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Interrelated Origins of Ozone and PM,, .

Secondary formation
of ozone and PM, ;
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Cohan et al., Env. Management, 2007

(Meng et al., Science, 1997; Lamarque et al.,GRL, 2005; Unger, PNAS, 2006)
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L. fntrodaciion : Obsercwiions of Langley on
Atmosplerical Absorption.

GREAT deal has been written on the intduence of

tlhe wabsorption of the atmosphere upon the climate.
Twvnduil + in parcticulir s pointed out the onormouns ioe-
pertanee of this guestion. To him it was chiefly the dianrnal
ad annual variations of the temperature that were lessened by
this cireumstance. Another side of the guestion, that las longs
attracted the attention of physicists, s thisz : Is thle mean
temperntore of the ground in any way influenced by the
presance of heat-absorbing gases inthe almosphere ¥ Fourieri
maintained that the atmospliere acts like the acdass of @ hot-
house, beecnuse it lets through the light rays off the =un but
retainsg the Jdark rays from the grouwnd. This fdew was
elabornted by Pounillet § ;3 and Taugeley was by some of his
rescarches led to thoe view, that ** the temperatore of the
earth ander direct sanshine, even thongh our atmosphere
were present as now, would probably tall te —200° Q. it
that atmosphere did not possess the quality of selective

. " Extract from a paper nted to the Royal Swedish Academy of
Sciences, 1lth Tieember, 18335, Communicated b__'l.r the Aunthor.

+ * Heat a dicides of Motion,” 2nd ed. p- 405 { Lond., 1865,

I MWém, die P de. R, o, Sci. de U Iust, de Froaonce, t. vil. 1827,

5 remdes, t. vii. p. 41 (1838).

hil, Mag. 5. 5. Vol. 41. No. 251. Adpril 1896, S
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Keeling Curve (11,000 feet, Mauna Loa, Hawaii):

Very Predictable CO, Levels under Business-as-Usual Practices: 316 ppm in 1959, 379 ppm in 2005, 500
ppm expected in mid-century (exceeds by far the natural range over the last 650,000 years

(180 to 300 ppm)
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Trend in Ozone Episodes and Mid-Latitude Cyclones
( 1980-2000)
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Emissions-Chemistry-Climate Interactions

FORCING
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Probability of Ozone > 80 ppb as a Function of Daily
Max Temp (1980-1998)
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Background — What is the issue?
( Courtesy : Dr. Anne Grambsch, US EPA ORD NCEA)

» 2007 IPCC Fourth Assessment Report

o Climate change would modify a number of chemical and physical processes
that control air quality and the net effects are likely to vary from one region to
another.

o Climate change can affect air quality by modifying the rates at which
pollutants are dispersed, the rate at which particles and soluble species are
removed from the atmosphere, the general chemical environment for pollutant
generation and the strength of emissions from the biosphere, fires and dust.

o Overall, the net effect of climate change on air quality is complex.
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Background — Why is this important?
(Courtesy : Dr. Anne Grambsch, US EPA ORD NCEA)

= 2004 NRC Report: Air Quality Management in the US

o |dentified “adapting the air quality management system to a changing (and
most likely warmer) climate” as key challenge in coming decade

= Climate change expected to impact air pollution in ways that have not
been explicitly considered in AQ program planning
o Chemical reaction rates and atmospheric transport processes
e Biogenic (and anthropogenic) emissions rates

» Potential to affect attainment of clean air objectives?

» Critical assessment of emerging science needed to assist in making
significant, long-term decisions

GIT, NESCAUM and MIT




Air Quality Assessment — Collaborations
(Courtesy : Dr. Anne Grambsch, EPA ORD NCEA)

Global Change Scenarios

(tech change, population growth, economic activity levels...)

Climate

\ Downscaling
Global ll W (PNNL, lllinois, WSU,
Emissions Columbia, Harvard,
/ \ d Carnegie Mellon)
N — Global /
Irielelly Meteorology Socio-economic
A </ — scenarios (NCEA)
Global Chemistry i G / T /
Modeling (Harvard, — . Regional /
camegte Mellon ""“°'s7><5, . Change Regional development
! /,/' ? (Georgia
—~ : Scenarios \\ Tech/NESCAUM/ MIT,
Intercontinental Air Regional : . UC-Davis, RFF, UT-
Pollution (OAR) B 9 q N Regional  __, | Regional <l — Austin, UW-Seattle,
oundaary Meteorology Emissions Ulll-Urbana, Johns
Conditions — Hopkins, Columbia)
Climate Effects of e . . . Technology
Aerosols - Regional Air Quality Assessments with
(OAR) - MARKAL (NRMRL)

e

/

Air Quality Modeling (NERL,
Harvard, Georgia Tech/NESCAUM,
Carnegie Mellon, lllinois, Berkeley,

WSU, Harvard, Columbia, Johns
Hopkins)

Biogenics modeling
(NERL, Forest Service, UC-
Boulder, UNC, UT-Austin, UNH)

Emissions Modeling
(NRMRL, OAR, NESCAUM)
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Introduction

Climate Change is forecast to affect air temperature, humidity,
precipitation amounts and frequency, etc.

Increases in ground-level ozone concentrations are expected in
the future due to higher temperatures and more frequent (and
longer?) stagnation events (“climate change penalty”); effect on
PM, - levels more complex.

Accurate projections of emissions of ozone and PM, ;
precursors to distant future (year 2050) are key to evaluate the
relative impacts of climate change and current control
strategies/policies on ambient levels of ozone and PM, -

The effects (direct and indirect) of ground-level air pollution on
climate (regional and global) are not investigated here.

GIT, NESCAUM and MIT




Issues

TP F ” Above

> How does the gllmate change pe.nallty questions can
compare to benefits of planned emission be answered by
reductions? quantifying

. sensitivities of
> How well will currently planned control | eSS
strategies work as changes in climate (9-9-’P°|\:§';‘)* AL

E :

e to their
<How robust are the results? precursor

emissions

(e.g., NOx, NH3,
biogenic and
anthropogenic
VOCs and S0O2)
and associated
uncertainties.
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Modeling Procedure

Leung and Gustafson (2005)

- With 2050 climate

With 2001 & 2050
r _d

climate

¢

*Leung and Gustafson (2005), Geophys. Res. Lett., 32, L16711
GIT, NESCAUM and MIT



Air Quality Simulation Domain

» 147 x 111 grid cells
= 36-km by 36-km grid
size
= 9 vertical layers
= 5 U.S. sub-regions
2 Canadian sub-regions
Northern Mexico

GIT, NESCAUM and MIT



Emission Inventory Projection

Accurate and consistent projection of emissions is key to
comparing relative impacts on future air quality and for
evaluating control strategy effectiveness

Academic and Policy/Government: Cooperative Effort

Woo et. al, 2006
GIT, NESCAUM and MIT




Projecting emissions
- US -

» Step #1: Obtain national projection data available for the near future
- Use EPA CAIR Modeling El
(Point/Area/Nonroad, from Y2001 to Y2020)
- Use RPO SIP Modeling El
(Mobile, from Y2002 to Y2018)

» Step #2: Obtain growth data for the distant future and develop cross-
reference

- Use IMAGE model (IPCC SRES, A1B)
- From Y2020 (Y2018 for mobile activity) to Y2050
- X-Ref : Sectors/Fuels combination to SCCs

n Step #3: Apply growth factors using cross-reference
- Use IMAGE model (IPCC SRES, A1B)
- From Y2020(Y2018 for mobile activity) to Y2050

GIT, NESCAUM and MIT




Projecting emissions
- CANADA/MEXICO -

= Step #1: Obtain national projection data available for the near future or
update base year inventory

- Use Y2020 Environmental Canada Future El (Area/Mobile)

- Use Y2002 Point source inventory (NYS DEC) scaled with Y2000 by-state point source
summary from Environment Canada

- Update base year Mexico inventory using Mexico NEI for 6 US-Mexico Border states

= Step #2: Obtain simple growth data for the distant future
- Use IMAGE model (IPCC SRES, A1B)
- From Y2020 to Y2050 (CAN, Area/Mobile)
- From Y2002 to Y2050 (CAN, Point)
- From Y1999 to Y2050 (MEX, All)

GIT, NESCAUM and MIT




Comparison of existing “future-El” development approaches

Name Base Future Geograp!ucal Scenario Source sectors Chemical species Model Availabili
Year Years Domain ty
2010 IPM
EPA BASE
EPA CAIR 2001 12015 Continental US AR EGUs, non-EGUs NOx, VOCs, €0, N3, 802 | - jeGasinm Yes
12020 M
2010 . EPA BASE NOx, VOCs, CO, NH3, SO2, IPM
EPA CSI 1996 12020 Continental US csl EGUs, Non-EGUs PM IEGAS Yes
2009 i NOx, VOCs, CO, NH3, SO2, IPM
RPOs 2002 12018 Continental US OTB/OTW EGUs & non-EGUs PM IEGAS Partly
2040
SAMI 1990 38 States + DC OTB/OTWIBW | eGys 8 non-EGUs | NOX VOCs, CO, NH3, S02, SAMI No
(/M10yrs) C/BB PM
~2100 e Energy sector/fuel C02, CH4, N20, CO, NOx
RIVM* 1995 World (17 regions) SRES(A1, B1, L ’ ; Y ’ ’ IMAGE Yes
(Iyr) A2, B2) combination S02, NMVOC
NESCAUM ~2029+ Units(EGUs), Energy sector/fuel NOx, VOCs, CO, NH3, SO2,
IEPA i (/3yrs) States(NE), Country el e combination PM MARKAL Ay
* RIVM : Netherlands’s National Institute for Public Health and the Environment
[ Pros [ cons [ [Both « IMAGE : Integrated Model to Assess the Global Environment

GIT, NESCAUM and MIT




RIVM IMAGE

IMAGE: A dynamlc mtegrated assessment WorldScan (economy model), and PHOENIX
modellng framework for gIobaI Change (population model) feed the basic information on
economic and demographic developments for 17
. world regions ir*lto three linked subsystems (EIS,
Population World Economy TES, and AOS*)
(Phoeni) . oA orldScam
Change in G0 P, population & athers
= lie. su::_enari-:- assumptiu:-_nsj
Terrestr_ml RETICIEHEN Energy demand RV Environmental Research =-1998 World Reglons and Subreglons
Vegetation Economy
[ Landcovst | & supply (TIMER)
Energy & industry
LandLse emissions
Emissionhs
Emissions &land use changes
Terrestrial Oceanic Atmospheric
C cycle C Cycle chemistry
Concentration changes l
Climate

Geographical P attern Scaling

Climatic changes l

: Hleansda Sﬂm#ﬁlca HQOE‘:{PBWW L 13 S Asla 17 Japan
Natural Agricuktural Land Sea level e \Weskn Mika I 19 Eastin Eniope T {4 East fla ] 12 Giventand
systems Impacts degradation L Mimﬁmﬂga H;Eﬁmmma ﬁ:;rmésﬁaﬂ |- :g&wﬂfﬂaﬁaﬁa [ ] 19 ekarctea

GIT, NESCAUM and MIT
*EIS(Energy-Industry System), TES(Terrestrial Environment System), AOS (Atmospheric Ocean System)




Regional Emissions: Projections

MO (T otal, TPY)

[ 16000 - 180000
[ 180000 - 413000
[ 413000 - 637000
[ 557000 - 1252000
I 1752000 - 1840000

[ M_nox
MO (T otal, TPY)

[ 16000- 190000
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697000 - 12562000
I 1252000 - 1840000

Year2050
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IIi

2001 2020 2050
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25
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o

Present and future years NOx emissions by state and by source types
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Emissions Projections (Three Countries)

m 2001
m 2050
@ 2050_np|

Emissions (million tons per year)
w N
o o
I

g "} T

NOX VOC PM25 S02 NH3

2050 - 2001:
NOx: -50% VOC's: +2% PM25: -10% SO2: -50% NH3: +7%

_ . ‘o 0
2050np - 2001: VOC's: +15% np (non-projected): Emission Inventory

2001, Climate 2050
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Summary of Air Quality Simulations

Scenario Emission Climate Conditions Future Air Quality
Inventory (E.l.) Impacting Factors
. . Historic
2001 Historic (2001) (2001 whole year) N.A.
2000-2002 summers  Historic (2000-2002)  istoric N.A.

(2000-2002 summers)

2050 np (non-
projected emissions,

but meteorologically Historic (2001) Future Potential future climate
: (2050 whole year) changes
influenced for
consistency)
2049-2051_np Future Potential future climate

summers

Historic (2000-2002)

(2049-2051 summers)

changes

2050

Future (2050)

Future
(2050 whole year)

Potential future climate
changes & projected E.I.

2049-2051 summers

Future (2049-2051)

Future
(2049-2051 summers)

Potential future climate
changes & projected E.I.

GIT, NESCAUM and MIT




Assessment: Part |

Impact of Future Climate Change Alone
on Ground-level Ozone and PM, .
Concentrations

Important and interesting for comparison with the case
with emission controls

GIT, NESCAUM and MIT




Daily maximum 8 hour ozone concentration CDF plots in 2001, 2050 and 2050 _np

Northeast 2001
+ 2050
1- o000t 0 & @ ggaiEEEEEE ® = = & ® " . -2050_np
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005 -
©04-

03 -

02 -
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0 - . s = susal .
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Reduced NOx scavenging
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Daily maximum 8 hour ozone concentration CDF plots in 2001, 2050 and 2050 _np

CDF
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Summer Average Max 8hr O,

O3_2000-2002summers O3_2049-2051summers
0071 0070111
0.080 0.060
0.050 0.050
0.040 0.040
0.030 0.030
0.020 0.020
0.010 0.010
000 0000 4
ppmy ppmy 1 1497
O3 FutureSummers - O3_ HistoricSummers O3_FutureSummers - O3_FutureSummers_np
np: Emission Inventory 2001, Climate 2050
0.010111 | 0.010111
0,005 0.005
0.000 0.000
0,005 =0.005
0.010 ©0.010
0013 D015
0.020 4 0020 4
ppmy 1 1497 ppmV
Pt:t Mw“



PM25_2001 Annual IDMZ.S

PMzs_ 2050
20 111 20 111
15 15
10 10
5 5
[i] 1 0
microgram/m*{3 147 micro grmrm]n"qs 147
PMzs_ 2050 - PM25_2001 PMzs_ 2050 - PM25_2050np
np: Emission Inventory 2001, Climate 2050
1 1m - _ 1 _
4] - 1]
-1 -1
2 2
3 3
-4 -4
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Impact of Potential Climate Change and Planned
Controls on Average Max8hrO3

All grid averages (not just monitor locations)

= 2001
O 2050
100 - | 2050__Nnp
Summers 2000-2002
90 - B Summers 2049-2051
= Summers 2000-2051_np
80 -

70 -
60 -
50 -
40 -
30 -
20 -
10 -
0]

Max8hrO3 (ppbV)

West Plains Midwest Northeast Southeast us

- 3-8 ppbV lower in 2050 (6-15%)

-About +/- 1ppbV difference without considering future
emission controls (2050 _np) (-2 to + 3%)

- More significant reductions in summers. (12-28%)

GIT, NESCAUM and MIT



Impact of Potential Climate Change on PM, .

PVR5 (g/n3)

m 2001

0O 2050

@ 2050_np

E Summers 2000-2002

E Summers 2049-2051

E Summers 2000-2051_np

Plains Midwest Northeast

Southeast us

- about 0.3-3.8 pg/m?3 lower in 2050

- maximum 0.6 ug/m?3 difference without considering future

emission controls (2050 _np)

-Usually np is lower in summer, though can be higher on average

GIT, NESCAUM and MIT




Annual Averaged Changes from 2001 in
Averaged Max8hrO3 & PM, .

Max8hrO3 (%) PM, . (%)

2050 2050np 2050 2050np
West -6.5 0.2 -9.2 2.9
Plains 7.9 1.4 -22.0 -0.8
Midwest 10.5 -0.2 -22.7 4.2
Northeast -10.0 -0.5 -28.5 6.5
Southeast -14.8 2.3 -31.4 -2.4
us -9.2 0.9 -23.4 1.1

GIT, NESCAUM and MIT




Regional Predicted Max8hrO3 Characteristics

Unit of 99.5% and peak: ppbV

2000-2002 summers 2049-2051_np

2049-2051 summers summers
#of days #ofdays Peak # of days # of Peak # of days # of Peak
over 80 over 85 over 80 days over 80 days
ppb ppb ppb over 85 ppb over 85
(sim/act) ppb ppb
West / Los Angeles 149 95/85 119 31 6 97 221 186 146
Plains / Houston 127 107/87 127 29 10 94 165 146 143
Midwest / Chicago 78 66/32 138 19 12 106 59 44 152
Northeast / New York 51 38/46 112 1 0 81 82 60 121
124/
Southeast / Atlanta 199 182/54* 139 0 0 78 195 177 131

*1998-2000: 137

Significant improvement

GIT, NESCAUM and MIT

Stagnation events Increase in some areas




Assessment: Part Il

Sensitivity Analysis of Ground-level Ozone
and PM, :

> Now this is more of our focus (an issue of
primary importance to policymakers: how
well current policies based on current
climate would respond to changed climate?)

GIT, NESCAUM and MIT




Semi normalized First-order Sensitivity
Calculated using DDM-3D

C
s —g & ¢ A
] J@E Co C
E E E

m

S; ;- sensitivity
Ci : concentration of pollutant i
Ej : emission of precursor j

» Sensitivities are calculated mathematically (about 12 per run)
and have the same units as concentration of the air pollutants.

=|_ ocal sensitivity
=Relative response to an incremental change in emissions
»Read results as the linearized response to a 100% change

GIT, NESCAUM and MIT




Sensitivities of Daily 4" Highest 8-hr Ozone

< 400 Ozone to anthropogenic VOCs * 2 Egggg_np
2 30.0 @ 2050
2 B 2050 Norm
g 20.0 ;zggg:gggﬁ:zggmu(:rsners
’é 10.0 i E 2049-2051_summers
Y e om W 7R W 7B w om
40.0
s .. | Oz precursor sensitivities to NOx
> .., | enhanced (ppb/ton) due to both controls
% ... | (primary) and climate from 2001, VOC
° . | sensitivities increased from climate,
%0 decreased due to controls
%_ 30.0 - -
% 20.0 -
:'é 10.0 -
? 0.0

West Plains Midwest Northeast Southeast us

GIT, NESCAUM and MIT Norm: Adjusted for emissions change




Spatial Distribution of Sensitivities of Annual
Ozone to Anthropogenic NO, Emissions

2001 2050_np

10.00111 10.00111

6.25 6.25

2.50 2.50

Y L] AR
) ,‘H 2 -

_1. .5 ‘ i -‘i o :- .'r hm.’ -1 95

7 . 1.25
-5.00 1 5.00
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10.00111 @ 1
H 15.0
6.25
10.0
2.50 !.
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r i 4
0.0
5.0

1
14 ppbV 1 147
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Sensitivities of Speciated PM, - Formation

PM, . precursor sensitivities (ug m- per ton) similar to 2001
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Spatial Distribution of Sensitivities of PM, .
Formation to SO, Emissions

2001 2050_np

4.00 111

2.75

1.50

0.25

100

ug/m"3 147 1 147
2050
i 400111
100 1 -
ugim~3 197 1 1497
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Assessment: Part Il

Uncertainty Analysis of Impact of
Climate Change Forecasts on Regional
Air Quality and Emission Control
Responses

=» A second central question

GIT, NESCAUM and MIT




Summary of Uncertainty Simulations

Scenario Perturbations Sources
High-Extreme Scenario 99.5 % percentile of 3-D IGSM and
J temperature and absolute humidity GISS
Base Scenario 50.0 % percentile of 3-D IGSM ~IPCC
temperature and absolute humidity A1B scenario
0.5 % percentile of 3-D IGSM and

Low-Extreme Scenario temperature and absolute humidity ~GISS

Tried here first

38 28 -5 x +5 +25 +35

E8%
95%

99.7%

GIT, NESCAUM and MIT




CDFs of Max8hrO3 and 24-hr PM, ;in Summer of
2050

1.0 1
0.9 -
0.8 -
0.7 -
0.6 -
0.5 -
0.4 -
0.3 -
0.2 -
0.1 -

2001 shown
for comparison

Fractile

Peaks (ppb)
2050 _99.5: 142
2050_50: 131
2050 _0.5: 126

0.0
40.0

Fractile
o
13
|

45.0 50.0 55.0 60.0 65.0 70.0
Max8hrO3 (ppbV)

* Low_extreme
= Base

» High-extreme
% 2001

4.0 6.0 8.0 10.0
24-hr PM3 5 (ug/m”3)

GIT, NESCAUM and MIT



No. of Days M8hrO3 > 80ppbV in Summer of 2050

Region / City Low-extreme (0.5%) Base (50%) High-extreme (99.5%)
West / Los Angeles 2 Days 6 Days 7 Days
Plains / Houston 5 Days 10 Days 24 Days
Midwest / Chicago 3 Days 4 Days 6 Days
Northeast / New York 0 0 0
Southeast / Atlanta 0 0 2 Days

GIT, NESCAUM and MIT




Uncertainties in Temperature
Temperature

=
=
-
=
=

10
A\

K }"’":ﬁ.i N

BABEBREBESEE
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Uncertainties in Summertime Max8hrO3 and PM, ;

Max8hrO3

(High-extreme scenario) — (Base scenario)
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How do uncertainties in climate change,
impact the ozone and PM, ; concentrati

and sensitivities?

O

O

Results suggest that modeled control
strategy effectiveness is not affected
significantly, however, areas at or near the
NAAQS in the future should be concerned
about the impact of uncertainty of future

climate change.
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Assessment: Part IV

Cross-Sensitivities (or Linked Responses of
Ozone and fine PM to Emission Controls)

Multi-Pollutant Control Strategies ( multi, n= 2,
only two pollutants)
=» Now and in the Future

GIT, NESCAUM and MIT




Interrelated Origins of Ozone and PM,, .

Secondary formation
of ozone and PM, ;

SOURCE EMISSION AMBIENT
SECTORS POLLUTANTS

Gasoline Vehicles &

Diesel Vehicles

-* (Ozone

PMZ.5
& Haze

Fires

Oithar Sources

Cohan et al., Env. Management, 2007

(Meng et al., Science, 1997; Lamarque et al.,GRL, 2005; Unger, PNAS, 2006)
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Five Cities in the Continental US

* x

Chicago New York
* —
Los Angeles
; x
Atlanta v

Atlanta
city
center

Five cities - Nonattainment areas for MDA8hr O; and 24-hr
PM, ; levels

MDAS8hr O; — city center and regional maximum

PM, ; — city center
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Sensitivities of Daily Max. 8-hr O; and 24-hr PM,, .
to Anthropogenic NO, Emissions — New York City

City center

(1% changes in emissions)

04 - 04

y 0.3 New York New York

2 ' (2001) 0.3~ (2050)
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Smbashos, anox (PPD) Smbashos, anox (PPD)

Y-axis: Sensitivities of 24-hr PM, ; to anthropogenic NOx emissions

X-axis: Sensitivity of daily max. 8-hr ozone to anthropogenic NOx

emissions
Liao, et al., 2008
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Number of Days with Positive and
Negative Ozone Sensitivities to NOx

2001 (+/-) 2050 (+/ -)
Atlanta 144 | 215 276/ 83
Chicago 31/ 328 131/218
Houston 117 [ 242 294 / 65
Los Angeles 871272 285/74
New York 3 /356 79 /280

Note: The first seven days of each year are excluded to minimize the impacts of initial concentrations, leaving 359 days for analysis

Liao et. al, 2008
GIT, NESCAUM and MIT




Conclusions

Climate change, alone, with no emissions growth or controls, has
mixed effects on the ozone and PM, ; levels as well as on their
sensitivities to precursor emissions.

e Ozone generally up ( “climate change penalty”), PM mixed
“Statistics of Extremes” are quite different than “Statistics of Averages’
The impact of precursor emission changes from planned controls on
ozone and PM, ; levels is higher than due to climate-induced effects

o Carefully forecasting emissions is critical to relevancy of results
Spatial distribution and annual variations in the contribution of
precursors to ozone and PM, ; formation remain quite similar.

o Sensitivities of ozone to NOx increase on a per-ton basis, mostly due to
reduced NOx levels, and a bit due to climate change
e Sensitivities of PM, ; to precursors similar on per ton basis

* Lower NOx and higher NH; emissions increase sensitivity of NO3 to NOx in
2050 projected emissions case

GIT, NESCAUM and MIT




Conclusions (cont’d)

Controls of NO, and SO, emissions will continue to be effective

Contributions of biogenic VOC emissions to PM formation
more important in the future (higher temp, higher biogenic
emissions, lower SOx and NOx emissions)

The uncertainties in future climate change have a relatively
modest impact on simulated future ozone and PM, -

o Extremes simulated to get significant changes
« High-extreme (99.5!" percentile) led to increases in ozone and PM.

Addressing uncertainties suggests that control choices are
robust
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