2) accuracy of photolysis
N,O Profile ;
mMONSS<TOSOo~Jdd00kF 0% rates (J’s)
QoWZISO0L0a200xIgF 3
$2z233232°883E9yY 3)and accuracy of the
E O = R W= < . .
=38 DS ¢ 2238 numerical solution
(@) O 4 = = Y
© = 223 approach.

U
U

SPARC CCMVal, Report on the Evaluation of Chemistry-Climate Models, V.Eyring, T. G. Shepherd, D. W. Waugh
(EDs.), SPARC Reprot No 4 WCRP X, WMO/TD-No. X, http://www.atmosp.physics.utoronto.ca/SPARC, 2010.
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WACCM Heterogeneous Chemistry Module

Sulfate Aerosols (H,0O, H,S0O,) - LBS °e Ry. = 0.1 um
>200 K
Sulfate Aerosols (H,O, HNO,, H,SO,) - STS 00
®0® R, -=-05um
D Y
S Thermo. Model (Tabazadeh) ®-
-
(E o _ 00
D Nitric Acid Hydrate (H,O, HNO3) — NAT Y
Q. o000
E Rnar = f {Log Normal Size; # particles cc; ®
QO 188 K width distribution; condensed phase HNO4}
= (T
ICE (H,O, with NAT Coating) . oo
185 K Rice= 10-30 pm Tt
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1 does better

Minimum spring ozone (DU)

Redrawn from Austln J., et al., J. Geophys Res 2010
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updated chemistry and
dynamics (not yet released)
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CCMI runs (2013/14):
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Antarctic sea-ice extent
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The more realistic ozone loss in WACCM drives changes in winds that enhance
sea-ice loss, producing sea-ice extent closer to modern observations.
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Acceleration of the Brewer—-Dobson Circulation due to Increases in Greenhouse Gases
Garcia and Randel, J. Atmos. Sci., vol. 65 (8), pp. 2/31-2739, 2008.
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Inmpact of geoengineered aerosols on the troposphere and stratosphere
Tilmes et al., J. Geophys. Res., vol. 114, pp. 12305, 2009.
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Impact of geoengineered aerosols on the troposphere and stratosphere
Tilmes et al., J. Geophys. Res., vol. 114, pp. 12305, 2009.
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Massive global ozone loss predicted following regional nuclear conflict
Mills et al., PNAS, vol. 105, pp. 5307, 2008

........... Lovvv b b b b b v b s i
- WACCM input: new 20 - gg’ﬁal mean - 20
estimates of smoke ® 1 -
e 10 46N 10
produced by fires in 8’ 1 ——oN -
contemporary cities W o 0
following a regional %
nuclear war between o 10
India and Pakistan OC 20 - C 50
» e - :
- Solar radiation heats =5 30 7 -30
the soot, lofting it to Q i A
O 40 - -40
the stratopause, O : i
heating the the entire g 50 50
stratosphere for 10 ~ - -
years, altering O 60 -60
reactlpn rates 20 = - 0
affecting ozone. | _____ S S S S S S S I N

« Calculated ozone losses exceed 20% globally, 25-45% at midlatitudes, and 50-70% at northern high
latitudes persisting for 5 years, with substantial losses continuing for 5 additional years. Column ozone
amounts remain below that which defines the Antarctic ozone hole everywhere outside of the tropics.
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Mulrlmdecadah gh@bah cooling and unprecedented ozone loss
following a regional r ict
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interactive chemistry, sea ice, — 4 N T AR M (WAGCGAMY 100 e TRl A PP 3
full ocean, and land 8 3 AN S Medele =
components 2 21 I I 3

- Deep ocean cooling, sea ice = 0 = -
expansion result in slower o O E| :
initial cooling, thermal inertia, =z -5 5 —
increased albedo, more R 3
prolonged recovery: extended 2 5 _ _
from 10 years in previous 00 - =
studies to more than 25 years < . 1 3

- Killing frosts would reduce £ ] -
growing seasons by 10 — 40 3 s E 3
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Mills et al. (2014), Earth's Future,
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WACCM and CAM-Chem Customer Support

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

Mike Mills
WACCM Liaison

mmills@Qucar.edu
(303) 497-1425

Simone Tilmes
CAM-Chem Liaison
tilmes@ucar.edu
(303) 497-1425
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