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Some regions, e.g. the Arctic, require unique considerations ...
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Fig. 3. Conceptual diagram illustrating the main issues, processes and species relating to the SOLAS Sea Ice strategy (after
Shepson et al.®¥). Processes are indicated in italic. (DIC, dissolved inorganic carbon; EPS, extracellular polymeric substances;
CCN, cloud condensation nuclei; RGM, reactive gaseous mercury; VOCs, volatile organic compounds; DMS, dimethyl sulfide;

DMSO, dimethyl sulfoxide.) C.S. Law et al., Environ. Chem., 2013
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Simulating tropospheric ozone
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Computer models treat each process as a separate module

Chemistry: Transport:
Vertically- gas-phase kinetics, Advection
distributed photolysis, boundary layer mixing,
Emissions aerosol formation, diffusion
Aircraft (NO, BC) heterogeneous reactions
Lightning NO
Cloud Processes:

Convective transport
Aqueous chemistry
Wet deposition

Surface Emissions
Anthropogenic
Biomass burning

7

Biogenic Dry Deposition

Emissions f ‘L
) 4

Land / Ocean / Snow / Ice
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Solution for each chemical species i

dc(i)
ot

= Production(i) — Loss(i) = E; + C; + A; + T; + W; + D;

For each compound, at each timestep, the change in concentration is the
sum of the change in concentration for each process:

E;: Emissions

C:: Gas-phase-Chemistry

A;: Aerosol-processes

T;: Advection + Diffusion

W Cloud-processes (wet deposition)
D Dry deposition

For compounds with short lifetimes the order of operators can affect

results
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Fertilizer ™

Industry, Power Plants, Sewage Treatment
https://www.nps.gov/subjects/air/sources.htm Y, 9
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Anthropogenic emissions

* Power plants (NO,, SO,)

* Industry (solvents - VOCs)

* Traffic (NO,, CO, PM)

* Residential heating (CO, VOCs, PM)
* Agriculture (NH;)

* Shipping (NO,, HCs)

* Aviation (NO,)

Fundamentals of Atmospheric Chemistry and Aerosol Modeling 2018



Many emissions inventories at: http://eccad.aeris-data.fr/
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ECCAD: Emissions of atmospheric Compounds and Compilation of Ancillary Data
17

En Fr

Sign in

itlea~ ategories ~ v ‘emporal coverage -~ ime resolution«~ rid sizea~ rovider(s
\[l Titl Cat i Té | Ti luti Grid si Provider(s)
MACCity
Global Hézﬁ;‘s Anthropogenic 1890-1990 Monthly 1°
RCPs Anthropogenic 1990-2000 Yearly
Global POET Biom ming 1990-2000 Monthly "
ACCMIP Global Biogenic 1990-2000 Monthly
Global Oceanic 1990-2000 Yearly
CAMS-GLOB-ANT Anthropogenic 1984-2018 Yearly
Global Biomass burning 1984-1990 Yearly
CAMS-GLOB-BIO GEIA Biogenic 2000-2000 Yearly 10
Global Global Oceanic 1990-2000 Yearly
CAMS-GLOB-SHIP Volcanic rongren Yearly
Global -Pole Lightning 1990-19 Monthly
CAMS-GLOB-OCE ERCARY ol Anthropogenic 1970-2008 Yearly 0.1°
Global
Global
CAMS-REG-GHG GZ’I‘St;”I's Biomass burning 2003-2016 Daily 0.1°
TNO Europe s
CAMS-REG-AP G';’I‘St;”l'z Biomass burning 2003-2015 Daily 0.1°
TNO Europe sl
HTAPv2 GGTEDD? Biomass burning 1997-2010 Monthly 0.5°
Global 0da
EDGARV4.3.2 %’TEDD'I‘ Biomass burning 1997-2015 Monthly 0.25°
Global ha
EDGARv4.3.1 IS4FIRES Riomac< hurning 2000-2011 Monthlv n /°
Global Global 1INU Culupe
DECSO-NOx EMEP A v
ED((:I/;bR;';iQ Chifa EMEP Europe Anthropogenic 1980-2020 Yearly
South Africa 2 .
EDGARvV4.3.2-monthly Middle East Efsl:i;i; Anthropogenic 1980-2020 Monthly
Global
PKUO5 MPI-CNRS i
EDGARv4.3.1-monthly Global East Asia 2 Anthropogenic 2008-2016 Yearly
Global
PKU CR2-MMA @
4 " Anthropogenic 2016-2016 Yearl
ECLIPSE-GAINS-4a Global Chile pog y
Global GICC REAS2.1
ECLIPSE-GAINS-V5a St East Asia Anthropogenic 2000-2008 Monthly
Global GUESSES IASB-TD-OMI Biomass burning 2005-2014 Monthly
CEDS Global Global Biogenic 2005-2014 Monthly
Global -TD-OMI-!
AMMABB I';Sithh?MlpT(.:P Anthropogenic 2007-2012 Monthly
RETRO Global O ina Flain
MEGAN-MACC ORI, Anthropogenic 2007-2013 Yearly
Global China
Global PR
-Alrica "
Junker-Liousse ME(E;IG,:;NIVZ Africa Anthropogenic 2005-2030 Decadal
Global oba SAFAR-India
Andres-CO2-v2016 A(;:FLAME India Anthropogenic 1991-2011 Monthly
Global armex
P TNO-MACCII DAISE‘:ZVA Anthropogenic 1990-2015 Yearly
TNO Europe -
DACCAm’c\a flaring Anthropogenic 1994-2015 Yearly

Fundamentals of Atmospheric Chemistry and Aerosol Modeling 2018

0.5°

0.5°

0.25°

0.01°

0.25°

0.5°

0.25°

0.25°

0.25°

10

0.125°

0.125°

ED@AR

ED@AR

(macc

(macc

~




Anthropogenic NO, Emissions - various inventories

CEDS (0.5deg) - 1950
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Large differences between inventories
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1980 to 2010

Granier et al., Climatic Change, 2011
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Biomass burning

o Wildfires

Natural * Prescribed burns (forest understory)
and _ e Agricultural burning
Anthropogenic

* Trash burning
* Residential burning of biofuel

CO fire emissions - January CO fire emissions - April

Large seasonal variability
* Natural wet/dry season
e Agricultural activity

Large inter-annual variability
due to climate

Large uncertainties in

* Whatis burned

e How much is burned
* Emission factors

molecules/cm2/s

0.e+00 1.e+08 1.e+10 2.e+10 5.e+10 1.e+11 2.e+11 5.e+11 1.e+12 2.e+12 5.e+12

Wiedinmyer et al., GMD, 2011 Fundamentals of Atmospheric Chemistry and Aerosol Modeling 2018 12



Fire emissions models (e.g., FINN)

[ 29-38
[ ]s9-48
[ 49- 58
I 59-67

68-75

.
- 100

Emissions(i) = f(A(x,t), B(x,t), E{(i))
For compound i, location x, time t:

* A(x,t): Area burned

* B(x,t): Biomass burned (kg-biomass-burned/area)

Other inventories use
similar algorithms

Some use Fire Radiative
Power satellite obs

Different landcover
maps, emission
factors, etc.

* Eq Emission factor for each chemical compound
(mass-emission-species/kg-biomass-burned)
* type of vegetation (ecology)
« fuel characteristics (amounts of each type of biomass)
« fuel condition (moisture content)

Input data sets

 MODIS Thermal Anomalies (Fire counts)

e Land cover maps (from MODIS and SPOT)
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Differences in fire inventories

* FINN- Fire INventory from NCAR

(Wiedinmyer)
e QFED - Quick Fire Emissions
Dataset (NASA)

e GFAS — Global Fire Assimilation

System (CAMS/ECMWF)
 GFED — Global Fire Emissions

Database (van der Werf et al.)
* For CMIP6 (1750-2100)

Monthly fire emissions - 2014
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Natural emissions

Natural terrestrial emissions

* VOCs from vegetation (isoprene, terpenes, methanol, etc.)
* Soil NO

* Volcanoes (50,)

Lightning NO

Ocean emissions - DMS, CO, VOCs
Dust

Sea salt

Fundamentals of Atmospheric Chemistry and Aerosol Modeling 2018
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A biogenic emissions model: MEGANv2.1
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Fig. 1. Schematic of MEGANZ2.1 model components and driving

variables.
Guenther et al., GMD, 2012
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MEGAN algorithm in a 3D model

The MEGAN-v2.1 algorithm is online in many models

Emissions for species i: Fi =Y; ZEi,j Xj
where
y; : emission activity factor, depends on leaf area index (LAl), meteorology (T, solar
radiation), leaf age, soil moisture, with separate light-dependent and light-
independent factors
g,; - emission factor at standard conditions for vegetation type (PFT) |
X; : fractional area of PFT j

Isoprene emissions in 2 different models differ greatly due to meteorology
and vegetation maps

WRF-MEGANv2.1 (offline): Isoprene (micro-moles/m2/hr) CLM-MEGANV2.1: Isoprene (micro-moles/m2/hr)
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Lightning NO emissions

Lightning is produced in deep convective storms, creating a plasma
leading to thermolysis of O, resulting in large NO emissions
(1-10 Tg/yr globally)

Often parameterized based on cloud top height

Cloud resolving models might use other approaches (e.g., updraft
volume, ice mass flux, etc.

Can also use observations of lightning flashes

Annual Total Lightning NO Emissions - 2006
Zonal Average

100 1 T
) - N\ e Transport
Lig tmnvgu on B T | 2 -
\& of Low photolysisrates =
73
o F i
o
o : :
1000 C__. . A 1 F ) i A 1 5 3 : : 1 . n
-50 0 50
molecules/cm®/s Latitude

1 10 100 200 500 1000 2000 3000 4000 5000

Fundamentals of Atmospheric Chemistry and Aerosol Modeling 2018 Emmons et al., GMD, 2010 18
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Dust and Sea salt

Dust 20180409-00Z Surface
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Parameterizations using
surface wind speeds

Calculated online in
model

Dust: based on soil
erodibility maps,
tuned to AOD
observations

Images from CESM/WACCM:
https://www.acom.ucar.edu/waccm/forecast/
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Other Boundary Conditions

Long-lived species - for tropospheric chemistry often better to prescribe
surface mixing ratios when sources and sinks are uncertain, such as for CH,

Lateral boundary conditions for regional models

Stratosphere - ozone and other long-lived species (HNO3, NOx) are
important source to troposphere

CH,, N,O (ppm)
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Dry Deposition Velocity

% 1
Rq R +R +R

Resistance of: R, a
Resistance of: R

C

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

Varies with surface type (vegetation, ocean, etc.)
Key component of ozone budget
Important for sticky and soluble gases: HNO,, CO, OVOCs, etc.
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Wet Deposition

Wet deposition

* Scavenging in convective
updrafts

* Rainout: in-cloud
scavenging

* Washout: below-cloud
scavenging

Highly soluble gases (HNO;)
and aerosols - Kinetic process
limited by mass transfer

Moderately soluble gases:

dependent on effective Henry’s
Law constant

Fundamentals of Atmosj

J.L.Neu and M. J. Prather: Cloud overlap and ice physics and their impact on tropospheric ozone 3303
L=N Fye =CF _pyc = Py =PI Fye ) Fs
P>0 |
< NC - MC >
< Fue Puc >
L;N(;l ‘FNC=CF_FMQ Fes >
AP >> 0 Prc = Pew
CF
MC > MC > MC —> AM < NCo AM
] E':l(' p.’u(' _ F, ,;M )4 :AM -
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Fig. Al. Schematic of an idealized grid box with N levels, indicated by the horizontal dotted lines. The space between the levels is for
illustrative purposes only. Levels N to N —2 contain clouds (grey shaded areas) and Levels N to N —3 have P(L) > 0. All gridbox fractions
and precipitation rates are defined in the text and are shown for each level. The terms XX — YY indicate the gridbox fraction corresponding
to fxxﬁyy as defined in the text (Eqs. A3 to A8). Level N is the first precipitating level, and the precipitating fraction and rate are given
by Eqs. (A1) and (A21). Level N — 1 provides an example with CF(L) > CF(L+1), APcf >0 (Eq. A18), and pNgw >0 (pMmc and pNe
given by Eqs. A27 and A28). Level N —2 has CF(L+1) > CF(L) and APcp =0, with the standard evaporation in the ambient region
sufficient to account for the decrease in P from level N —1 to N —2 (Eqgs. A16 and A17). Level N —3 has CF(L) =0 and the decrease in
P from level N —2 to N —3 exceeds the standard evaporation rate (Eq. A17). There is full evaporation of the precipitation in level N —4
(P(L)=0).

www.atmos-chem-phys.net/12/3289/2012/ Atmos. Chem. Phys., 12, 3289-3310, 2012



Applications

Chemical & air quality forecasts

Source attribution through “tagging”

Analysis of observations and understanding processes

Chemistry-climate coupling

|~/ Biological
\ Effects on
Natural
Resources

https://www.nps.gov/subjects/air/sources.htm

Fundamentals of Atmospheric Chemistry and Aerosol Modeling 2018
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Opernlous A\ Atmosphere Monitoring
Service Search Search

Europe’s eyes on Earth

Global surface forecasts

Ozone at surface [ppbv]

0 10 2 P 4 M e 70 M W 10 120 10 3

L] [ [ [

2018-08-10T03:00:00.000Z Longitude: 78° 05' 32" Latitude: 6° 58' 20

https://atmosphere.copernicus.eu/
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Source Attribution

"Tagging” of source type or region allows identification of
source contributions to observations

@/ GEOS Analysis
NASA - Global Modeling and Assimilation Office (GMAQ)
Initial: 08/12/2018 12Z Hour: 000 Valid: 08/12/2018 12Z
o ? \3\n " ‘\ a ":I

e

Frequently used
in flight planning
for aircraft
experiments

N. America CO Biomass Burning [10*® molecules cm?]

01 .05 09 1664 .19 215 239 .264 288 313 4 .8

https://fluid.nccs.nasa.gov/wxmaps/chem2d/ Fundamentals of Atmospheric Chemistry and Aerosol Modeling 2018
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Adding tagging to chemical mechanisms

Artificial tracers:
CO_fire_10day -> CO2 : k=1/10days, CO emissions from fires

SO2_volcano -> {} : k=1/x, SO, emissions from active volcano

"Tagged” CO, runs parallel to complete chemistry without affecting it:

CO_fire + OH -> OH : k=k(CO+OH)

Other compounds with simple chemistry can be tagged and added to
standard chemistry (BC)

Fundamentals of Atmospheric Chemistry and Aerosol Modeling 2018
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Emissions perturbations

* For studying impacts of actually changing the emissions
* To estimate source contributions from various source types or regions

Foreign impact on NA Foreign impact on EU

ALL  EU EA [ ALL NA EA

2 3
[=8 =3
£ o8l ] £ oasf :
2 2 |
® 06} - /\/_
: . 8 8
HTAP model intercomparison S04 Co0af N
& €
Decreased emissions in each 3 ool e R IR e oo . e B
) O 2 4 6 8 10 12 0 2 4 6 8 10 12
region by 20% and found Month of 2001 Month of 2001
decrease in ozone Foreign impact on EA Foreign impact on SA
29 AL wa B0 sa 2 al w0 e
[« 8 [«
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Q. 04} O, 04f .
o ot
@ 0.0 o s P i ] dooL__. .o
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Fiore et al., JGR, 2009 Fundamentals of Atmospheric Chemistry and Aerosol Modeling 2018
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Tracking ozone from NO emissions

NO2+hv—=> NO+0O
0+02->03
NO + O3 = NO2 + 02

NO2 + OH - HNO3
HNO3 + OH = NO3 + H20

XNO2 + hv = XNO + OA
OA + 02 - 0O3A

XNO + 03 > XNO2

NO + O3A -2 NO

XNO2 + OH > XHNO3 +
XHNO3 + OH = XNO3 +

OH
OH

Any region or source type of NO
emissions can be tagged, to
qguantify contribution of ozone
from that source

Similar tagging of VOCs -> ozone
also possible (Butler, GMD, 2018)

Tagged O3 Column (O3 < 150 ppbv) - Jul

Surface Anthropogenic

Fires

< I L e
J,HRA-’L/—W”‘M&

Lightning

Emmons et al., GMD, 2012 Fundamentals of Atmosphe 012345678 9101

12 13 14 15 16 17 18 19 20 DU
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Aircraft experiments: forecasting and analysis

Fundamentals of Atmospheric Chemistry and Aerosol Modeling 2018
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Chemistry-Climate Interactions

(At

mospheric Chemist

/Mesosphere/Lower

-

Biomass burning

Thermosphere

Emissions \_ Modal Aerosol Model

Anthropogenic

Biogenic )

\

ry
ﬁ > Troposphere/Stratosphere < | ‘
/

Radiation
Clouds (indirect)
' Dynamics

\_ Water vapor )

Land/Ocean Biosphere

Snow/Ice
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Conclusions

* Models are tools to explore atmospheric
processes

* Emissions are very uncertain and should be
appropriately selected and evaluated for each
study

* Uncertainties in other processes (deposition,
chemistry, clouds, meteorology) must be kept in
mind



