The Nature of the Ozone Air Quality Problem
in the Ozone Transport Region:
A Conceptual Description

Prepared for the Ozone Transport Commission

Prepared by NESCAUM
Boston, MA

October 2006

Revised
August 2010

Contributing Authors

Tom Downs, Maine Department of Environmental Priob@c
Richard Fields, Massachusetts Department of Enmeantal Protection
Prof. Robert Hudson, University of Maryland
lyad Kheirbek, NESCAUM (now with the NYC Dept. okHIth and Mental Hygiene)
Gary Kleiman, NESCAUM
Paul Miller, NESCAUM
Leah Weiss, NESCAUM



Acknowledgements

NESCAUM thanks the Mid-Atlantic Regional Air Managent Association for
providing the foundational basis of the 2006 report

NESCAUM also thanks the following people for the@mments and input during the
development of the 2006 and revised 2010 reports:

Tad Aburn, Maryland Department of the Environment

Debra Baker, Maryland Department of the Environment

Michael Geigert, Connecticut Department of Enviremtal Protection

Kurt Kebschull, Connecticut Department of Enviromta Protection

Tonalee Key, New Jersey Department of Environme®Prtatection

Mohammed A. Majeed, Delaware Department of NatResdources and Environmental
Conservation

Ali Mirzakhalili, Delaware Department of Natural 8®irces and Environmental
Conservation

Charles Pietarinen, New Jersey Department of Enmiental Protection

Robert Sliwinski, New York Department of Environn@nConservation

Jeff Underhill, New Hampshire Department of Envirtental Services

David Wackter, Connecticut Department of EnvirontagRrotection

Martha Webster, Maine Department of Environmentatdttion

Danny Wong, New Jersey Department of Environmepitatection

Jung-Hun Woo, NESCAUM (now at Konkuk University, #¢a)

Michael Woodman, Maryland Department of the Enuvinemt



TABLE OF CONTENTS

EXECULIVE SUMIMAIY ...ttt e e e e et e e e e e e e et e et b s e e as Vil
O | 1 o To 18 o 1o o 1RO PP P PPPPPPPPPP 1-1
1.1, BaCKgrOUNG ... e e e e e e e e 1-1
1.2, Oz0ONe fOrMAaLiON ......coeiiiiiiiiiti ittt e 1-1
1.3.  Spatial pattern of ozone episodes in the QTR..........cccooovviiiiiiiiiiiiiiiiiiiinn. 1-3
1.4. The regional extent of the ozone problem @ @TR ...............ccceeiiirriiininnnns 1-3
1.5. Ozonetrends inthe OTR ..o 1-5
1.6.  History of 0zone tranSport SCIENCE......ccoeevvvieiieeieiiiiiiieieee e e e e e e e eeeeeas 1-7
1.6.1. From the 1970s to the National Research Gbraport, 1991.............. 1-7
1.6.2. Ozone Transport Assessment Group: 1995-1997............ccevvvennnnnn. 1-8
1.6.3. Northeast Oxidant and Particle Study (NE-DE®8-2002.................. 1-9
1.6.4. NARSTO 2000.......ccuuuiiririiiiieeemmmmm it eereeeeeeaaaeeeeaaaseaannes 1-10
1.6.5. New England Air Quality Study: 2002-2004............cccceeiiieeiieeeeeeenn. 1-13
1.6.6. Regional Atmospheric Measurement, Modelamgl Prediction Program
(RAMMPP) 2003.....cciiiieeeeeei e eeeecerrere e e e e e e e e e e e e s e rereaeeeeeeeaaaaeenns 1-14
1.7, SUMIMAIY .ottt e e e et e e et e e e et e e e et seeeenesnneaees 1-15
2. Meteorology and Evolution of Ozone Episodesmn®zone Transport Region....2-1
2.1. Large-scale weather patterns..........cccceeuriiiiiieeeeeeeeeeee e 2-1
2.2. Meteorological MiXiNg PrOCESSES ........aummmmneeeeieeeeeeeiriirnnininaaaaaaaaaaaaaaas 2-2
2.2.1. NOCEUrNAl INVEISIONS ... nnees 2-2
2.2.2. SUDSIAENCE INVEISIONS ......ciiiiiiiiieeeemmme ettt e e e e 2-3
2.3.  Meteorological tranSpOrt PrOCESSES.... o eeerrrrrrrrmnniiiiiaeeeeeeaeererreeeniens 2-3
2.3.1. INEFOTUCTION ...t e e e e e e e e e rennnneeeees 2-3
2.3.2. Ground level WINAS .........ooooiiiiiiiieeeee e 2-4
2.3.3. Nocturnal Iow level Jets ... eeeeee e 2-8
2.3.4. Ozone and precursors higher aloft ... e cveveeeevieiiiiiiiineeeeeeeeeennn. 2-9
2.4, THE “OZONE FESEIVOII ..cceiiiiiiiiiiimmmmmn e e e et eeeeeettbeata e e e e e e e e e e e e e e aeeeeeees 2-15
2.5. Ozone background and exceptional VeNtS . ........cvvviiiiiiiineeeeeeeeee, 2-18
2.6, SUIMIMAIY ¢ttt ettt e e ettt e e e e e et e e e e e e eessta e e eeeestnaaaeeeaeeenes 2-20
3.  Ozone-forming Pollutant EMISSIONS........ccccccoviiieiiiiiiiiicienee e eeeeeee 3-1
3.1. Emissions inventory characteristics in the QTR...........cccceiiiiiiiiiiiiiiinenee, 3-1
3.1.1.  Volatile organic compounds (VOCS).....ccceemiiiieiieeeeeieiieeeeeeiiiiiin 3-1
3.1.2. Oxides of NItrogen (N .. .. oeier e 3-2
3.2. Emissions inventory characteristics outSide@ TR ...........cccceevveviiieeeeennnnnne. 3-5
3.3.  Are NG or VOC control strategies most effective at redgmzone?.......... 3-7
R S 1 U 11 0 0 1= Y PSP 3-8
4.  What Will It Take to Clean the Air? Linking the Science to Policy ................. :14
4.1. The three phases of a bad ozone day and tme @eservoir ..............c.......... 4-1
4.2.  Chronology of an ozone episode — August 2002............cceeeeviiiieeieiiiinnnnns 4-3
4.3. Clean Air ACE PrOVISIONS .....uuuuuuiiiiisieeeeeeeeeeeeeeeeeseiaainssss s s e e e eeesaaaeeeeeeees 4-9
4.4. Pastregional effOrts ...........euueicceei e 4-10
4.5, New 0Z0Ne StANUArdS ..........ccouueet e e e e e e e e e ssssaibbbbb e eeeeeeeeeeaens 4-12
4.6. Future climate change and 0ZoNe..........cccccceeeeiiiiieeeeeeeeeeieeceeiiiiiiinnnnn. 4213
4.7.  Summary: Building UPON SUCCESS.........cccceemeeeeeeiiiieieeiiiiiininiiissneneeeennn. il 4



Appendix A: USEPA Guidance on the Use of Models @tiger Analyses for
Demonstrating Attainment of Air Quality Goals foz@he, PM s, and Regional HazeA-1

Appendix B: Ozone pattern classifications in theROT............cccooviiiiiiiiiiiiiiiiind B-1
Appendix C: The sea breeze and flow over the ogedepth ............ccccoeeeiiieiinnn. C-1
Appendix D: Observed nocturnal low level jet acrtes OTR, July 2002................... D-1
Appendix E: Contributions to the 0ZONe reSerVOIL m......cevevvviviiiiiiiiieeee e eeeeeeeeee E-1



FIGURES

Figure 1-1. Conceptual picture of ozone formatiothie atmosphere ........................... 1-2
Figure 1-2. Map of 8-hour ozone design values e@@TR for 2007-2009 ................... 1-4
Figure 1-3. Trends in 8-hour ozone in the OTR 190W9............cccoovveiiieeiiiiiiieeeeeiin, 1-5
Figure 1-4. Conceptual picture of different transpegimes contributing to ozone
epPISOAES INthe OTR ... ettt e e e e e e e e e e e e e eeeeeeeees 1-12
Figure 2-1. Temperature profile taken over Albady, on September 1, 2006 at 7 a.m.
eastern standard tIME..........ooii i 2-2
Figure 2-2. Schematic of a typical weather patéssociated with severe ozone episodes
INTNE OT R .t reeee e s s s e e e aas 2-4
Figure 2-3. lllustration of a sea breeze and a lae@ze...............c.coooooiiiiiiiiiiiiiinens 2-5
Figure 2-4. Average 2000 — 2002 wind direction freacy associated with elevated one-
hour ozone levels in coastal MaiNe ... 2-6
Figure 2-5. Example of a nocturnal low level jet...........ccovvvviiiiiiiciiiii e, 2-8
Figure 2-6. Altitude profiles for ozone, carbon rmgide, NG, and SQ taken on
JUIY 15, 1995 .ot a e 2-11
Figure 2-7. Observed vertical ozone profile measatsove Poughkeepsie, NY at about
4dam. ESTon July 14, 1995........oiemmmmmm e 2-12
Figure 2-8. Typical day/night ozone cycle at grolencel and aloft .............ccccceeeennn. 2-13
Figure 2-9. Average diurnal ozone patterns at timersit and base of Mt Washington,
NH during high 0ZONe days ..........cooiiiiiiiimiieee e 2-14
Figure 2-10. Average diurnal ozone patterns astmemit and near the base of Pack
Monadnock Mountain, NH during high 0zone daysS.....cc.....ueveiiiiiinininnnennn. 2-15

Figure 2-11. Concentration of ozone by altitudesblasn ozonesonde measurements 2-16

Figure 2-12. Mixing of ground-level ozone aloft thg the day (above) and prevention of
aloft ozone mixing down due to a nighttime invers{below) ......................... 2-17

Figure 2-13. Comparison of the diurnal ozone cotrations measured by high elevation
monitors (red, pink, and blue) and ground-level itaye (gray) on June 13, 2008

................................................................................................................... 2-18
Figure 3-1. 2002 MANE-VU state VOC inventoriesmetOTR ...........cccoevvvvvvvviviinnnnnne 3-2
Figure 3-2. State level nitrogen oxides €mMISSIANS c....ieiiieieee i 3-3
Figure 3-3. Plot of average monthly monitored,N€nds in OTR 1997-2009............ 3-4
Figure 3-4. 2002 MANE-VU state NOnventories inthe OTR ...........ccceoeeeev v comaee. 3-5

Figure 4-1. Median ozone profiles for morning aftérmoon flights from 1996 — 2003
......................................................................... Error! Bookmark not defined.

Figure 4-2. Hourly ozone profiles in the southeffRD August 12, 2002 ..................... 4-2
Figure 4-3. Hourly ozone profiles of high elevatimonitors in the northern OTR,

AUGUSTE 12, 2002 ....ceeniiieii et 4-2
Figure 4-4. Surface weather maps for August 9-0022................ceeeveiiiiiiiiiiininnnnnnns 64
Figure 4-5. HYSPLIT 72-hour back trajectories farghist 9-16, 2002............cccceuueeeee 4-7
Figure 4-6. Spatially interpolated maps of maxim@smour surface ozone concentrations

AUGUSE 9 — 16, 2002 ... .eeiieiiii e 4-8



TABLES
Table 2-1. Night and daytime patterns of ozonéatiase and summit of

Mt. Washington, NH .........uuui e 2-14
Table 3-1. Eastern U.S. RPOs and their state member..........ccooeevvvvieivivieeeieninn 3:6
Table 3-2. VOC emissions in eastern RPOS ..o e 3-6
Table 3-3. NQ emissions in €asterN RPOS..........cuuiiiceeemeee e 3-7

Vi



Executive Summary

The Ozone Transport Region (OTR) of the eastermedritates covers a large
area that is home to over 62 million people livingConnecticut, Delaware, the District
of Columbia, Maine, Maryland, Massachusetts, Newnpishire, New Jersey, New York,
Pennsylvania, Rhode Island, Vermont, and northergida. Each summer, the people
who live within the OTR are subject to episodepadr air quality resulting from
ground-level ozone pollution that affects muchrad tegion. During severe ozone events,
the scale of the problem can extend beyond the ®bBrders and include over
200,000 square miles across the eastern UnitedsStaontributing to the problem are
local sources of air pollution as well as air pttin transported hundreds of miles from
distant sources outside the OTR.

To address the ozone problem, the Clean Air Act Adngents require states to
develop State Implementation Plans (SIPs) detaihieg approaches for reducing ozone
pollution. As part of this process, states are dilggthe U.S. Environmental Protection
Agency (USEPA) to include in their SIPs a concebpdescription of the pollution
problem in their nonattainment areas. This documpentides the conceptual description
of the ozone problem in the OTR states, consistéhtthe USEPA'’s guidance.

Since the late 1970s, a wealth of information heenlcollected concerning the
regional nature of the OTR’s ground-level ozonegaility problem. Scientific studies
have uncovered a rich complexity in the interactbmeteorology and topography with
ozone formation and transport.

The evolution of severe ozone episodes in the mabk&. often begins with the
passage of a large high pressure area from the d4itiw the middle or southern Atlantic
states, where it assimilates into and becomes @m&®n of the Atlantic (Bermuda) high
pressure system. During its passage east, theaas atcumulates air pollutants emitted
by a number of sources in upwind states, incluthnge coal-fired power plants and
mobile and area sources. Later, sources withi©thie make their own contributions to
the air pollution burden. These expansive weatystiess favor the formation of ozone
by creating a vast area of clear skies and higlpéeatures. These two prerequisites for
abundant ozone formation are further compoundeal ciyculation pattern favorable for
pollution transport over large distances. In thesvoases, the high pressure systems stall
over the eastern United States for days, creazog® episodes of strong intensity and
long duration.

One transport mechanism that can play a key raheaning pollution long
distances is the nocturnal low level jet. The $eh iregional scale phenomenon of higher
wind speeds a few hundred meters above the grast@lpove the stable nocturnal
boundary layer. The jet has been observed justéeioduring ozone events. It can
convey air pollution several hundreds of miles aigint from the southwest to the
northeast, directly in line with the major poputetticenters of the Northeast Corridor
stretching from Washington, DC to Boston, MassaetisasThe nocturnal low level jet
can extend the entire length of the corridor froimgMia to Maine, and has been
observed as far south as Georgia. It can als@dwnirtg pollutants from different
directions compared to the prevailing airflow odésthe low level jet. It can thus be a
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transport mechanism for bringing ozone and othepallutants into the OTR from
outside the region, as well as move locally forraggollution from one part of the OTR
to another.

Other transport mechanisms occur over smaller scleese include land, sea,
mountain, and valley breezes that can selectivisdgtarelatively local areas. For
example, sea breezes can differ in wind directioereby bringing air masses trapped in
a thin layer over the cooler water back onto sh8teh mechanisms play a vital role in
drawing ozone-laden air into some areas, suchastadJaine, that are far removed
from major source regions.

With the knowledge of the different transport seatgo and within the OTR, a
conceptual picture of bad ozone days emerges. Aftieset, the ground cools faster than
the air above it, creating a nocturnal temperatwrersion. This stable boundary layer
extends from the ground to only a few hundred n3atealtitude. Above this layer, a
nocturnal low level jet can form with higher veltycwinds relative to the surrounding
air. It forms from the fairly abrupt removal ofdtional forces induced by the ground that
would otherwise slow the wind. Absent this frictjevinds at this height are free to
accelerate, forming the nocturnal low level jeto®& above the stable nocturnal
inversion layer is likewise cut off from the groyrashd thus it is not subject to removal
on surfaces or chemical destruction from low learaissions, the two most important
ozone removal processes. Ozone in high concenisatian be entrained in the nocturnal
low level jet and transported several hundred kdters downwind overnight. The next
morning as the sun heats the Earth’s surface,dbimal boundary layer begins to
break up, and the ozone transported aloft overmgkés down to the surface where
concentrations rise rapidly, partly from mixing guattly from ozone generated locally.
By the afternoon, abundant sunshine combined wahmatemperatures promotes
additional photochemical production of ozone fraoal emissions. As a result, ozone
concentrations reach their maximum levels throlghcombined effects of local and
transported pollution. This combined air mass thién continue to blow along with the
wind, carrying elevated concentrations of ozonareas farther downwind, causing late
afternoon and even overnight ozone peaks.

Ozone moving over water is, like ozone aloft, riekly isolated from destructive
forces. This air pollution is also protected froertical mixing and dilution by a
relatively shallow mixing layer that occurs whee thater is cooler than the air above it.
When ozone is transported into coastal regionsdyy lake, and sea breezes arising from
afternoon temperature contrasts between the lash@vater, it can arrive highly
concentrated.

During severe ozone episodes associated with hggspre systems, these
multiple transport features are embedded withiswrgd ozone reservoir arriving from
source regions to the south and west of the OTRRs Bhsevere ozone episode can
contain elements of long-range air pollution trarsfrom outside the OTR, including
nocturnal low level jets, regional scale transpathin the OTR, and local transport
along coastal shores due to bay, lake, and seadsee

From this conceptual description of ozone formatiad transport into and within
the OTR, air quality planners need to develop atetstanding of what it will take to
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clean the air in the OTR. There are distinct regi@md local components that would best
be addressed by implementing national, regional lacal controls, respectively.
Observed ozone levels in the elevated reservanddte close to or exceed 0.060 -

0.070 ppm averaged over 8 hours, which is the rémajeEPA has proposed for the
revised National Ambient Air Quality Standard (NA&Qfor ozone. Given that the
regional and national load will continue to plagnajor role in ozone episodes as the
ozone NAAQS is lowered, further strengthening dfaral rules will be critical in
mitigating the ozone problem.

Because weather is always changing, every ozoisedpis unique in its specific
details. The relative influences of the transpathgvays and local emissions vary by
hour and day during the course of an ozone epianddetween episodes. The smaller
scale weather patterns that affect pollution acdatimn and its transport underscore the
importance of local (in-state) controls for emiss®f nitrogen oxides (Ng and
volatile organic compounds (VOCSs), the main preatg®f ozone formation in the
atmosphere. Larger synoptic scale weather pattanaspollution patterns associated
with them, support the need for N@ontrols across the broader eastern United States.

Studies and characterizations of nocturnal lowllgts also support the need for
local and regional controls on N@nd VOC sources as locally generated and traresport
pollution can both be entrained in nocturnal lowelgets formed during nighttime hours.
The presence of land, sea, mountain, and vallegzleseindicate that there are diverse
aspects of pollution accumulation and transpott @ha area-specific and will warrant
policy responses at the local and regional level®hd a one-size-fits-all approach. In
addition, over the course of a day, ozone can bg-dEdsitive during some hours, and
VOC-sensitive during others, indicating temporalyying regional and local influences
on ozone formation and transport. This further uscleres the need for air quality
regulators to adopt a combination of national,@agl, and local emission controls to
address the problem.

The type of emission controls is important. Regi@mzne formation is primarily
due to NQ, but VOCs are also important because they infladmow efficiently ozone is
produced by N, particularly within urban centers. While reduaan anthropogenic
VOCs will typically have less of an impact on loragige ozone transport, they can be
effective in reducing ozone in urban areas wheomezproduction may be limited by the
availability of VOCs. Therefore, a combination otalized VOC reductions with
additional regional N reductions will help to reduce ozone and precgrgor
nonattainment areas as well as downwind transjgoosa the entire region.

Photochemical air quality modeling is a powerful gmited planning tool. While
it has undergone considerable improvement ovepaéisedecade, it is far from perfect in
its ability to replicate ozone transport. There barlarge uncertainties in various inputs
and processes used by the model, such as preemnssgions inventories, meteorology,
and atmospheric chemistry, yet the models can geowseful directionally correct
guidance. Given the more recent understandingeofrtyxriad complexities of ozone
transport events, it is important that decision-eraluse a variety of data sources to
characterize the problem and assess possible@duti



The recognition that ground-level ozone in the@asUnited States is a regional
problem requiring a regional solution marks ong¢hefgreatest advances in air quality
management in the United States. During the 1%0guality planners began
developing and implementing coordinated regiondllacal control strategies for NO
and VOC emissions that went beyond the previoushasip on urban-only measures.
These measures have resulted in significant impnews in air quality across the OTR.
Measured N emissions and ambient concentrations have dropgedeen 1997 and
2005, and the frequency and magnitude of ozoneeglarees have declined within the
OTR. With the National Ambient Air Quality Standarikely continuing to be lowered
over time, inter-regional transport will play areeMarger role in the future. To maintain
the current momentum for improving air quality battthe OTR states can meet their
attainment deadlines, there continues to be a feeeiditional regional N@reductions
coupled with appropriate local NGnd VOC controls.
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1. INTRODUCTION

1.1. Background

Ground-level ozone is a persistent public healdblgm in the Ozone Transport
Region (OTR), a large geographical area that isehtmover 62 million people living in
Connecticut, Delaware, the District of Columbia,iiMg Maryland, Massachusetts, New
Hampshire, New Jersey, New York, Pennsylvania, RHsldnd, Vermont, and northern
Virginia. Breathing ozone in the air harms lungtis, and creates the risk of permanently
damaging the lungs. It reduces lung function, mgkireathing more difficult and
causing shortness of breath. It aggravates exiaStignatic conditions, thus potentially
triggering asthma attacks that send children ahdretsuffering from the disease to
hospital emergency rooms. Ozone poses a signifrcgdato people with preexisting
respiratory illnesses, such as emphysema and dt@nemd it may reduce the body’s
ability to fight off bacterial infections in thespiratory system. Ground-level ozone also
affects otherwise healthy children and adults witgovary active outdoors, either at work
or at play, during times of high ozone levels (UBEP999). In addition, evidence
suggests that short-term ozone exposure has pateatdiovascular effects that may
increase the risk of heart attack, stroke, or eleath (USEPA, 2006; Betit al, 2006).

The Clean Air Act requires states that have areagydated “nonattainment” of
the ozone National Ambient Air Quality Standard (N@S) to submit State
Implementation Plans (SIPs) demonstrating how filay to attain the ozone NAAQS.
The SIPs must also include regulations that wélg/ithe necessary emission reductions
to attain the national ozone health standard. Alsgfdahe SIP process, the U.S.
Environmental Protection Agency (USEPA) urges st&tanclude a conceptual
description of the pollution problem in their naia&tment areas. The USEPA has
provided guidance on developing a conceptual dasmni, which is contained in
Section 11 of the document “Guidance on the Uddadels and Other Analyses for
Demonstrating Attainment of Air Quality Goals for@he, PM 5, and Regional Haze”
(USEPA, 2007) (Appendix A of this report reprodu&estion 11 of the USEPA
guidance document). This document provides theeqtnal description of the ozone
problem in the OTR states, consistent with the USERBuidance. In the guidance, the
USEPA presents a list of questions to help defieeozone problem in a nonattainment
area. This report addresses these questions, basygbvides some in-depth data and
analyses that can assist states in developing paraledescriptions tailored to their
specific areas, where appropriate.

1.2. Ozone formation

Ground-level ozone is formed in the atmosphereuitinca series of complex
chemical reactions involving sunlight, warm temperas, nitrogen oxides (N and
volatile organic compounds (VOCSs). Figure 1-1 oaceptual picture of the emission
sources and conditions contributing to ozone foronan the atmosphere. There are
natural (biogenic) sources of NQOsuch as formation by soil microbes, lightningd an
forest fires, but the dominant NGBources in the eastern United States arise framahu
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activities, particularly the burning of fossil fgah cars, trucks, power plants, and other
combustion sources (MARAMA, 2005).

In contrast to N@ sources, there are significant biogenic sourcadQ€ts in the
eastern United States that can play an importamtiboting role in ozone formation.
Isoprene, a highly reactive natural VOC emitteddglly by deciduous trees such as oak,
is an important ozone precursor across large péatte East. Isoprene emissions
typically increase with temperature up to a poefole high temperatures tend to shut off
emissions as leaf stomata (pores) close to redateross. The temperature and sunlight
conditions favorable for increased ozone producgiso tend to be favorable for isoprene
emissions (MARAMA, 2005).

Human-caused (anthropogenic) VOC emissions arertapioand may dominate
the VOC emissions by mass (weight) in an urban, @&ean though natural sources
dominate in the overall region. Some anthropog¥@C€s, such as benzene, are toxic,
and may increase risks of cancer or lead to otthezrae health effects in addition to
helping form ozone (MARAMA, 2005).

Figure 1-1. Conceptual picture of ozone formationn the atmosphere

Volatile Organic
Compounds’

e
Biogenic  Area Mobile Off-Ro dhpql!

Picture provided by the Maryland Department of Hm¥ironment.

The relationship between the relative importancB©f and VOC emissions in
producing ozone is complex. The relative ratio @Mand VOC levels in the local
atmosphere can affect the efficiency of local urbaone production, and this can vary
by time (hour or day) at the same urban locatisnyell as across locations within the
same urban area. For example, highyNOncentrations relative to VOC levels may
hinder ozone production through the destructioazmne by NQ (sometimes called
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“NOx scavenging’). The same NOhowever, when diluted relative to VOCs through th
downwind transport and dispersal of a pollutionnpdy will promote ozone formation
elsewhere.

1.3. Spatial pattern of ozone episodes in the OTR

The day-to-day pattern of ground-level ozone vaa@ording to meteorological
variables that include, but are not limited to,ucls, air temperature, wind speed, and
wind direction. This variability of the daily ozompattern is tied to variations in the
atmosphere’s circulations over a range of scaleshaw geographic features influence
these circulations. These features can include demiss between land and sea, and the
influence of the Appalachian Mountains on windsheir east over the Atlantic Coastal
Plain.

For the OTR, Stoeckenius and Kemball-Cook (2005ghdentified five general
ozone patterns: (1) high ozone throughout the QZRhigh ozone confined to the
extreme southeastern OTR; (3) high ozone alondgr®#ecorridor and northern New
England; (4) high ozone in the western OTR; andyé&jerally low ozone throughout the
OTR. Based on a clustering analysis of historieahdStoeckenius and Kemball-Cook
estimated the frequency of occurrence (number gé)dar each general ozone pattern in
the OTR as 37 percent Type A, 15 percent Type Bezbent Type C, 13 percent
Type D, and 14 percent Type E. However, not alhezepisodes necessarily neatly fit
into one of the five general patterns as daily @tk will vary and a given ozone
episode may exhibit characteristics from differelass types as the episode evolves.
These five general patterns, however, are a uskfssification scheme for understanding
ozone chemistry and dynamics in the OTR. Appendptésents the descriptions of the
five general ozone patterns and their meteoroldgitabutes as developed by
Stoeckenius and Kemball-Cook (2005).

1.4. The regional extent of the ozone problem in the OTR

Air monitoring demonstrates that areas with ozombdlems in the OTR do not
exist in isolation. The map in Figure 1-2 showsatensive pattern of closely adjacent
ozone monitors throughout the OTR recording elel/eels of ozone during 2007-
2009. The figure shows extensive areas througheu®ilR with ozone concentrations
exceeding 70 parts per billion (ppb), which is abtive upper limit of the USEPA’s
recently proposed revision for the 8-hour ozonenpry NAAQS. The broad spatial
reach of the observed high ozone is a strong itidicaf the regional nature of the
OTR’s ozone problem.



The Nature of the Ozone Air Quality Problem in Mwtheast: A Conceptual Description

Figure 1-2. Map of 8-hour ozone design values in ¢hOTR for 2007-2009
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Note: A monitor’s design value is the 3-year averafjithe annual 4th maximum 8-hour ozone levetllieryears 2007-2009. The figure
shows the regional nature of ozone levels in th&Q®fith clusters of nonattainment areas (designest 71 ppb) along with a broader
region of elevated regional ozone (e.g., baselesgnh values 65 ppb)
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1.5. Ozone trends in the OTR

The number of 8-hour ozone exceedance days vantggear in the OTR, not
only due to implementing control measures but disgen by variations in meteorology.
During warmer summers conducive for ozone formatibe number of exceedance days
at individual monitors in nonattainment areas & @R has been frequent, typically
with 10 or more days above the 1997 8-hour ozonAQ& of 0.08 parts per million
(ppm) during the course of the summer. Figure 1spldys the variation in 8-hour
0.08 ppm (>84 ppb) exceedance days when collegtoaisidering all monitoring sites
across the OTR since 1997 (left hand bars in eaoh Also shown are the number of
days at or above the 8-hour 0.065 ppm level (fingimd bars in each pair), which is the
middle of the range from the USEPA's recently prsgabrevision of the primary ozone
NAAQS (0.060 ppm — 0.070 ppm). The figure alsoudels a line indicating the trend in
the maximum 8-hour ozone concentrations observéltei© TR each year.

Figure 1-3. Trends in 8-hour ozone in the OTR 1992009
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Note: The bars correspond to the number of 8-heane exceedance days per year in the OTR. Thidaft bar
in each pair of bars gives the annual number of @xgeeding 84 ppb (1997 ozone NAAQS level) andigie
hand bar gives the annual number of days abovgb4The upper line indicates the trend in maximuho8r
ozone concentrations in the OTR during 1997-20B@ufe created by Tom Downs, Maine Dept. of
Environmental Protection.)

The variation in high ozone days from year-to-y&ae to meteorology in
addition to changes in ozone precursor emissiorkesia difficult to discern a clear
trend in Figure 1-3, although there is some indicathat the number of exceedance days
has declined in recent years. Nguyen and Woodn@oBjzhave noted a 3-5 year cycle in
Maryland during which the number of hot days9(® F) gradually increases across the
cycle period. The number of ozone exceedance aaymryland (> 84 ppb) followed the
same cycle as hot days until 2002, when a breakroeat with annual ozone exceedance
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days consistently falling below normal regardlesghe number of hot days. The
departure of the ozone exceedance days from trgekith the hot days cycle coincided
with implementation of the NQSIP Call in the eastern U.S. as power plants cetagl
installations of controls to reduce M@missions contributing to regional ozone
formation and transport. Higher elevation ozon8lagnandoah National Park, an
indicator of transport from the Ohio River Valleyo the OTR, also dropped during the
period from 1993 to 2007 by about an average gid®at the height of the ozone season
in July (Nguyen & Woodman, 2008).

In a trends analysis by Bloomet al, rural surface ozone levels in the eastern
United States decreased by about 6 ppb per devadéhe period of 1989 to 2007. The
greatest ozone decreases occurred during the pasfddghest ozone (i.e., mid-day
during the summer months). Over this same time,spanmer temperatures increased
by about 0.5C per decade. Recognizing that ozone generallgasas with increasing
temperature, Bloomeat al. (2010) cited this as additional evidence that eiars
reductions, including the NOSIP Call, rather than changes in weather or tineaté
were responsible for the ozone decrease.

Chan (2009) has also evaluated regional ground-éeane trends in Canada and
the eastern United States from 1997 to 2006 thkastanto account the influence of
meteorology. His analysis found a statisticallyn#igant decreasing trend in daily
maximum 8-hour averaged ozone across much of sastdre Canada and the eastern
U.S. The meteorologically-adjusted trend for 8-hozone at eastern U.S. monitoring
sites was a reduction of about one ppb per yeaar{C2009). Chan also observed that the
trend in lower ozone concentrations did not falgagkly as the trends for higher ozone
concentrations. This could indicate a rising baokigd ozone. Coopet al (2010) also
documented this trend and attributed it to incregagilobal emissions, particularly in
Asia. Rising global temperatures may also playl@ by enhancing photochemical
production of ozone (see discussion in Section 4.6)

The trends in ozone have important implicationsstoategies to achieve a future
revised ozone NAAQS lower than 0.08 ppm. They nmalyciate that current ozone
control strategies, while relatively effective atlucing higher peak ozone levels, are less
effective at reducing lower levels of ozone. In@dgding “background” ozone levels,
researchers have identified methane reductiongaseatially effective approach (Fiore
et al, 2002; 2003). For higher peak ozone concentrsgtimducing methane is not
typically considered due to its relatively low atspberic chemical reactivity on the time-
scale of multi-day ozone episodes, but methanectedhs would have a relatively larger
influence on longer-term background ozone levdlsceéthe beginning of the industrial
revolution, global atmospheric methane concentnatitave more than doubled (Blunier
et al, 1993).
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1.6. History of ozone transport science

1.6.1.From the 1970s to the National Research Council reypt,
1991

Research studies conducted in the 1970s gave sotine @arliest indications that
pollution transport plays an important role in adniting to air pollution problems in the
OTR. One of the first studies to recognize theargi nature of the ozone problem in the
OTR (Wolff et al, 1977) observed high ozone levels during the senoh1975 in air
entering the Northeast Corridor from the Midwegt {0 130 ppb), affecting the
Northeast from Washington, DC to Boston, MA. Sowtktvflow along the Corridor
appeared to amplify the ozone levels, with levelhing 315 ppb in southern
Connecticut. The combination of long-range transfrom the Midwest coupled with
complex movements of air parcels within the Corrigaol to the early proposition that a
multiregional control strategy for ozone precurssold be needed to address the ozone
problem in the Northeast Corridor.

In a follow-up to this study, Wolff and Lioy (198@¢scribed their observations
of a “river of ozone” extending from the Gulf Codistough the Midwest and into New
England during a series of ozone episodes durilygl®r8. Aircraft flights during the
summer of 1979 tracked a mass of air containinghezmd its precursors leaving central
Ohio, crossing the length of Pennsylvania, andrengehe Northeast Corridor, where it
was estimated to contribute upwards of 90 ppb profeearly morning ozone
concentrations prior to local ozone formation frimmal emissions (Clarke & Ching,
1983).

A number of early studies documented the role igfdaoal-fired power plants in
forming significant amounts of ozone pollution thraveled far downwind from the
power plant source and contributed to a large ¢&deleeservoir of regional ozone (Davis
et al, 1974; Milleret al, 1978; Gillani & Wilson, 1980; Gillaret al, 1981; Whiteet al,
1983). Section 2 below describes in more deptlobserved meteorological processes
identified as the ozone transport mechanisms impofor the OTR.

A number of studies have established that regionahe formation over the
eastern United States is limited primarily by the@y of anthropogenic NQ with
anthropogenic VOCs having less regional influeram@gared to their potential urban
influence. This is due to the presence of signifiGanounts of natural VOCs across
broad areas of the eastern United States (Trairar, 1987; Chameidest al, 1988;
Sillmanet al, 1990; McKeeret al, 1991; Chameidest al, 1992; Traineet al, 1993;
Jacobet al, 1993).

The presence of dispersed Né@missions sources, such as coal-fired power
plants, in rural regions rich in isoprene and otieural VOC emissions from trees and
other vegetation often leads to elevated regionahe during the summer months. This
ozone can be mixed vertically upward through cotiveas the atmosphere warms
during the day, and become entrained in upper leirels. When captured above the
surface boundary layer overnight as the atmosptwols after sunset, the ozone can be
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transported downwind long distances. The followamgrning, mixing of the atmosphere
can occur again as the sun warms the earth’s syff@inging the ozone aloft back down
to the ground. The transported ozone then conehiat high background concentrations
entering urban areas during the early morning hbefsre local production of ozone
occurs from local precursor emissions (bothyNfDd VOCSs) (see further discussion in
Section 2.3.4).

In 1991, a National Research Council (NRC) commajtsynthesizing the best
available information at the time on ozone formatmd transport in the eastern United
States, reported (NRC, 1991):

High ozone episodes last from 3-4 days on averag®yr as many as 7-10 times a year,
and are of large spatial scale: >600,006.kvtaximum values of non-urban ozone
commonly exceed 90 ppb during these episodes, aethpéth average daily maximum
values of 60 ppb in summer. An urban area needibatg an increment of only 30 ppb
over the regional background during a high ozorsoele to cause a violation of the
National Ambient Air Quality Standard (NAAQS) indawnwind area. ... Given the
regional nature of the ozone problem in the eadtited States, a regional model is
needed to develop control strategies for individuahn areas.

[Note: The NRC discussion was in the context ofdhene NAAQS at the time of the
NRC report, which was 0.12 ppm (120 ppb) averagea one hour.]

The observed ozone spatial scale of >600,000(k200,000 square miles) is
comparable to the combined size of Kentucky, OWest Virginia, Pennsylvania,
Maryland, New York, and New Jersey. Additional distudies and modeling efforts
(described below) since the NRC report have regafits basic findings and provide a
consistent and coherent body of evidence for tbenprence of transport throughout the
eastern United States.

1.6.2.0zone Transport Assessment Group: 1995-1997

The increasing regulatory focus on broader regiapptoaches to ozone control
beyond the OTR began with the Ozone Transport Assest Group (OTAG) in 1995.
OTAG was a unique partnership between the USERAEtivironmental Council of the
States (ECOS), state and federal government dfjdradustry organizations, and
environmental groups. OTAG's goal was “to developasessment of and consensus
agreement for strategies to reduce ground-levat®@zamd its precursors in the eastern
United States” (OTAG, 1997a). The group assessegport of ground-level ozone
across state boundaries in the 37-state regiom@nunated in a set of recommendations
to the USEPA in 1997.

OTAG supported a significant modeling effort of fesagional ozone episodes
across the eastern United States. OTAG’s Regiorhlzban Scale Modeling
Workgroup found that on a regional scale, model&g Keductions produced widespread
ozone decreases across the eastern United Statelgmited ozone increases generally
confined to some urban areas. Also on a regioraé swOC reductions resulted in
limited ozone decreases generally confined to udraas (OTAG, 1997h).

The OTAG Air Quality Analysis Workgroup providedditional observational
and other analytical results to inform model intetation and the development of OTAG
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recommendations. Among its many findings, this Vgookip observed the following
about the range of ozone:

Low wind speeds (< 3 m/sec) enable the accumulatiaxzone near local source areas. High
winds (> 6 m/sec) reduce the concentrations butribare to the long-range transport of ozone.
The average range of ozone transport implied frorareay of diverse methods is between 150
miles and 500 miles. However, the perceived ramgeedds on whether one considers the average
concentrations (300-500 miles) or peak concentratftens of miles at 120 ppb). (OTAG, 1997c)

In addition, it discussed the increasingly impottae of transport as the
NAAQS is lowered:

The relative importance of ozone transport foratiainment of the new 80 ppb 8-hour standard is
likely to be higher due to the closer proximityranattainment areas. (OTAG, 1997¢)

Based on the variety of technical work performedrjtiple stakeholders during
the process, OTAG reached a number of major colclafOTAG, 1997d), including:

» Regional NQ reductions are effective in producing ozone besietihe more N@reduced, the
greater the benefit.

» Ozone benefits are greatest in the subregions vémigsions reductions are made; the benefits
decrease with distance.

» Both elevated (from tall stacks) and low-level N@ductions are effective.

» VOC controls are effective in reducing ozone localhd are most advantageous to urban
nonattainment areas.

» Air quality data indicate that ozone is pervastbat ozone is transported, and that ozone aloft is
carried over and transported from one day to the ne

The technical findings of OTAG workgroups were detent with the modeling
and observational studies of regional ozone iretistern United States already appearing
in the scientific literature at that time.

Through its work, OTAG engaged a broad group oatsicthe scientific
community in the discussion of ozone transportsHiought a greater understanding of
the role of ozone transport across the easterretd§itates that was then translated into
air quality policy with the creation of a regiormone control strategy focusing on the
reduction of NQ emissions from power plants.

1.6.3.Northeast Oxidant and Particle Study (NE-OPS) 199002

The Northeast Oxidant and Particle Study (NE-ORfgjph in 1998 as a USEPA
sponsored project to study air quality issues énNlortheast. The study undertook four
major field programs at a field site in northeastehiladelphia during the summers of
1998, 1999, 2001, and 2002. It involved a collabeeaeffort among research groups
from a number of universities, government laboiagyrand representatives of the
electric power industry in an investigation of theerplay between the meteorological
and chemical processes that lead to air polluti@nts in the Northeast. A suite of
measurement techniques at and above the eartlfié€sgave a three-dimensional
regional scale picture of the atmosphere. The ssuidiund that horizontal transport aloft
and vertical mixing to the surface are key factorsontrolling the evolution and severity
of air pollution episodes in the Northeast (Phidkret al, 2003a).

At the conclusion of the 2002 summer field stuthg, NE-OPS researchers were
able to draw several conclusions about air poliuépisodes in Philadelphia and draw
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inferences from this to the conditions in the beraggion. These include (Philbrick
et al, 2003b):

e Transported air pollution from distant sources wasajor contributor to all of the major summer
air pollution episodes observed in the Philadelpinésa.

» Regional scale meteorology is the major factor miliig the magnitude and timing of air
pollution episodes.

* Knowledge of how the planetary boundary layer egslaver the course of a day is a critical input
for modeling air pollutant concentrations becatigsiablishes the mixing volume.

* Remote sensing and vertical profiling techniquescaitical for understanding the processes
governing air pollution episodes.

» Ground-based sensors do not detect high levelzafeothat are frequently trapped and
transported in layers above the surface.

e Horizontal and vertical transport processes, ssdf@ nocturnal low level jets and early morning
breakdown of the nocturnal boundary layer, aredesd) contributors of pollutants during the
major episodes.

»  Specific meteorological conditions are importantatalyzing the region for development of
major air pollution episodes.

» Tethered balloon and lidar measurements suggestyaapid down mixing of species from the
residual boundary layer during the early morningrsdhat is too large to be accounted for on the
basis of NQ reactions alone.

The findings on nocturnal low level jets occurringconcert with ozone pollution
episodes are particularly salient for air qualigrming for the OTR. In 19 of 21 cases
where researchers observed nocturnal low levetjgisng the NE-OPS 2002 summer
campaign in the Philadelphia area, they also sak fihour ozone levels exceeding
100 ppbv. The nocturnal low level jets were capalbligansporting pollutants in air
parcels over distances of 200 to 400 km. The fieddsurements indicating that these jets
often occur during periods of large scale stagnatahe region demonstrate the
important role nocturnal low level jets can playefifectively transporting air pollutants
during air pollution episodes (Philbrigt al, 2003b).

The upper air observations using tethered ballemasslidar indicated the
presence of high pollutant concentrations trappetinesidual layer above the surface,
thus preserving the pollutants from destructiorsetdo the surface. Ozone, for example,
when trapped in an upper layer during nighttimerkasi not subject to destruction by
NOx scavenging from low-level emission sources (cats and trucks) or deposition to
surfaces like vegetation, hence it is availablehfanizontal transport by nocturnal low
level jets. The following day, it can verticallyatrsport back down to the surface through
vertical mixing as the nocturnal boundary layeraisedown and daytime convection.
When an upper layer of ozone-laden air is horizbntansported overnight by a
nocturnal low level jet, downward mixing can ingeaurface ozone concentrations in
the morning that is not the result of local ozonadpiction (Philbricket al, 2003b).

1.6.4.NARSTO 2000

NARSTO (formerly known as the North American Resbhdtrategy for
Tropospheric Ozone) produced “An Assessment of dspperic Ozone Pollution — A
North American Perspective” in 2000 to provide éiqyerelevant research assessment of
ozone issues in North America (NARSTO, 2000). Whike NARSTO Assessment is
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continental in scope, it encompasses issues rdalavéime OTR, including results from a
NARSTO-Northeast (NARSTO-NE) field campaign.

A key policy-relevant finding from the NARSTO Assesent of relevance to the
OTR (NARSTO, 2000) relates to ozone transport aitijation:

» Available information indicates that ozone accurtiatais strongly influenced by
extended periods of limited mixing, recirculaticihpolluted air between the ground and
aloft, and the long-range transport of ozone asigriécursors. As a result, air quality
management strategies require accounting for eomsd$rom distant as well as local
sources.

The NARSTO Assessment identified the stagnatiosyobptic scale
(>1000 knf) high pressure systems as a commonly occurringhgeavent leading to
ozone pollution episodes. These systems are warmaases associated with weak
winds, subsiding air from above, and strong inv@rsicapping the planetary boundary
level in the central region of the high. The warmnaass can settle into place for days to
more than a week, and slowly track from the Midwedhe East Coast. During the
summer, these conditions result in the build upadfution from local sources with
reduced dispersion out of the region. In termsiofjaality, these systems coincide with
numerous local or urban-scale ozone pollution efgsembedded within a broader
regional background of elevated ozone concentratfNARSTO, 2000 at p. 3-34).

The NARSTO Assessment found that a variety of gsee can lead to long-
range transport of air pollutants that initiallyicamulated in these large-scale stagnation
events. Over time, pollution plumes meander, meagd,circulate within the high
pressure system. Because of the difference ingmresspollutant plumes that eventually
migrate to the edges of a high pressure systercageiht in increasing winds at the edge
regions, creating more homogeneous regional pofiytatterns. Stronger winds aloft
capture the regional pollutant load, and can trartgpfor hundreds of kilometers
downwind of the stagnated air mass’s center (NARSAUDO at p. 3-34). For example,
air flow from west to east over the Appalachian Mi@ins can move air pollution
originating within the Ohio River Valley into theT®.

Studies undertaken by the NARSTO-NE field progrdso abserved several
regional scale meteorological features arising fgmagraphical features in the eastern
U.S. that affect pollutant transport. The NARSTO-filtd program observed nocturnal
low level jets on most nights preceding regionghhbzone episode day in the OTR
(NARSTO, 2000 at p. 3-34), consistent with the obastons of the NE-OPS campaign.

Another important smaller scale transport mechamsstine coastal sea breeze
that can sweep ashore pollutants originally trartsploover the ocean parallel to the
coastline. An example of this is the high ozonelggeen at times along coastal Maine
that move in from the Gulf of Maine after havingehdransported in pollution plumes
from Boston, New York City, and other Northeast @twor locations (NARSTO, 2000 at
pp. 3-34 through 3-37).

As a result of the NARSTO-NE field program, a cgstaal picture of pollution
transport into and within the OTR is possible.dhsists of a combination of large-scale
synoptic flow from the Midwest interacting with vaws regional and smaller-scale
transport and meteorological features within théRQas illustrated in Figure 1-4.
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Synoptic-scale transport from west to east actos#\ppalachian Mountains occurs with
the slow-moving stagnant high pressure systemddkter large regional ozone episodes
across eastern U.S. Regional-scale nocturnal el Jets from the southwest to the
northeast along the Atlantic Coastal Plain, carupegthin the synoptic system. In
addition, daytime sea breezes can significantlgcfbay and coast line air pollution
levels within the OTR (NARSTO, 2000 at 3-36 and73-&ting Blumenthakt al, 1997).

Figure 1-4. Conceptual picture of different transpat regimes contributing to ozone
episodes in the OTR

Synoptic

—_—___.____.»
Channeled

—_—
Near Surface

Transport Regimes Observed During NARSTO-Northeast

Long-range (synoptic scale) transport occurs fragstvio east across the Appalachian Mountains.
Regional scale transport also occurs from wesasb #arough gaps in the Appalachian Mountains and
in nocturnal low level jets from southwest to nedhkt over the Northeast Corridor. Daytime sea
breezes can affect local coastal areas by brinigiag pollution originally transported near the

surface across water parallel to the coast (dapgahe Maine coastline). Figure from NARSTO,
2000, citing Blumenthatt al, 1997.

Other key findings of the 2000 NARSTO Assessmetitte:

» Local VOC emission reductions may be effectiveeiducing ozone in urban centers,
while NOy emission reductions become more effective atmitgts removed from urban
centers and other major precursor emissions.

» The presence of biogenic emissions complicatemtdragement of controllable
precursor emissions and influences the relativeoitapce of VOC and NQcontrols.

» The effectiveness of VOC and N@ontrol strategies is not uniquely defined by the
location or nature of emissions. It is now recogdithat the relative effectiveness of
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VOC and NQ controls may change from one location to anothdreven from episode
to episode at the same location.

The NARSTO program also produced a comparative samyof the results
of major ozone field studies undertaken in Eurape [dorth America prior to 2000
(Solomonet al, 2000). The field studies occurred under a watege of
geographical and climatological conditions, andrthesults generally affirmed the
conclusions of the earlier National Research Cdwzcne report (NRC, 1991).
Some of the key findings of the comparative sumnnalgvant to regional ozone
and ozone control strategies in the eastern UcBude:

(1) reaffirmation that tropospheric ozone is a irgdale phenomenon extending to
continental boundaries;

(2) aerometric conditions aloft are important tougrd-level ozone;

(3) biogenic sources make important contributian§®C and NQ emissions in parts
of eastern North America;

(4) recirculating flow over complex terrain andge water bodies are universally
important factors affecting accumulation of ozohtha ground; and

(5) nonlinearities in ozone response to precureanges create important degrees of
freedom in management strategie¢OC and NQ sensitivities vary extensively
in urban and rural areas, making decisions aboigstons management
complicated.

1.6.5.New England Air Quality Study: 2002-2004

The New England Air Quality Study (NEAQS) has cocted field campaigns
during the summers of 2002 and 2004 to investigatguality on the Eastern Seaboard
and transport of North American emissions intoNloeth Atlantic (NEAQS, 2002).

High ozone levels in northern New England occuhwight to moderate winds
from source regions in the Northeast urban corridadher than under locally stagnant
conditions. The most important transport pathwaylieg to high ozone in coastal New
Hampshire and Maine is over water rather than ared. Transport over water is
particularly important in this northern region bEtOTR for several reasons. First, there
is a persistent pool of cooler water in the nomheand eastern Gulf of Maine and Bay of
Fundy. This creates a smoother transport surfacaf@ollutants relative to land
transport, with a decrease in convective (vertinaking. Second, deposition of
pollutants to the water surface is very small coregdo the more rapid deposition
occurring on land. Third, the lack of convectivexmg allows pollution to be transported
in different directions and at different heightglwe atmosphere (Angeviee al, 2004).

During the summer of 2002, researchers observedramsport events into
coastal northern New England. The first occurringlaly 22 through July 23 involved
large-scale synoptic transport in a 400-600 m layer the Gulf of Maine that was in
contact with the water’s surface. The southwestiély brought ozone pollution up from
the New York City, Boston and other northeastebraarlocations into coastal northern
New England. Ozone monitors on Maine’s coast extgnilom the New Hampshire
border to Acadia National Park recorded elevatédur- average ozone levels between
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88 and 120 ppb during this period. In a later egesduring August 11-14, ozone and
wind observations indicated the role of local-s¢ed@sport via a sea breeze
(southeasterly flow) bringing higher ozone level®icoastal New Hampshire from a
polluted layer originally transported off shoretie Gulf of Maine in a southwesterly
flow arising out of the Northeast’s urban corridéransport in an elevated layer also
occurred with higher ozone recorded at a monito€Cadillac Mountain in Acadia
National Park relative to two monitors locatedaatér elevations in the park (Angevine
et al, 2004; 2006).

A study of ozone at two monitors separated by 80km (one on an island
10 km off the New Hampshire coast, the other 20ridand at a rural location) indicated
very different ozone transport influences. The talaste experienced consistently higher
ozone concentrations than the inland site, whick atttibuted to different transport
regimes. The coastal site was influenced by sowtesly flow along the New England
coast that brought ozone and precursors from mapelpted areas to the southwest (e.g.,
Boston), while the inland site often had a moretesgwind component with fewer
upwind pollution sources. At times, however, tha Beeeze was a factor, and nearly
equalized the ozone concentrations at the two Bye¢sansporting ozone-rich air from
the coast to the rural inland location (Dasgtyal, 2007). Investigation of ozone
formation dynamics and precursor levels at thel sita were consistent with a transport
mechanism bringing ozone-rich air to the locatiatiner than the observed peak ozone
being formed locally (Griffiret al, 2004).

The results of NEAQS indicate the important comahisi contributing to ozone
transport along the northern New England coast.cDo¢ waters of the Gulf of Maine
allow for transport of concentrated air pollutaoter distances of 20-200 km in stable
layers at the water’s surface with little pollutaefposition or dilution. Sea breezes can
modify large-scale synoptic transport over the acaad bring high ozone levels into
particular sites located on the coast. Transpdttiwhigher layers above the Gulf of
Maine can carry pollutants over much greater dean200-2000 km.

1.6.6.Regional Atmospheric Measurement, Modeling, and
Prediction Program (RAMMPP) 2003

The Regional Atmospheric Measurement, Modeling, Rretliction Program
(RAMMPRP) is a program led by researchers at thevéisity of Maryland. Its focus is
developing a state-of-the-art scientific reseaadi to improve understanding of air
guality in the Mid-Atlantic region of the United&es. It has a number of facets,
including ozone and PM pollutant level forecasting, aircraft, and surface
measurements, real-time weather forecasting, aachiclal transport modeling.

During the August 2003 electrical blackout in tlastern United States, one of the
largest in North American history, scientists WRAMMPP obtained aircraft
measurements in an unplanned “real-world” experinmerestigating changes in air
pollution due to the virtual shutdown of numerooslefired power plants across a large
part of this region (Marufet al, 2004). Initially, aircraft measurements werdexiked
early in the day on August 15, 2003 above westeanyMnd, which was outside the
blackout region. These measurements were compateaicraft measurements taken
later that day over central Pennsylvania, aboutd@#s into the blackout, and to
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measurements obtained over central Pennsylvaniarédweous year during a period of
similar synoptic patterns as occurred during tlaekbut. Based on the comparisons, the
RAMMPP scientists inferred a decrease in ozone @atnations of ~50 percent within
the blackout region (as well as >90 percent deeraaSQ and ~70 percent reduction in
light scattered by particles).

The air pollution reductions attributed to the 2@@8ver plant shutdowns based
on the aircraft measurements and other supportérmgents were subsequently
guestioned on several grounds (see comment by Hahsé, 2005, and reply to
comment by Marufet al, 2005). A modeling reassessment of the 2003 blscko
incorporating pollution reductions from power pk&and other sources at that time
concluded that mobile source reductions in thekdatregion had a relatively greater
impact on ozone in urban areas than the power pdaloictions (Hwet al, 2006). Power
plants did have a larger modeled impact on airityudan mobile sources in some of the
affected regions, but the ozone impacts were loigied much less (~4 percent) than that
initially inferred by Marufuet al.(2004) (~50 percent). Despite the diminished ptaec
of ozone reductions during the blackout, the resssent by Het al. (2006) suggested
that efforts to lower N@from power plants would continue to lower ozoné¢hia eastern
United States, and that regional and national @G, control had greater benefits
than local control alone.

1.7. Summary

The chemistry of ozone formation in the atmosplerelves reactions of NQ
and VOC emissions from numerous sources duringgef warm temperatures and
abundant sunshine. The day-to-day pattern of grdenvel ozone in the OTR varies
according to a number of meteorological variabdesh as sunlight, temperature, wind
speed, and wind direction. High levels of ozonéimithe OTR do not occur in isolation,
indicating a broad regional air quality problemefids in 8-hour ozone levels since 1997
indicate improvement in air quality, a reflectiohnmmerous control strategies
implemented locally, regionally, and nationallyrémluce emissions of the pollutants that
contribute to ozone formation. For example, wité itmplementation of the NOSIP
Call in the eastern U.S. after 2002, a marked depaof ozone exceedance days
tracking with high temperature days was observeith thhe number of high ozone days
falling relative to the number of high temperatdeg/s. This has been attributed to power
plants completing installations of controls to reelING; emissions that contributed to
regional ozone formation and transport.

The scientific literature contains a number of peerewed papers describing
observed episodes of ozone and precursor polltremgport. In 1991, a National
Research Council report summarized the state-esthence, which further highlighted
the broad regional nature of the ozone problerhéneiastern U.S. Since then, multiple
collaborative efforts and field campaigns haveHertinvestigated specific aspects of the
regional ozone problem affecting the OTR, and thmegide a significant foundational
basis for informed policy decisions to improve uality.

In general, the collaborative efforts and field pangns described in this
introductory chapter provide a consistent picturthe main features of ozone formation
and transport affecting the OTR. On a regionalesaaone is most sensitive to
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anthropogenic N& while anthropogenic VOCs can play a role in lagdlan areas. The
sensitivity of ozone to NQand VOC emissions can vary across different looatias
well as at the same location at different timesr€fore, a combination of NGand

VOC controls are likely needed for many places &ethozone air quality standards.

Across a large part of the eastern United Statemecan be formed by NO
emissions from power plants, motor vehicles, am@éiotombustion sources in the
presence of highly reactive biogenic VOCs (e.@pisne). The regional ozone burden
can mix vertically upward during the day througimweection, and then be transported
long distances downwind overnight. Later, it car back down to the surface and
contribute to an elevated ozone background thandomd local emission sources add
their own ozone-forming emissions to, leading tmuddup of even higher ozone levels.

Transport of ozone and its precursors occurs otipieiscales. Large-scale
transport can occur over hundreds of miles and s&eeral days through the movement
of high pressure systems. These systems bringtetblevels of ozone into the OTR
from areas to the west and southwest into the negidn a more moderate scale, ,
overnight pollutant transport can also occur thiotige formation of nocturnal low level
jets that stretch from southwest to the northelastgathe Atlantic Coastal Plain east of
the Appalachian Mountains. Nocturnal low level jetsve been observed in the OTR on
many nights preceding high ozone episode days.

Overnight transport via either the movement of Ipgbssure systems or low level
jets occurs above the nocturnal boundary layerftrats at the surface, thus decoupling
ozone aloft from ozone-destroying processes ocayat the surface. In addition,
because the transport occurs aloft, it is not realditected by ground-level ozone
monitors.

An additional shorter scale transport pathwayss aresent in the OTR via
surface transport over water. Due to greater stglbil atmospheric layers over water,
vertical mixing is reduced, which also diminishies tikelihood of ozone destruction at
the surface. Differences in temperatures betwewhaad water along the coast during
the day can create sea breezes that bring surtatspbrt ozone into shorelines. An
example of this mechanism is pollution transpodeer the Gulf of Maine from emission
sources in the Northeast Corridor that enter iheodoasts of New Hampshire and Maine.
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2. METEOROLOGY AND EVOLUTION OF OZONE
EPISODES IN THE OZONE TRANSPORT REGION

The following sections describe current knowledfthe factors contributing to
ozone episodes in the OTR. The general descripfiereather patterns comes mainly
from the work of Ryan and Dickerson (2000) donetlier Maryland Department of the
Environment. Further information is drawn from wdrk Hudson (2005) done for the
Ozone Transport Commission and from a mid-Atlarggional air quality guide by
MARAMA (2005). The regional nature of the obsengembne episodes in the OTR is
reinforced in modeling studies by the USEPA for @lean Air Interstate Rule.

2.1. Large-scale weather patterns

Ryan and Dickerson (2000) have described the gemet@orological features
conducive to ozone formation and transport thaparénent to the OTR. On the local
scale, meteorological factors on which ozone commagans depend are the amount of
available sunlight (ultraviolet range), temperafuaned the amount of space (volume) in
which precursor emissions mix. Sunlight driveskbg photochemical reactions for
ozone and its key precursors and the emissions cat@any precursors (isoprene for
example) are temperature dependent. Emissionsnaahfithin a smaller volume result
in higher concentrations of ozone. Winds in thedst\2 km of the atmosphere cause
horizontal mixing while vertical temperature andistare profiles drive vertical mixing.
High ozone is typically associated with weatherdibons of few clouds, strong
temperature inversions, and light winds.

The large-scale weather pattern that combines madtgcal factors conducive
to high ozone is the presence of a region of uppdrigh pressure (an upper air ridge)
with its central axis located west of the OTR. THER east of the axis of the high-
pressure ridge is characterized by subsiding (davdwnoving) air. This reduces
upward motion necessary for cloud formation, insesaemperature, and supports a
stronger lower level inversion. While the upperradge is located west of the OTR,
surface high pressure is typically quite diffuseoas the region. This pattern occurs
throughout the year but is most common and lonigedlin the summer months (Ryan
and Dickerson, 2000).

The large, or synoptic, scale, weather patterrchleet above has important
implications for transport into and within the OTRrst, the persistence of an upper air
ridge west of the OTR drives generally west to Iest winds that can carry ozone
generated outside the OTR into the OTR. A key piworh this wind-driven transport
mode is that stagnant air is not always a factohigh ozone episodes in the OTR.
Second, the region in the vicinity of the ridgesatieing generally cloud free, will
experience significant radiational cooling aftenset and therefore a strong nocturnal
inversion will form. This inversion, typically onlg few hundred meters deep, prevents
ozone and its precursors from mixing downward onggrn Above the inversion layer,
there is no opportunity for destruction of the ptahts by surface deposition, thus
increasing the pollutants’ lifetimes aloft and ceqgently their transport distances. Third,
with diffuse surface high pressure, smaller scikrts can become dominant in the
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lowest layers of the atmosphere. These includeabayland breezes, the Appalachian lee
side trough, and the development of the noctuowallével jet. Nocturnal low level jets
are commonly observed during high ozone eventsdrxXTR (Ryan and Dickerson,
2000).

2.2. Meteorological mixing processes

An important element in the production of severerezevents is the ability of the
atmosphere through temperature inversions to inthibivertical mixing processes that
under normal conditions would lead to dilution loé ttemitted pollutants. For the purposes
of this discussion, we focus on two major clasgderaperature inversions, (1) nocturnal
(radiative) and (2) subsidence.

Figure 2-1 shows an example of nocturnal and sehselinversions in a
temperature profile taken over Albany, NY, on Seyder 1, 2006 at 7 a.m. eastern
standard time. The figure shows two distinct terapee inversions- the ground-based
nocturnal inversion and an inversion at about I®@@ers caused by the sinking motion
(subsidence) of the atmosphere in a high presgsters.

Figure 2-1. Temperature profile taken over Albany NY, on September 1, 2006 at
7 a.m. eastern standard time
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2.2.1.Nocturnal inversions

At night, the Earth’s surface cools more rapidlgrilihe air. The surface also
cools the lowest hundred meters of the atmosph&eair above this layer cools more
slowly, and a temperature inversion forms. The iisio@ divides the atmosphere into two
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layers that do not mix. Below the nocturnal surfersion, the surface winds are weak
and air pollutants can be reduced through dry deéposAbove the inversion, the
pollutants are trapped above the surface. Windgreasport pollutants in the upper-level
ozone reservoir through the night. Transport caarif&nced by a nocturnal low level jet
as the inversion isolates the winds from the fictof the rough surface.

In the morning, the sun warms the Earth’s surfanée,conduction and convection
transfer heat upward to warm the air near the sarf@y about 10:00 — 11:00 a.m., the
temperature of the surface has risen sufficiemtisetove the inversion. Air from above
and below the inversion can then mix freely. Depampdn whether the air above the
inversion is cleaner or more polluted than theadithe surface, this mixing can either
lower or increase air pollution levels.

2.2.2.Subsidence inversions

Severe ozone events are usually associated withpgnegssure systems. In the
upper atmosphere, the winds around a high presgstem move in a clockwise
direction. A high pressure system is formed as ue| air subsides, increasing the air
pressure at the surface. As upper-level subsidemtnues, the air at the ground is
pushed away horizontally, a process called “diviecge’ As the subsiding air descends,
it is heated by adiabatic processes. When this emaain meets the colder air below, it
forms an inversion. The height of a subsidencersiga ranges from caps pollution 1200
to 2000 meters. It is far more difficult to breadwh than the nocturnal inversion and can
last from hours to days. The subsidence inversioitd vertical mixing in the middle of
the day during an air pollution episode, keepintupants trapped closer to the ground.

2.3. Meteorological transport processes

2.3.1.Introduction

Figure 2-2 shows the classic synoptic weather pattethe Earth’s surface
associated with severe ozone episodes within the.@Iquasi-stationary high pressure
system (the Bermuda high) extends from the Atla@ttean westward into interior
southeastern U.S., where a second weaker higlassld. Surface winds, circulating
clockwise around the high, are especially lighthie vicinity of the secondary high.
Farther north, a southwesterly flow strengthensaroMNew York and southern New
England. This situation illustrates two circulati@gimes often existing in OTR ozone
episodes: more stagnant conditions in southerrs e a moderate transport flow in the
OTR from southwest to northeast.

The Appalachian Mountains induce changes in thel\fieid that also play
important roles in the formation and transport odre in the OTR. The mountains act as
a physical barrier confining, to some degree, pliuto the coastal plain. They also
induce local effects such as mountain and vallegbes, which, in the case of down-
slope winds, can raise surface temperatures thémebsasing chemical reactivity. In
addition, a lee side trough can develop on the@asbuntains as a result of dynamics
from a system just west of the mountains. A leesidegh helps to channel a more
concentrated ozone plume, and contribute to thedton of nocturnal low level jets, the
engine of rapid nighttime transport.
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The Atlantic Ocean also plays a strong role dudngne episodes where sea
breezes can draw either heavily ozone-laden oncierine air into coastal areas.

Figure 2-2. Schematic of a typical weather patterassociated with severe ozone
episodes in the OTR
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Meteorological processes that transport ozonetanarécursors into and within
the OTR can roughly be broken down into three Evglound, mid and upper. The
following sections discuss the three wind levesoagted with meteorological transport
processes in more detail.

2.3.2.Ground level winds

Land, sea, mountain, and valley breezes

In the OTR, land and sea breezes, and mountainaley breezes can have an
important influence on local air quality. Thesedbwinds are driven by a difference in
temperature that produces a difference in pressigare 2-3 shows a schematic of the
formation of a sea breeze. The sea breeze forthe iafternoon when the land is
considerably hotter than the ocean or bay, anaithéfows inland from the ocean. At
night, land cools more quickly than the ocean, atahd breeze blows out to sea.
Because the nighttime land and water temperatdfiereinces are usually much smaller
than in the day, the land breeze is generally wetllea the sea breeze. Sea breezes
typically only penetrate a few kilometers inlancthese they are driven by temperature
contrasts that disappear inland.
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Figure 2-3. lllustration of a sea breeze and a landreeze
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Figure fromLutgens & Tarbuck2001.

Along coastlines, such as coastal New Englandbssszes bring in air pollution
transported near the surface over water from ulbeations located to the southwest.
Ray et al. (1996) have described high ozone levatsported over the Gulf of Maine
and brought inland by sea breezes to coastal regibklaine. Figure 2-4 shows 24-hour
back trajectories of air parcels at a height ofriL@rriving at mid-coastal Maine during
the 2000 — 2004 ozone seasons on days coastal omomtors recorded 8-hour
concentrations exceeding 84 ppb. The bundle c#d¢tajies demonstrates a clear
propensity for maximum ozone levels to be trangabecross the Gulf of Maine before
coming ashore with the sea breeze (ME DEP, 2010).

A similar situation occurs along the New Hampskiast, where ozone events
are driven by distinctively different wind directis than experienced inland. An analysis
of wind directions at the time inland New Hampsrenitoring sites measured
unhealthy ozone levels between 1995 and 2002 disdean overwhelming trend of
winds coming from the southwest. By contrast, loghne levels at New Hampshire
coastal sites were associated largely with a seezkrfrom the southeast that brought in
pollution transported over water from the Bostortnoyolitan area and possibly other
urban areas in the Northeast Corridor (NH DES, 2010

Sea breezes can also affect air quality in coagtat because, under stagnant
synoptic-scale winds, a city’s emissions may bé&celated or pushed back over land
after having drifted out over the sea before seazw circulation begins. In the absence
of a shift in winds due to a sea breeze, the cay’pollution will be blown away. The
sea breeze circulation acts like a barrier and gm#ie polluted air back over the land.
The sea breeze only pushes a few miles inland,hnkiehere the barrier to mixing lies.
Later in the day, the air may be quite clean oroitean side of the city, but the air is
usually quite dirty on the inland side. The cityfets from its own recirculated pollution
as the sea breeze prevents pollution from thet@itppw away from it. Appendix C
presents more detailed information on sea breemtfi@v over the ocean that
contributes to ozone transport in parts of the OTR.
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Figure 2-4. Average 2000 — 2002 wind direction fregency associated with elevated
one-hour ozone levels in coastal Maine
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The bay breeze is a shallow circulation over lanignd bays, which usually
extends only a couple hundred meters above thacurFor example, the northern
Chesapeake Bay region suffers from the highestezoncentrations in the state of
Maryland, often due to the development of the b@gbe. The formation of this micro-
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scale circulation has been known to create a diyagient of observed ozone
concentrations across its boundary. A bay breeesteccurs when a non-onshore wind
flow switches to onshore flow perpendicular to shereline. This circulation allows the
build up of ozone along the bay breeze boundamydtyzet al. (2010) reviewed five
years of Maryland data (2004-2009) and found tabiy breeze played a significant
role in approximately one-third of all days exceegihe 8-hour ozone standard of

75 ppb. The ozone measured east of the bay breexeléry ranged from +17 to

+39 ppb higher than sites to the west.

Mountain and valley breezes are also driven byrgpégature contrast. In the
daytime, the side of the mountain will heat up mgquieckly than the valley, and hence a
flow from the valley to the mountain results. Aght this flow is reversed as the
mountain side cools more quickly than the valleg.aresult of these differences in
cooling and heating, during the day, warm winds\blp toward the peaks from the
valley below, while at night, cool air sinks andvils down the valley, settling in the
lowest points. Local topography is very importangenerating this phenomenon,
making the breeze unique to a particular area.

Mountains and valleys also serve to isolate aihevalleys, while air at the
mountaintops may be coming from very far away. Maimwinds, inversions, and
mixing are quite complex. On a quiet night, the mtaintops may be in the free
troposphere, open to long-range transport, whiteviiley below is usually capped by a
nocturnal inversion, isolating pollution in the kgl Air quality measurements taken
during plane flights in the Shenandoah River Valiaye shown that the air pollutants in
the valley may be rather different from the aithet nearby peaks. Cities on the western
side of the mountains will find that the Appalacisare capable of damming pollution
up against them (MARAMA, 2005 at pp. 42-43).

Appalachian lee side trough

The Appalachian lee side trough forms on the ledydownwind) side of the
Appalachian Mountains. In the OTR, a lee side thoflggms when winds blow over the
Appalachian Mountains and down the lee side ohtbentain range to the coastal plain.
As the column descends down the lee side, it $iesteertically and spins faster, pulling
up air and creating low pressure, thus rotatingatimels to the southwest. Because the air
is typically rather dry, and the trough itself aher weak, it does not usually lead to
showers and thunderstorms the way a trough asedaiath other weather systems
would. It does cause winds to shift their directisa a wind that comes over the
mountains from the west will turn and blow from gw@ithwest along the coastal plain.
Therefore, when surface winds on the coastal @eerfrom the southwest, if the
Appalachian lee side trough is in place, it mayHze the air actually came from the
west, descended, and turned. The implication foguality policy is straightforward.
Pollution making its way over the mountains frora thest will turn once it reaches the
coastal plain and come from the southwest. Becswidace winds are then from the
southwest, when the Appalachian lee side trough péace, the limits of a nonattainment
area’s airshed will be expanded farther south aest whan they might otherwise be
(MARAMA, 2005 at pp. 41-42). Studies have obserkiggh ozone levels in the OTR
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associated with a lee side trough east of the Agbeédn Mountains and aligned with the
Northeast Corridor (Gaza, 1998; Seaman & Michel2000; Kleinmaret al, 2004).

2.3.3.Nocturnal low level jets

The nocturnal low levélet is a localized region of rapid winds in thevey
atmosphere (typically 500-1500 m above the groenmdl) that can form at night under
the same calm conditions often present in a polugpisode. Forming just above the
nighttime temperature inversion, the nocturnal level jet depends on isolation from the
surface provided by the inversion. It is primaalyocturnal phenomenon that occurs
more frequently during the spring and summer se;ason

A nocturnal low level jet is generally found whereange of mountains meets a
flat plain. There is a particularly strong nocturioav level jet in the Great Plains of the
central United States on the eastern side of tlekRblountains. On the Eastern
Seaboard, a nocturnal low level jet can develop@gtbe Atlantic Coastal Plain located
to the east of the Appalachian Mountains and tontbst of the Atlantic Ocean. Figure
2-5 shows an example of a nocturnal low levelj¢tile the typical wind speed
minimum of a nocturnal low level jet is often defthas more than 12 meters per second
(m s1), Ryan (2004) has proposed a weaker minimum speedion of 8 m & in the
East because of the expected weaker terrain-indoceidg in this region. The mid-
Atlantic nocturnal low level jet has a width of 3800 km (to its half peak value) and a
length scale of more than 1500 km, following clgdék orientation of the Appalachian
Mountains (Zhangt al, 2006).

Figure 2-5. Example of a nocturnal low level jet

T
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Note: The low level jet (shown by red, orange, galtbw) normally sets up along the eastern sididefAppalachian
Mountains and blows from southwest to northeasir(s University of Maryland).

@“Low level” in this instance is relative to uppewel jets occurring in the upper troposphere teelo
stratosphere at heights of 10-15 km above the grtewel. It is not a “ground level” phenomenon loé t
types described in the previous section.
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The nocturnal low level jet forms in the absencstadng synoptic systems.
Surface winds run parallel to the mountains, wiicthe case of the OTR is southwest
running over the Atlantic Coastal Plain in fronttbé Appalachian Mountains. The
nocturnal low level jet forms because land coolekgr than the air above it at night.
The quickly cooling land results in the air closesthe surface cooling quicker than the
air higher above. This creates a temperature irorethat separates the atmosphere into
layers. The warmer air above the inversion laye0(~200 m above ground) disengages
from the frictional effect of the surface and irases in speed. In the eastern United
States, the nocturnal low level jet has been oleskirv Georgia, the Carolinas and
Virginia (Weisman, 1990; Sjostedt al, 1990) in addition to the OTR (NARSTO, 2000).
Appendix D provides a descriptive example of thelatwon of a nocturnal low level jet
occurring over the length of the OTR during a peiwd high ozone in July 2002.

The amount of ozone within the nocturnal low Ige¢lcan be measured by
balloon-launched ozone sensors called “ozonesonBesing an event on July 12-13,
2008, Howard University launched two ozonesondas fBeltsville, MD, one as a
nocturnal low level jet emerged at 10:30 p.m. ldoak and one later at 2:30 a.m. during
peak winds. As the jet increased in peak windsnezevels increased within the jet from
just above 80 ppb to almost 95 ppb. The jet traleler 22 mph for above 14 hours,
resulting in a total transport distance of morentB&0 miles. (MDE, 2009).

In southern New Hampshire, indications of a noculow level jet were seen
and modeled during a July 2001 episode. The cotleeofiocturnal low level jet occurred
at around 500 m and reached maximum wind speegieafer than 10 m/s. On one
occasion, the jet extended southward across theAthadtic and southern states, and
westward to mid-Pennsylvania and West Virginia. J@téransported ozone and
precursors that helped to produce elevated daytinae levels in southern New
Hampshire during this period (Mao & Talbot, 2004).

2.3.4.0zone and precursors higher aloft

Theoretical and numerical model simulations haygeated for some time that
there is a strong regional component to urbanuatity in the northeastern United States
(Liu et al, 1987; Sillmaret al, 1990; McKeeret al, 1990). Since 1992, thousands of
aircraft flights have been made to measure verpicafiles of ozone, the nitrogen oxides,
carbon dioxide, sulfur dioxide, and aerosol pagsaluring high ozone episoadesigure
2-6 shows the results of profiles taken over céMnginia on July 15, 1995, at about
9:00 am on the last day of a four-day severe oepmde. During this episode, winds
measured at Dulles Airport in Sterling, Virginiatire 500-3000 m layer, where ozone
was at a maximum, were consistently from the weghé north. There were no periods
of stagnation or reversal of wind direction durthgs period. Figure 2-6 shows that the
0zone mixing ratio above the boundary layer is maoper than that at the ground,
peaking at about 1200 meters.

® These measurements were made as part of the sijvef Maryland’s RAMMPP (Regional
Atmospheric Measurement, Modeling, and PredictimgRam) under the sponsorship of ARMA,
MARAMA (Mid-Atlantic Regional Air Management Assaaion), VADEQ (Virginia Department of
Environmental Quality), and NCDEQ (North Carolinagartment of Environmental Quality).
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An examination of the various pollutant data inUfeg2-6 helps to identify
possible sources of the elevated ozone. It shaaikdldbed that while both automobiles
and power plants emit NQautomobiles emit carbon monoxide (CO) but nofusul
dioxide (SQ), while power plants emit Sut not CO. The CO profile is not correlated
well with the ozone data, indicating that the seustthe ozone is not from local sources,
i.e., automobiles. The peak in the N@rofile at around 800 meters is an indication of
“aged air” (hence transport) as a number of stuldés® found a strong relationship
between increasing ozone and W@ photochemically aged air masses (Traiteal.,
1993; Kleinmaret al, 1994; Olszynat al, 1994). Finally, the peak in the S@rofile,
which occurs above the nocturnal inversion, iskahi to come from local sources.
Indeed the presence of the S€ads to the conclusion that the air is comingnffmower
plants west of the Appalachian Mountains.

°NOy = NO + NQ + all other oxidized nitrogen products of N@xcluding NO.
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Figure 2-6. Altitude profiles for ozone, carbon mooxide, NOy, and SG taken on
July 15, 1995

Vertical Profiles of Ozone, CO, NOy and S02: Central VA (July 15, 1995)
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During the same July 1995 period, measurementsialother parts of the OTR
also recorded high ozone overnight in layers 508 imgher above the surface. Ozone
aloft concentrations above Poughkeepsie, NY and Navwen, CT approached levels of
120 ppb or greater on the night of July 14 (Zhanhgl,, 1998; Zhang & Rao, 1999).
Figure 2-7 displays the aircraft measurements abBoughkeepsie, NY around 4 a.m.
EST.

This aloft ozone at night has the potential of heag the surface the next day as
the mixing height rises in the morning due to stefavarming. A study in central North
Carolina obtained vertical measurements of ozoora ft 610 m tall tower and found a
strong correlation between nighttime and early nmayyimzone concentrations in the
residual layer above the nocturnal boundary lagdrthe maximum ground level
concentration the following afternoon (Anggaal, 2000).
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Figure 2-7. Observed vertical ozone profile measudeabove Poughkeepsie, NY at
about 4 a.m. EST on July 14, 1995
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Note: The figure includes a vertical line at 85 fipbcomparing aloft measurements with the
8-hour ozone NAAQS (observed ozone data from Zt&aRgao, 1999).

The upper air measurements since 1992 reinforcpréhaously mentioned observations
by Clarke and Ching (1983) during the summer of9197 which aircraft measurements
recorded aloft ozone concentrations of about 90tppisported overnight from eastern
Ohio and entering into the Northeast Corridor aveegion stretching from the lower
Hudson River Valley north of New York City down ass eastern Pennsylvania and into
Maryland just west of Baltimore. The measuremelsts showed N aloft during the
overnight hours that could contribute to additiooabne formation in the OTR as it
mixed down to the surface in the morning. Furtih@ngport up the Northeast’s urban
corridor can occur via the formation of the Appdian lee side trough and nocturnal low
level jets (Taubmaet al, 2004).

Absent transport, ground-level ozone concentratigpisally increase during
daylight hours as a result of photochemical prodacind decrease substantially at night
when ozone removal exceeds production (see Fig8)e &t higher elevations, however,
concentrations of ozone and ozone precursors mrmaginehigh at night, as there is
minimal downward mixing of the atmospheric transpayers at night. During daylight
hours, when solar energy heats the ground, thdtireswarm air near the ground begins
to rise. Rising air creates an unstable atmosplétiation resulting in the up- and down-
ward mixing of air masses (including ozone transfayers). Thus ground level ozone
concentrations typically rise for several hours iednately after sunrise.
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Figure 2-8. Typical day/night ozone cycle at grountevel and aloft
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Note: Solar ultraviolet energy helps to create ezitrat is present in high quantities late in thg @ night, there is no
ultraviolet sunlight to create ozone and groun@l®bjects and gases act to remove ozone, resiitithg curve in
blue, which represents ozone at ground level. Oapinégher elevations, conversely, is often notetep at night and
may remain at elevated concentrations througheut#ty (red curve).

Monitoring data demonstrate this pattern. Towahasriorthern end of the OTR in
New Hampshire stands Mt. Washington. The mountasurrounded by hundreds of
miles of forest and very few major emission sousgghin 75 miles. The mountain has
ozone monitors at its 2,000 foot elevation baseadnts 6,288 foot summit. When the
wind patterns are right, significant amounts ofre@can be measured at both the base
and summit. Because the summit of Mt. Washingtdngh enough to be exposed to
high elevation transport (synoptic flows), downwariking is not a factor in creating the
peak ozone values it experiences. Transport tiora frpwind source areas appears to be
the single largest factor in determining the tihe/ich the maximum ozone level
occurs at the summit. As suggested by Figure Be9prone at the base of the mountain
is also dependent on this same long range trangpirinixes downward from higher
elevations once the mixing layer breaks up withrttegning sun. While the highest
0zone concentrations at the summit often occurroght, there is actually a dip during
the day when the mixing layer below breaks andaalgertical mixing. Relatively
cleaner air from below mixes up and more pollutedram above mixes down, causing
the summit measurements to dip and the base levake (see Table 2-1).
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Table 2-1. Night and daytime patterns of ozone ahe base and summit of
Mt. Washington, NH

Percent of Hourly Percent of Hourly
Mt. Washington Maxima During Maxima During
Monitor Location Daylight Hours Overnight Hours (6 p.m
(9a.m.to 5 p.m.) to 8 a.m.)
Summit 18% 82%
Base (Camp Dodge) 80% 20%

Note: Daylight heating hours are hours of the dagnvsolar energy drives vertical mixing of transpayers

Figure 2-9. Average diurnal ozone patterns at thewsnmit and base of Mt
Washington, NH during high ozone days

Average Diurnal Profile for the Top 10% Ozone Days
at Mt. Washington Base (2002-2008)
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A similar pattern can be found farther south in Néampshire. Figure 2-10
compares ozone profiles from a mountaintop momdacated at Pack Monadnock
Mountain (2,288 feet) with nearby low elevation ntors in Keene and Nashua, NH. In
this case, the mountain site is not as far reméned emission sources. Some of the
observed ozone is the result of local emissionssante comes from ozone and

precursors brought into the area from synopticestrahsport patterns and the East Coast
low level jet.
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Figure 2-10. Average diurnal ozone patterns at theummit and near the base of
Pack Monadnock Mountain, NH during high ozone days
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2.4. The “ozone reservoir”

The presence of high levels of ozone and precuedofsacross a large spatial
region gives rise to the concept of an “ozone raserforming in the eastern United
States. The pollutants in this reservoir are nbjesti to destruction at the surface, and
can be transported long distances in the wind florgated by the synoptic scale weather
patterns conducive to ozone formation and transpoansport up the Northeast’s urban
corridor can subsequently occur augmented by thgakgehian lee side trough and
nocturnal low level jet (Taubmaet al, 2004).

In the ozone reservoir aloft, concentrations ofrezbetween 1,500 and 6,000 feet
routinely can reach levels approaching and excegetd® ppb, while ozone at the surface
can be below 40 ppb (Figure 2-11). This ozone aissrcan be quickly transported long
distances by strong winds like the jet stream. Effisctively disconnects the location of
emission sources that produce ozone from the lmcathere ground-level concentrations
of ozone are the highest.
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Figure 2-11. Concentration of ozone by altitude basl on ozonesonde measurements
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A simple conceptual picture of how the ozone resieferms is as follows: ozone
produced during the day by sunlight acting onyN@d VOCs is lifted high in the
atmosphere by convection, mixing it within a retaty thick atmospheric boundary
layer. At night, the boundary layer created by actefcooling after the sun goes down is
closer to the ground than typical daytime boundaygrs (Figure 2-12). As it forms, it
leaves ozone from the daytime boundary layer es&ual layer aloft.
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Figure 2-12. Mixing of ground-level ozone aloft duing the day (above) and
prevention of aloft ozone mixing down due to a nigtime inversion (below)

Source: Science Education Resource Center, Cartage, MN.

In the morning, ozone within the stable and shalhmeturnal boundary layer is
very low due to ozone loss mechanisms like dry diéfom and NQ titration. However
the ozone cutoff from the ground in the residugtas not destroyed and can travel for
hundreds of miles in the strong winds of the fre@pdsphere. As the nocturnal boundary
layer lifts due to the sun’s warming of the grouti elevated ozone and its precursors
mix down to the surface where they contribute tdesi¢ ozone concentrations.

The concentration level of this ozone reservoir lsameasured by looking at the
differences between elevated and ground-level orom@tors over time. As described
previously for Mt. Washington, NH, high elevatioronitors are often above the top of
the nocturnal boundary layer and directly measlo# @zone concentrations. As the day
progresses, mid-elevation monitors show the statebozone reservoir mixing down.
The nocturnal inversion breaks up between 8-10 am.ground-level monitors measure
high levels of ozone comparable to the concentnaichigh elevation monitors. By
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midday, the regional and local air pollutants hereed and are indistinguishable (see
Figure 2-13).

Figure 2-13. Comparison of the diurnal ozone concérations measured by high
elevation monitors (red, pink, and blue) and groundevel monitors (gray)
on June 13, 2008
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This pattern of “up..over..down” ozone transpod the ozone reservoir has been
repeatedly observed across the OTR, as previoesigrithed in the published results of
numerous field and modeling studies. A major trewer time, however, has been the
magnitude of ozone concentrations within the eledaeservoir. While concentrations up
to 180 ppb were common in the 1990s, current paeksloser to 100 ppb as a result of
regional NQ reductions from power plants, motor vehicles, atheer sources. Despite
this reduction in transported ozone, levels atkvegill above the upper end of the range
for the proposed revision for the ozone NAAQS (600-ppb).

2.5. Ozone background and exceptional events

With an ozone NAAQS of 0.08 ppm and the likely ston to a more stringent
level in the range of 0.060 — 0.070 ppm as propbsgelPA, concerns have been raised
over the ability to attain the current or a futomne NAAQS due to ozone contributions
thought to be beyond the control of air qualitynplars. To address these concerns,
Congress amended section 319 of the Clean Air Aetwt passed the Safe Accountable
Flexible Efficient-Transportation Equity Act: A Lagy for Users (SAFE-TEA-LU) of
2005. Congress added to CAA section 319 languaggicing criteria to be applied by
the USEPA for determining when air quality condisacould be attributed to
“exceptional events,” thus not counting as an edaree or violation of a NAAQS. The
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concept of “exceptional events” is to identify isustes of degraded air quality for which
the normal CAA planning and regulatory processeshat appropriate.

The amended CAA section 319 defines an except®rait as an event that
affects air quality; is an event that is not readxy controllable or preventable; is an
event caused by human activity that is unlikelygiour at a particular location or a
natural event; and is determined by EPA to be aemgbonal event. The statutory
definition of exceptional event specifically excasdstagnation of air masses or
meteorological inversions; a meteorological evarblving high temperatures or lack of
precipitation; or air pollution relating to sounsencompliance. The USEPA has
established by rule what is required by statestoahstrate the occurrence of
exceptional events, thus allowing the exclusioaiofjuality monitoring data that would
otherwise show an exceedance or violation of a NSAQ Fed. Reg. 13560 (March 22,
2007)). Examples of exceptional events for ozoctuie stratospheric intrusichand
ozone generated from large forest fires.

At the time the USEPA lowered the ozone NAAQS frari+hour level of
0.12 ppm to an 8-hour average of 0.08 ppm, conwamexpressed that the new lower
level would be difficult to achieve due to frequgrdccurring naturally elevated hourly
ozone levels 0£0.05 and>0.06 ppm during winter and spring. The elevateelewere
attributed to air from the upper troposphere anatasphere being transported to the
surface. Most elevated ozone occurrences weregldgnil and May, based on air
monitoring at rural sites in the northern U.S.,tkean Canada, and northern Europe
where anthropogenic local sources of air polluasrwell as photochemistry were
believed to have little influence on ozone levalsily these times (Lefohet al, 2001).
It follows that if stratospheric ozone is a relatiwfrequent cause of or significant
contributor to exceedances of the 0.08 ppm ozonAQ, it will also be of concern in
addressing a future ozone NAAQS set at an evenrl@vel.

A modeling study by Fioret al. (2003) has concluded that much of the observed
ozone variability, including high springtime ozoevents, in relatively remote areas of
the U.S. are attributable to anthropogenic airytimh rather than being of predominate
stratospheric origin. The researchers pointedtmaitdne cannot assume regional
photochemistry during the spring is inactive, asngtime UV radiation levels are
comparable to the summer. Because the modelingblado reproduce the ozone
behavior seen at remote monitoring sites, Fatral (2003) proposed that previous
interpretations attributing a greater stratosphesimponent were underestimating the
role of regional and hemispheric pollution. Theutesindicated that the natural ozone
background is typically in the range of 10-25 paigl never exceeds 40 ppb. The
contribution of hemispheric pollution above theurat background ranges from 4-12 ppb
and only rarely exceeds 20 ppb. The stratosphentribution is minor, always below
20 ppb. This is consistent with earlier findingattetratospheric ozone contributions are
highest in the upper troposphere while contribigitmozone at the surface are typically
small (Parristet al, 1993; Dibbet al, 1994; Mauzerakt al, 1996).

4" A stratospheric intrusion is the entrainment ode-rich air from the stratosphere into the trpbese,
which is the lowest layer of the atmosphere aeimth’s surface. A stratospheric intrusion is taflic
associated with the passage of strong frontal Byste severe thunderstorms, and may occur primarily
the spring (USEPA, 1986).
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Even during the winter it cannot be assumed thgit bzone levels are necessarily
stratospheric in origin. Ozone levels at a siteural Wyoming during February, when
the ground was snow-covered and air temperatures agelow as -17 C, reached a
hourly peak average of 140 ppb just after solann@@2 ppb 8-hour average) (Schnell
et al, 2009). A stratospheric intrusion was discourtted the diurnal ozone behavior, the
presence of a high pressure system preventingspiagric air from mixing downward,
and an ozonesonde profile indicating the higheshezvas contained in a shallow
surface layer with no enhancement at higher aksguét was suggested that a more likely
source for the ozone was photochemical productiom forecursors associated with a
developed natural gas field in the area.

In general, stratospheric intrusions leading tdlsgrface ozone appear to be
relatively rare (Logan, 1989; Coopetral,, 1998; Fioreet al, 2003). At Mt. Washington,
NH, the highest point in the OTR, observed ozoreltegreater than 80 ppb at night
were associated with westerly (71 percent) anchsaegterly (29 percent) transport,
implicating pollution transport from industrializedban areas of the Midwest and the
East Coast. Stratospheric ozone appeared to cotrib only about 5 percent of the
extreme ozone events, but occurred under condititsosconducive to photochemical
ozone production, making the relative contributidifBcult to discern (Fischeet al.,
2004). The use of wind profiler radars suggeststtaiospheric contribution to ground
level ozone in Montreal, QC, during an event irlyeltay when nighttime ozone
increased from a typical level of 15 ppb to 30 ppypical daytime levels of 30 ppb
increased to 50 ppb (Hockimg al, 2007). The increase in daytime ozone of 20 ppb i
consistent with the modeling results of Fieteal (2003).

In addition to stratospheric ozone intrusions, happotential type of
“exceptional event” is ozone associated with logugge transport of smoke from forest
fires. These would qualify as “exceptional eventsthe extent they are considered by
the USEPA as meeting the criteria set out in CAétiea 319. Examples of observed
elevated surface ozone concentrations attributémhprange transport from wildfires
include impacts in the Washington, DC area fronesofires in central Quebec (Colarco
et al, 2004), and in Houston, TX from forest fires astern Alaska and western Canada
(Morris et al, 2006).

2.6. Summary

This section has summarized current knowledgeefibteorological processes
that affect local ozone levels within the OTR. Aiceptual description of transport
processes within the OTR can be divided into tlpregciple components: surface winds,
the nocturnal low level jet, and winds in the fte@posphere. All three modes of
transport depend on the location of the high pmessystem. Surface winds are the result
of interaction between the synoptic flow and loeiéécts, such as the sea breeze and the
Appalachian lee side trough. The nocturnal low lgateresults from the combination of
shallow nocturnal inversions and conducive terrtiihas been observed throughout the
Eastern Seaboard from Georgia to Maine. The noatlow level jet can transport ozone
that formed within the OTR or was transported it OTR from outside the region.
Transport aloft is dominated by the anti-cyclonawf around a high pressure system,
which can lead to transport of an ozone reserwmbir the OTR created by emissions in
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areas that lie outside the OTR. Local emissionkiwithe OTR add to the polluted air
mixing down from above that arrived from more digtimcations.

Atmospheric modeling by the USEPA underscores bsekvations that the
OTR’s ozone problem has contributions from outsidé upwind of the region. Pollution
sources in the Ohio River Valley and the Southsigstificantly contribute to ozone
nonattainment problems in various portions of tAdRO

Stratospheric sources of ozone appear to makeévedialittle contribution to
surface ozone concentrations relevant to exceedariche ozone NAAQS. Long
distance transport from large wildfires can havenapact on local air quality and can be
considered “exceptional events” for purposes ofjaality planning.
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3. OZONE-FORMING POLLUTANT EMISSIONS

The pollutants that affect ozone formation are ti@arganic compounds
(VOCs) and nitrogen oxides (N The emissions dataset presented for the OTRein t
first section below is from the 2002 MANE-VU (Midtlantic/Northeast Visibility
Union) Version 2 regional haze emissions inventttgNE-VU is the regional planning
organization (RPO) for the mid-Atlantic and Nortbestates coordinating regional haze
planning activities for the region. While the coritef the MANE-VU inventory is
regional haze, it includes inventories of fNé&nhd VOCs that also inform air quality
planners on sources important to ozone formdtibm provide a fuller context of
precursor emissions contributing to regional ozaifiecting the OTR, the section
following the MANE-VU information presents NGand VOC emissions information
from the 2002 National Emissions Inventory (NEI) $tates in adjacent RPOs.

Note that in future inventory efforts, the USEPMstor Vehicle Emission
Simulator (MOVES) model will be replacing the prews mobile source inventory
models — MOBILE for on-road and NONROAD for non-lcamissions inventory
development. On average, this change is antidpatg1) lower modeled CO and VOC
emissions; (2) increase modeled Nand PM emissions; (3) lower the percentyNO
reduction from modeled control measures; and (4grde percent PM reduction from
modeled control measures for the on-road and nad-sectors (Dolce, 2009).

3.1. Emissions inventory characteristics in the OTR

3.1.1.Volatile organic compounds (VOCSs)

Existing emission inventories generally refer toG&as hydrocarbons whose
volatility in the atmosphere makes them particylariportant in enhancing ozone
formation in the presence of NO

As shown in Figure 3-1, the VOC inventory for th&R0is dominated by mobile
and area sources. Most VOC emissions in the OTRewer, come from natural sources,
which are not shown in the figure. Among the humansed VOC emissions, on-road
mobile sources of VOCs include exhaust emissian® fgasoline passenger vehicles and
diesel-powered heavy-duty vehicles as well as enstppe emissions from transportation
fuels. VOC emissions may also originate from aetsrof area sources (including
solvents, architectural coatings, and dry clearessyell as from some point sources
(e.g., industrial facilities and petroleum refire).

Naturally occurring (biogenic) VOC emissions arased by the release of
natural organic compounds from plants in warm weatany natural VOCs that
contribute to ozone formation are highly reactigeprene, for example, is a highly
reactive five-carbon natural VOC emitted from mpskbciduous trees (e.g., oaks) that
plays an important role in enhancing regional oZoneation across the eastern U.S.

€ The description of OTR state inventories discussete first section does not include the portién
Virginia in the Washington, DC metropolitan are#&ormation for Virginia is in the following secticamd
comes from the 2002 National Emissions Inventory.
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(Traineret al, 1987; Chameidest al, 1988). Because biogenic VOC emissions are large

and reactive, they are the most important pateMOC inventory for understanding
and predicting ozone formation. Biogenic VOCs areincluded in Figure 3-1, but
nationally, they represent roughly two-thirds dfadnual VOC emissions (USEPA,
2006a). Modeling biogenic emissions can be diffiaglit requires simulating biological
responses to a range of environmental conditiard) as leaf temperature and the
amount of sunlight reaching a leaf surface.

Figure 3-1. 2002 MANE-VU state VOC inventories inhte OTR
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Figure key: Bars = Percentage fractions of fours@eategories; Circles = Annual
emissions amount in $@ons per year. The Virginia portion of the Washimg DC
metropolitan area is not shown in the figure.

3.1.2.0xides of nitrogen (NQ&)

NOx emissions are a fundamental necessity for the giheyic formation of
ozone. Without NQ, ozone formation during warm summer days woultueily cease,
regardless of the amount of reactive VOCs pre&ntontrast, without VOCs, NO
would still produce ozone in the presence of simJiglbeit at a much diminished
efficiency.

Figure 3-2 shows NQemissions in the OTR at the state level. Sinc€198
nationwide emissions of NCfrom all sources have shown little change. In,fact
emissions increased by 2 percent between 19893@8®iI(USEPA, 2000). This increase
is most likely due to industrial sources and tlamsportation sector, as power plant
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combustion sources have implemented modest emssegtoluictions during the same time
period. Most states in the OTR experienced dedilN®x emissions from 1996 through
2002, except Massachusetts, Maryland, New York,Rimade Island, which show an
increase in N@ emissions in 1999 before declining to levels bel®96 emissions in
2002.

Figure 3-2. State level nitrogen oxides emissions
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Monitored ambient N@trends from 1997 to 2009 corroborate and extead th
downward trend in NQemissions seen in the emissions inventories ®QMR. As
shown in Figure 3-3, the monthly averaged,\Nsdncentrations indicate decreases in
NOx over this time period in the OTR. The N@ductions likely come from decreasing
vehicle NG emissions due to more stringent motor vehicledsteas as well as NO
reductions from the OTR NOBudget Program and the NGIP Call (mainly power
plants). The higher NQlevels measured during the colder months may bseieeral
reasons, including relatively lower atmosphericimgxheights during colder months
(i.e., less volume for pollutants to disperse ie@3s stringent NQrequirements for power
plants during months outside the April — Septent®ER ozone season, and increased
space heating demands (e.g.,,\N@m combustion of residential heating oil and @po
as well as increased generation for electric heat).
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Figure 3-3. Plot of average monthly monitored NQ trends in OTR 1997-2009
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Note: The NQ trends are 24-hour levels averaged by month durg@y-2009 (figure courtesy of Tom
Downs, Maine Department of Environmental Proteqtion

Power plants and mobile sources generally domstate and national NO
emissions inventories. Nationally, power plantsoaict for more than one-quarter of all
NOyx emissions, amounting to over six million tons. Bhectric sector plays an even
larger role, however, in parts of the industriabMiest where high NQemissions have a
particularly significant power plant contributioBy contrast, mobile sources dominate
the NOQ inventories for more urbanized mid-Atlantic andANEngland states to a far
greater extent, as shown in Figure 3-4. In themeston-road mobile sources
category that mainly includes highway vehictesepresent the most significant NO
source category. Emissions from non-road (i.e-hafhway) mobile sources, primarily
diesel-fired engines, also represent a substdraiction of the inventory.
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Figure 3-4. 2002 MANE-VU state NQ inventories in the OTR
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Figure key: Bars = Percentage fractions of fours@eategories; Circles = Annual
emissions amount in $@ns per year. The Virginia portion of the Washimg DC
metropolitan area is not shown in the figure.

3.2. Emissions inventory characteristics outside the OTR

NOyx and VOC emissions in the OTR are only one compiooktihe emissions
contributing to ozone affecting the OTR. As regiomadeling for the NQ SIP Call and
CAIR have shown, emission sources, primarily ofiNf@cated outside the OTR can
significantly contribute to ozone transported itite OTR. Here we present regional
emissions information grouped by the three eas®®®s — MANE-VU, VISTAS
(Visibility Improvement State and Tribal Associatiof the Southeast), and the MWRPO
(Midwest RPO). Table 3-1 lists the states in eaPIOR

The inventory information is extracted from the UBEfinal 2002 National
Emissions Inventory (NEI). For consistency, the MANU information here also comes
from the 2002 NEI rather than from the MANE-VU Viexs 2 regional haze emissions
inventory described above. The differences betwieemnventories are not great, as the
NEI and the MANE-VU Version 2 inventory are bothsbd on the same inventory
information provided by the states.
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Table 3-1. Eastern U.S. RPOs and their state member

Table 3-2 presents VOC emissions by source sentbR&0 for the eastern
United States. The NQemissions by source sector and RPO are preseniable 3-3.
Regionally, NQ emissions are more important with respect to regjiozone formation
and transport. Emissions of N@ combination with abundant naturally occurrinQ@
emissions from oaks and other vegetation have dleenwn to be important sources of

RPO State
MWRPO lllinois
MWRPO Indiana
MWRPO Michigan
MWRPO Ohio

MWRPO Wisconsin
MANE-VU Connecticut
MANE-VU Delaware
MANE-VU District of Columbia
MANE-VU Maine
MANE-VU Maryland
MANE-VU Massachusetts
MANE-VU New Hampshire
MANE-VU New Jersey
MANE-VU New York
MANE-VU Pennsylvania
MANE-VU Rhode Island
MANE-VU Vermont
VISTAS Alabama
VISTAS Florida
VISTAS Georgia
VISTAS Kentucky
VISTAS Mississippi
VISTAS North Carolina
VISTAS South Carolina
VISTAS Tennessee
VISTAS Virginia
VISTAS West Virginia

regional ozone in the eastern U.S. (Trakeieal, 1987; Chameidest al, 1988).

Table 3-2. VOC emissions in eastern RPOs

RPO Point Area On-road Non-road Total
MWRPO 234,938 1,182,186 660,010, 492,027 2,569,160
MANE-VU 93,691| 1,798,158 793,541| 494,11% 3,179,504
VISTAS 458,740 2,047,359 1,314,979 609,539 4,430,617
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Table 3-3. NG emissions in eastern RPOs

RPO Point Area On-road Non-road Total
MWRPO 1,437,284 184,790| 1,290,178 723,844 3,636,096
MANE-VU 680,975| 268,997| 1,297,357 534,454 2,781,783
VISTAS 2,094,228 266,848 2,160,601 812,615 5,334,293

3.3. Are NOx or VOC control strategies most effective at reducig
ozone?

The effectiveness of a NGocused or VOC-focused control strategy to reduce
0zone is not constant by location or emissionsierait is a changing chemical
characteristic of an air parcel affecting a patticilocation. As a result, the effectiveness
of a NO¢ or VOC-focused control strategy can vary withinaamparcel as it dynamically
evolves over time with transport, dispersion, ahdtpchemical aging (NARSTO, 2000
at Chapter 3.2).

On a regional basis, OTAG, CAIR and other modesinglies have consistently
shown that NQ reductions have the greatest impact on regionbl daone
concentrations, while VOC reductions have morelloopacts. This is largely a result of
significant naturally occurring VOC emissions (esp#y isoprene) in large forested
regions of the eastern U.S. Observed results fegponal NQ reductions at power
plants (i.e., the NQSIP Call) are now indicating that significant oeaeductions are
occurring on a regional basis as a result of regibl©x strategies. A USEPA report
finds a strong association between areas with tbatgst NQ emission reductions due to
the NG SIP Call and downwind sites exhibiting the grelat®provement in ozone in
2005 (USEPA, 2006b). The EPA findings are suppdoted number of studies
appearing in the peer-reviewed science literatDadectively, these studies have found a
strong association between the power plank K€aluctions of the NOSIP Call and
lower transported ozone levels in the eastern (Fi®stet al, 2006; Kimet al., 2006;
Gégoet al, 2007 & 2008; Gillilancet al, 2008; Godowitclet al, 2008a & 2008b;
Hudmanet al, 2009). Of special note were the findings, basetack trajectory
analyses, that ozone reductions in downwind regeass and northeast of the Ohio River
Valley could be tied to NQreductions at power plants in the Ohio River \all&égoet
al., 2007; Godowitclet al, 2008b). A study based on ozone observationsraukling
also suggested that air quality models underestinthie decrease in the long-range
transport of ozone and its precursors after imphgateon of the NQ SIP Call (Gilliland
et al, 2008).

As a general rule, VOC reductions may be effectivieeducing urban-scale ozone
pollution in lieu of or in combination with local® reductions, while regional NO
controls are most effective at reducing regionanez While a general rule can be
outlined in evaluating the potential effectivenedlOx and VOC-focused control
strategies, the optimal strategy for a specifiatmn will depend on the particular
circumstances of that location. Exceptions to a W@y strategy for an urban area can
occur when the urban area has large natural VOGséomis, ozone is transported from
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upwind, or there is recirculation of aged locallptbn (e.g., sea breeze effect).
Furthermore, because the conditions causing indalidzone episodes can vary, a given
urban area may change in sensitivity between a &l VOC-focused strategy
depending on a particular episode’s conditions (ISAR, 2000). Therefore, the
appropriate combination of VOC and ©ontrols at the local level depends on local
circumstances with the realization that a singlerapch focusing on NQor VOC-only
controls is not necessarily effective for all episdypes. It is clear, however, that
regional NG reductions provide regional ozone reductions duepisodic events, and
this will influence ozone levels being transporitei local urban areas.

The role of longer-lived VOCs, such as methanepintributing to the broader
regional (and global) ozone background is an awitki consideration in weighing the
respective merits of NQand VOC-based strategies. As mentioned earli€ettion 1.5,
the anthropogenic contribution to the ozone baadkguchas important implications for
strategies to achieve a future revised ozone NAA®®&r than 0.08 ppm (e.g., 0.060 —
0.070 ppm). Current ozone control strategies, wiailatively effective at reducing
episodic peak ozone levels, are less effectivediaing lower chronic (i.e., background)
levels of ozone. In addressing the anthropogerackround” ozone (i.e., the portion
not due to natural sources), methane can havea mgpact. For higher peak ozone
concentrations, reducing methane is not typicallystdered due to its relatively low
atmospheric chemical reactivity on the time-scdlmolti-day ozone episodes, but
methane reductions would have a relatively largBuénce on longer-term background
ozone levels (Fioret al, 2002; 2003). Regional and global measures tocedethane
would not only have the benefit of reducing risbagkground ozone levels for purposes
of achieving air quality standards, but would digtp address the threat of climate
change, as both ozone and methane are greenh@ese ga

3.4. Summary

There are large emissions of VOCs andxN@thin and outside the OTR that
contribute to local and regional ozone problemduNsly occurring VOC emissions play
an important role in combination with human-cauli€ emissions in forming regional
ozone across large sections of the eastern U.Som@dNOx control strategies are
demonstrating success in reducing regional ozonea ore local scale, some
combination of VOC and NQcontrols may be needed, with the specific commnat
dependent upon local circumstances. Measureslteweemethane, on a broad regional
and global scale, can help address the anthroppgemiponent of a rising chronic ozone
background, as well as help address climate change.
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4. WHAT WILL IT TAKE TO CLEAN THE AIR? -
LINKING THE SCIENCE TO POLICY

4.1. The three phases of a bad ozone day and the ozomse&rvoir

With the atmospheric chemistry, meteorology, ameaiission inventory
elements presented in the previous sections, aptua description emerges of ozone
problem in the OTR. Consider a typical “day,” defihas starting at sunset, for a severe
ozone event associated with a high pressure sy§tenteptually, a bad ozone day can
be considered as occurring in three phases. Dphage one, a nocturnal inversion forms
as the temperature of the earth drops followingstjnsolating the surface from stronger
winds only a few hundred feet overhead. Ozone theasurface can be destroyed by
deposition. In a city, overnight, NGemissions can react with ozone, further reduding i
concentration, so that by morning, very little ozas left below the nocturnal inversion
due to NQ titration. At this time, the nocturnal inversianat its strongest, and winds at
the surface are typically calm. A large reservbiozone remains above the nocturnal
inversion. Ozone and its precursors, both fromptteious day’s local emissions and
from transport, remain largely intact. There aresndaces and no new N@o remove
the ozone.

During phase two of a bad ozone day, the noctunvarsion breaks down at
mid-morning, with the result that the ozone andprsors above the inversion can now
mix with the air near the surface. The result o trertical mixing is a sudden rise in
ozone concentrations near the surface.

In phase three of a bad ozone day, ozone concensatach their highest levels
in the afternoon through the combined accumulatdidincal pollution produced that day
mixed with the transported regional pollution Idadught in overnight from the ozone
reservoir. Figure 4-1 shows this graphically fa Houthern OTR. The ozone monitor at
Methodist Hill, PA is a high elevation site locat@d1900 ft in altitude in south central
Pennsylvania, and is above the nocturnal inversgiothe early morning hours of August
12, 2002 (e.g., 5 a.m.), it recorded ozone conagatrs above 80 ppb, which was much
higher than what other lower elevation monitor¢hi& region were recording (e.g., Little
Buffalo State Park, PA, South Carroll County, MDederick, MD, Ashburn, VA, Long
Park, VA). The high ozone levels seen at Methadibf PA are above the nocturnal
boundary layer and indicate the presence of sicantiozone produced at some earlier
point in time and transported into the region. Witk break up of the nocturnal inversion
after sunrise (e.g., starting about 7 a.m.), ozmmeentrations at the lower elevation
monitors show a rapid increase. This reflects theng down of the ozone reservoir
from higher altitude to the surface in combinatith local ozone production near the
surface now that the sun has begun inducing itsogghemical production.
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Figure 4-1. Hourly ozone profiles in the southern OR, August 12, 2002
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The ozone reservoir extends across the OTR, asosettre same night in high
elevation ozone monitoring sites in the northerrROFigure 4-2 shows the hourly ozone
concentrations measured on August 12, 2002 at Meiheuntain, CT, Cadillac
Mountain, ME, Mt. Greylock, MA, Mt. Monadanock, NiMjt. Washington, NH, and
Whiteface Mountain, NY. As with Methodist Hill, Pén this day, these sites show
elevated ozone concentrations during nighttime $icas compared to lower elevation
sites below the nocturnal inversion (e.g., Danb@). By mid-day, however, the
nocturnal boundary layer has broken down, mixirggttnsported ozone from the
reservoir above into the locally produced ozoneWwelAppendix E provides more detail
on contributions to the ozone reservoir within autside the OTR.

Figure 4-2. Hourly ozone profiles of high elevatiomonitors in the northern OTR,
August 12, 2002
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4.2. Chronology of an ozone episode — August 2002

The chronology of a historical ozone episode odegrin the OTR from August 8
to August 16, 2002 provides a real-world exampé gheces together the elements of the
ozone conceptual description given in this docum®atface maps from the period
provide a synoptic overview of major weather syst¢hnat were influencing air quality
across the OTR during that time. Meteorologicaights combined with ozone
concentration information provide a picture of gwlving ozone episode on a day-by-
day basis. Figure 4-3, Figure 4-4, and Figure egpectively, show eight-panel displays
of surface weather maps, back trajectories, anduB-tmaximum ozone concentrations
from each day. The daily progression shows the &ion of high ozone that shifts from
west to east, and ultimately northward, during sgstve days of the episode according
to local ozone formation and transport shaped mdwiatterns within and outside of the
OTR.

The August 2002 episode began with a slow-movigh Ipressure system
centered over the Great Lakes initiating a noryhigolwv over the OTR on August 8. Over
the next several days, the high drifted southeastaad became extended across a large
part of the eastern U.S., bringing high temperattwehe region. Calm conditions west
of the OTR on August 10 were pivotal for the forioatof ozone, which first began
building in the Ohio River Valley. Over the nexufadays, 8-hour ozone concentrations
climbed well above the 85 ppb (0.08 ppm) NAAQS awevide area of the OTR. Large
parts of the heavily populated Northeast Corridqrezienced 8-hour ozone levels above
100 ppb during the height of the episode, whichefareeded the 85 ppb NAAQS.



The Nature of the Ozone Air Quality Problem in Mwtheast: A Conceptual Description Page 4-4

The following chronology provides a day-by-day esmin of the August 2002
ozone episode. Parts of this description are tédoen Ryan (2003).

August 8: A high pressure system over the Great Lakes pradhvé-N
prevailing surface winds (~4-8 mph) throughout thgion. Maximum daily temperatures
approach or exceed 80° F.

August 9: Wind speeds fall off but the direction remains NN\&s the high
moves into the Pennsylvania-New York region. Terapges rise as cloud cover
declines. Background ozone levels begin to builthenOhio River Valley with 8-hour
maximum concentrations reaching the 60-80 ppb range

August 10: High pressure is directly over the mid-Atlanticitivdew points still
in the mid-50°'s F, the skies are extraordinarigac throughout the day. Temperatures
(except in northern-most areas) approach-90bile surface-level winds turn to more
southerly directions. With high pressure overhelae back trajectories suggest very light
winds and recirculation. Calm conditions througé thorning hours in the lower Ohio
River Valley promote increasingly higher levelsoabne noted in surface observations —
now reaching above the 85 ppb 8-hour ozone NAAQS owch of Indiana, Ohio, and
other states along the Ohio River, as well as s@teund Lake Michigan and large
portions of the southeastern U.S. Ozone levelsaboy 8-hour NAAQS now begin
appearing for the first time in the western andlisexn parts of the OTR.

August 11: Surface high pressure drops slowly southeastwansa the mid-
Atlantic with the center in western North Caroluhdfting to coastal South Carolina
during the day. The upper level ridge has also mi@ast and is located over the mid-
Atlantic. Circulation around the high becomes vesliablished. A surface-level trough
descends from north of the Great Lakes during &y passes eastward through the Ohio
River Valley and stalls over the Allegheny Mountaand southward. Peak temperatures
are in the low to mid-90°’s F. Morning winds argvlo-calm in the area east of the
Mississippi — the area of ozone now reaches frosteea Wisconsin to Tennessee and
eastward to Georgia up through the Carolinas mcQTR, covering most of
Pennsylvania, New York, New Jersey, Connecticugdehsland and Massachusetts.
Winds are generally south to southwest as is reftein the boundary layer back
trajectories. The key factor driving local ozoneghrction appears to be a very stable
boundary layer. The 8 a.m. sounding at the WasbmBtulles airport shows a very
strong low-level inversion from 950-900 millibaralf) with a deep residual layer
beneath a continuing strong subsidence inversioow-based at 760 mb.

August 12: The upper level ridge remains quasi-stationar w# axis over the
mid-Atlantic. The center of high pressure at 850imbver North Carolina and Georgia.
At the surface, the characteristic Appalachiarside trough forms. Temperatures exceed
90° F throughout the OTR except in coastal Mainmd#&/are fairly strong from the
northwest. This is reflected in the back traje@stihat show a shift to westerly transport.
Elevated upwind ozone concentrations at 11 a.mugjust 11 occur in the vicinity of
the origin of the back trajectories, on the order&86 ppb. Ozone concentrations fall
this day west of the Appalachians but increase edlykacross the mid-Atlantic. The
area of highest ozone has pushed eastward andxtemds from southern Maine across
central Pennsylvania down through Maryland into@aeolinas, Georgia, and eastern
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Tennessee. Ozone builds throughout the day adatiimu forces it to the northeast
between the stalled trough and a cold front apgriogcdrom the Midwest. Some of the
highest 8-hour concentrations occur through thérakto southern OTR on this day.

August 13: Calm conditions prevail as the trough reachestabllew Jersey by
8 a.m. Generally clear skies allow temperaturesach the mid-90°'s F everywhere
except in coastal Maine. Dew points, which had brésng since August 8, reach the
upper 60°s F. A morning sounding at the Washingdoiies airport showed a
continuing strong low level inversion with a resadimixed layer to 850 mb ending just
beneath a weak secondary inversion. The cap asftifted to ~ 630 mb and the
sounding is more unstable compared to previoussdagfween the two inversion layers.
The Appalachian lee side trough continues in pfear@a late on August 12. As is
typically the case, the highest ozone concentratawa found in proximity to this
boundary. The highest 8-hour ozone concentratiomglang the eastern portions of the
OTR from northeastern Virginia through New Jerdayng Island, Connecticut, and into
eastern Massachusetts. By 8 p.m., showers assbaidtethe approaching cold front
have reached into Ohio.

August 14: By 8 a.m., the trough has dissipated and the isighoving offshore,
resulting in an increasing southerly wind componesiich pushes maritime air
northward. Dew points remain in the upper 60° & peak temperatures reach into the
90°'s F everywhere and top 100° F in several looatiOzone concentrations build again,
with the highest levels concentrated in the ce@®ER from eastern Pennsylvania across
to Massachusetts. A “hotspot” of ozone appearpsiaie New York at the eastern end of
Lake Ontario, and may be the result of transpornfthe west across the lake. Ozone
concentrations decrease south and west of Baltianwlealong coastal New Jersey as
cleaner maritime air pushes in from the south.

August 15: This episode ends in a very different manner tharstandard high
ozone episode. Instead of the passage of a shiarfrant, this episode ends gradually as
cleaner air sweeps north, winds increase, andtthesphere steadily destabilizes. Ozone
concentrations fall across the middle and lower @§HRow level flow becomes more
southeast and the Bermuda high fills in westwata Righest levels, still exceeding the
8-hour ozone NAAQS, now occur in the northern resabf the OTR in upstate New
York, Vermont, New Hampshire, and Maine.

August 16: Cloud cover spreads over the region with ozonénfafurther. The
new high building into the upper Midwest pushesrdraains of the showers out of the
Northeast. A spot of high ozone persists in ceMial Jersey. This is the last
exceedance day in a string of seven exceedancendys the OTR during this
extended episode.
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Figure 4-3. Surface weather maps for August 9-160P2

August 9, 8:00AM ED August 10, 8:00 AM ED
l - ; 1 - s\ o ‘ - o L wo e P

August 11, 8:00 AM EDT _ August 12, 8:00 AM EDT

o
095
]
g J?s
27,

U,
137

2]

0

: S B R y < B R SN e 72n‘é2 ) o ) - !
August 13, 8:00 AM EDT August 14, 8:00 AM EDT

g%) e T i
03¢ 003 g [ 4] 57 057 D
52 i ? b, 70577k
(70 bos i ‘
ATl 2 0y

w _Bi.ax.s‘wévjiém FHTE ; & , " 5#%5&?& ;
August 15, 8:00 AM EDT - August 16, 8:00

'
905

UH::;“

257
P
W
| 082

> ! i
B4 b £ - ) 7
a A Ao opn el TR, 3 KRN & "

615
i
. e
i AT
=2 63
=5 9150 y
3 &8, 7%




The Nature of the Ozone Air Quality Problem in Mwtheast: A Conceptual Description Page 4-7

Figure 4-4. HYSPLIT 72-hour back trajectories for August 9-16, 2002
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Figure 4-5. Spatially interpolated maps of maximun8-hour surface ozone concentrations August 9 — 18002
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4.3. Clean Air Act provisions

As is evident from the myriad source regions aaddport pathways affecting the
OTR, the regional ozone nonattainment problem ptese significant challenge to air
guality planners. To improve air quality, emissreductions of the appropriate pollutants
must occur at the appropriate levels (i.e., stmegeof controls) and over the appropriate
geographic extent. States have primary resportsilidr achieving the goals of the Clean
Air Act, as they are responsible for developing&tenplementation Plans and
implementing and enforcing emission reduction paogs to meet the health-protective
National Ambient Air Quality Standards (NAAQS).

When Congress passed the Clean Air Act Amendmérit839, it recognized that
air pollution transcends political boundaries amat tools for addressing transport must
be made available to state and federal governmeat®rdingly, several Clean Air Act
provisions deal with transported pollution, inclugli (1) prohibiting the USEPA from
approving State Implementation Plans that interfatle another state’s ability to attain
or maintain a NAAQS; (2) requiring the USEPA to wavith states to prevent emissions
that contribute to air pollution in a foreign coont(3) allowing states to form ozone
transport regions; (4) requiring states in ozoaagport regions to adopt a prescribed set
of controls in order to achieve a minimum levet@gional emission reductions; and (5)
allowing states to petition the USEPA for timeljiegefrom stationary source emissions
that interfere with attainment or maintenance BifAQS, and requiring the USEPA to
act on such petitions within a very short, prestitimeframe. Taken together, these
provisions provide a framework for air quality phémg. Its inherent principles are:

* Timely action is critical in order to protect pubhealth;

» States must act locally to address air pollution;

* While acting locally, states must also consideirtimepacts downwind in addition
to in-state impacts when developing state impleatent plans (SIPs), and
ameliorate such impacts through SIPs;

* Regional actions have been and can continue téfbetiee;

* To be effective on a regional level, states workimgether must work off of a
level playing field;

* National rules are important and will play a morgical role as more states and
nonattainment areas become involved in air quplayning.

What the science tells us of the nature of the ezonblem in the OTR supports
this framework. The smaller scale weather pattdrasaffect pollution accumulation and
transport underscore the importance of local (@egtcontrols for N and VOC
emissions. Larger synoptic scale weather pattams pollution patterns associated with
them, support the need for N@ontrols across the eastern United States. Stades
characterizations of interstate ozone transpoat sipport the need for local and regional
controls on NQ and VOC sources. The key issues is to identifyamdrol the source of
these emissions, whether they are transporteckifréle troposphere, nocturnal low level
jet, or land, sea, bay, mountain, and valley breeze

The mix of emission controls is also importantgtates to consider. While long-
range transport of ozone is primarily due to,)\@OCs are important because they
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contribute to ozone formation by influencing howi@éntly ozone is produced by NO
particularly within urban centers. While reduction@nthropogenic VOCs will typically
have less of an impact on the long-range tranggatzone, they can be effective in
reducing ozone in those urban areas where ozomwmigiion may be limited by the
availability of VOCs.

Another dynamic in play is the level of the NAAQ®relation to the ozone levels
of the elevated reservoir. As NAAQS are set at loeeels, transported ozone will likely
play a more prominent role in the ozone problent sketes will need to address through
their SIPs. Therefore, a combination of localiz&dG/reductions in urban centers with
additional NQ reductions (from both mobile and point sourcespsx a larger region
will help to reduce ozone and precursors in noirattant areas as well as their
downwind transport across the entire region (NES®AW997).

4.4. Past regional efforts

While states are somewhat limited in their abildgydirectly affect emissions
reductions beyond their own geo-political boundaraver the past 15-20 years, the
Northeast states have acted regionally with tremesduccess. Such efforts have
included:

* In 1989, regional low volatility gasoline (i.e., i@&/apor Pressure pf 9.0 pounds
per square inch (psi)) was introduced into the NESM region, resulting in
significant VOC reductions;

* In 1994, the California Low Emission Vehicle (LEpflogram commenced in the
Northeast Corridor as regulations were adopted bin® Massachusetts, New
York, and Vermont. To date, four additional stdtage joined the program,
which continues to yield reductions in NO/OC, CO, and air toxics.

* In 1994, the states of the Ozone Transport Comarnisagreed to promulgate
regional NG RACT controls and a Ncap-and-trade program. The adopted
regional RACT deadline was 1995. By 1999, thexNBDdget Program was
implemented over the 12-state region from Main&/eshington, DC. In 2002,
the USEPA reported that the NBudget sources “emitted at a level
approximately 12 percent below 2001 allocationsSBPA, 2002). Progress
continues with a more stringent cap taking effac2003.

* In 1997, eight OTR states petitioned the USEPA usdetion 126 of the Clean
Air Act, requesting NQ emissions reductions on certain stationary sourctse
Eastern U.S. In 1999, four more OTR members fiktion 126 petitions. The
USEPA granted four of the initial eight state petis in 2000.

* Beginning in 2001, the states of the Ozone Trarspommission agreed to
support a suite of model rules for inclusion in S#3 appropriate to address
ozone nonattainment. Model rules to address theut-bzone NAAQS included

"The initial eight section 126 OTR states were @atiout, Maine, Massachusetts, New Hampshire, New
York, Pennsylvania, Rhode Island, and Vermont. ddhditional four OTR members filing section 126
petitions were Delaware, the District of Columiéaryland, and New Jersey. The four granted pestion
were from Connecticut, Massachusetts, New York, R@&chsylvania.
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controls for: (1) architectural and industrial ntaimance coatings; (2) portable
fuel containers; (3) consumer products; (4) sohadesining; (5) mobile
equipment repair and refinishing; and (5) additld¥@y controls for industrial
boilers, cement kilns, stationary reciprocatingieag, and stationary combustion
engines. Several of the model rules have beenedneing updated to reflect more
current technology and emission reductions neealeddress the 8-hour ozone
standard.

These regional efforts led the way for similar lwearegional and national
programs. For mobile sources, the USEPA promulgésddderal Reformulated
Gasoline Program in 1995 and the National LEV paogin 1998. For stationary
sources, the USEPA in 1998 promulgated the NOxC3IR This program expanded the
OTR NO Budget Program, involving 20 states, and put ac@la regional NQcap in
2003. The NQ SIP Call also served as a response to the afotened Section 126
petitions under the Clean Air Act, which were filleg states in 1997.

In addition to the OTR, other regions in the easténited States affected by
regional transport have experienced benefits fioengeographically expanded ozone
control initiatives. For example, ozone levels iestern Michigan are dominated by
transport from major urban areas in the Lake Miahigrea (e.g., Chicago, Gary, and
Milwaukee) as well as from other source areaséneidistern United States. Regional
control programs were found to be an effective meétio address ozone transport and
achieve the ozone NAAQS in this region (USEPA, 2009

In 2005, the USEPA took a further step to addressegional ozone problem by
issuing the Clean Air Interstate Rule (CAIR), whielguired additional NQreductions
in 25 eastern states and the District of Columbiee CAIR rule establishes an annual
NOy cap of 1.3 million tons in the eastern United &ab be achieved by 2015. The cap,
however, was virtually achieved by 2009, asxy\#mnissions from sources covered by
state adoption of CAIR were only 1.305 million tqiSEPA, 2010).

The USEPA projected that CAIR would achieve N®ductions of 2 million tons
in 2015, a 61% decrease from 2003 levels. This evbala significant step forward in
improving air quality, but the time allowed to aete these reductions is later than the
deadline many eastern states are facing to meettnent 8-hour ozone NAAQS. CAIR,
therefore, only partially provides the OTR withegional measure to help achieve the
Clean Air Act’s goal of attaining the ozone air fityehealth standard within the Act’'s
mandatory deadlines.

A number of parties challenged CAIR in court, andas initially vacated in its
entirety on July 11, 2008 by the U.S. Court of Aglsdor the District of Columbia
Circuit (North Carolina v. EPA531 F.3d 896 (D.C. Cir.)). The D.C. Circuit sutpsently
modified its opinion by remanding CAIR back to ER#&hout vacatur so that CAIR
remains in effect while the USEPA develops a resataent rule consistent with the
court’s opinion.
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4.5. New ozone standards

While the OTR states have made demonstrable pm¢pasrds meeting the
1997 ozone NAAQS through a combination of local seglonal VOC and NQcontrol
measures, evolving understanding of ozone’s impattsuman health has led to the
need for a newer, more protective primary ozone IQ&AIn 2006, the Clean Air
Scientific Advisory Committee (CASAC) — an indepentireview committee of expert
scientists — made a unanimous recommendation to&tPA to revise the primary
ozone standard within a range of 0.660.070 ppm (CASAC, 2006). After initially
promulgating a revised primary ozone NAAQS of 0.@ph 8-hour average in 2008, the
USEPA reconsidered its initial action and re-praabs 2010 a more stringent primary
ozone NAAQS within the CASAC-recommended rangeH&8. Reg. 2938-3052
(January 19, 2010)). The USEPA has also proposazhdary ozone NAAQS of a
different form from the primary ozone NAAQS to legtprotect welfare values, such as
forests and agricultural crops. The proposed seamgyrstandard would be a weighted
sum of daytime hourly ozone concentrations ovéraet month warm weather growing
season. Regardless of the final revised ozone NARQEs, achieving new more
protective standards will require maintaining themnentum of states’ efforts to reduce
VOC and NQ emissions. New strategies will be needed that lbeay combination of
deeper emission reductions from existing sourcdsnaw measures on previously
uncontrolled sources or types of activities.

Even with the lower N@ emissions of 2009, many monitoring locations i th
OTR recorded ozone levels that would put them atation of a more stringent revised
ozone primary NAAQS in the USEPA-proposed range.060 — 0.070 ppm, 8-hour
average. This indicates that the CAIR NEap, originally established to assist states in
meeting an ozone NAAQS of 0.08 ppm, will not befisignt to address the more
stringent ozone NAAQS expected from the USEPA. gsialby the OTC indicates that
it is feasible to cost effectively further reduaaner plant NQ emissions in the eastern
United States down to an annual cap of 900,0004grZ015.

A more stringent 8-hour ozone NAAQS also has ingtians for what may be
considered an ozone “episode.” As mentioned ini@edt and described in Appendix B,
the classic OTR-wide high ozone episode is typycalbummertime multi-day event
associated with the slow passage of a high presgstem from the west to east that also
brings sunny skies and high temperatures. Theralsoefour other types of patterns
associated with elevated ozone in the OTR. Witloeerstringent 8-hour ozone NAAQS,
about 60 percent of days during an extended siximozone season could experience an
ozone exceedance somewhere in the OTR, basedent testory. For example, between
2003 and 2009, the average annual number of daysyduhich at least one ozone
monitor in the OTR exceeded 64 ppb was 112 out 80~This number of ozone
exceedance days may implicate other weather patiemddition to those identified in
Appendix B. Futhermore, a conceptual model of oZon@ation and transport for a
multi-day ozone “episode” is not readily applicatdea secondary ozone NAAQS that is
a summation of weighted hourly ozone concentratawes a three month period. It is
known that the relative effectiveness of VOC vel@x control measures at reducing
ozone can vary in location and time, thus a greditarsity of control measures will be
needed to address a broader range of conditiodsgto ozone formation.
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4.6. Future climate change and ozone

Warmer temperatures can enhance ozone formatios Jelading to the potential
for a “climate penalty” of increasing ozone withvarming climate. A statistical analysis
by Bloomeret al (2009) that looked at 21 years of ozone and teatpe observations
across the rural eastern U.S. discerned a rel&tiiphetween rising temperatures and
increasing ozone. A change in the relationship@ld2002 also indicated reducing NO
precursor emissions has the potential to mitigagectimate penalty. According to the
Bloomeret al analysis, ozone increased by an average of ~®2%ipprior to 2002.
After 2002, a smaller climate penalty factor of ~@@bvFC was observed as ozone
levels fell by ~10 percent. The decrease in ozoreattaibuted to a 43 percent reduction
in power plant NQ emissions.

This historical analysis is directionally considtesth air quality modeling
studies summarized below that projected deterimgatir quality in a warmer future
climate when anthropogenic precursor emissions welek constant. When emissions
reductions were incorporated into the modelinggaality improvements were predicted,
although perhaps not as great as would have otbemacurred in the absence of future
warmer temperatures.

A review article by Weavest al (2009) summarizes and compares the results of
several modeling experiments of U.S. regional odzomgacts from climate change
projected tacirca 2050. All the modeling experiments held anthropagemissions of
0zone precursors constant at present-day leveisllowed biogenic VOC emissions to
respond to simulated climate changes. This was tomwestigate solely the influence
of climate change on ground-level ozone independkedhanges in anthropogenic
precursor emissions in the future. The studies @atppresent and future ozone levels
corresponding to the maximum daily eight-hour agera@n a national scale, the
different modeling experiments were in general agrent in projecting an increase in
ozone of roughly 2-8 ppb for a large part of thardoy due to future climate change
alone. Some regions, however, were predicted teregxpce little change in ozone
concentrations, or even decreases. While theseajdaatures were common across the
various modeling experiments, the regional pattefnscreasing or decreasing future
ozone varied across the models. These differenees attributed to differences in the
modeling systems, model configuration, and expemntaledesign choices among the
different research groups. Specific examples iredudifferences in cloud cover affecting
surface sunlight levels, average maximum daily terafure, number of rainy days, and
boundary layer depth.

Of special note were modeling results predictirgyemter increase in the future
95" percentile maximum daily eight-hour averages aspaned to the mean maximum
(Nolteet al, 2008). Because the current primary ozone ailitgustandard is based on
the 4" maximum annual eight-hour average, this accerduatgjected increase at the
higher end of the daily maximum eight-hour averawgesimplications for air quality
planners in developing control strategies to aahieywell as maintain attainment ozone
air quality standards (Weavet al., 2009).

When the modeling included future decreases in ®@povecursor emissions
consistent with the reductions expected from ERA&an Air Interstate Rule (to be re-
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proposed by EPA following a court-ordered rematitd,projected 95 percentile eight-
hour ozone levels no longer increased in much@tthited States. Projected ozone
levels decreased by at least 5 ppb nearly everyndo@oss the U.S., with large portions

of the eastern and central U.S. predicted to seeedses of up to 15 ppb (No#eal,

2008). A modeling study by Liaet al. (2007) also projected ozone decreases in 2050 for
4™ maximum 8-hour ozone averages, with ozone becomieg more sensitive to NO

in the future as NQreductions continue to occur while anthropogen@G/reductions

are offset by increases in biogenic VOCs in a warchmate.

This suggests that continuing efforts to reducenezarecursor emissions will
have success in mitigating and improving ozongaality despite countervailing
pressure from future climate change. Maintaininrgcprsor emissions at current levels,
however, could result in higher future ozone lewslder projected climate change
throughcirca 2050. Even with continued emission reductionsag been pointed out that
the “climate penalty” will require stronger emigssicontrols to meet a given air quality
standard (Bloomegt al, 2009; Jacob & Winner, 2009; Racherla & Adam€30

4.7. Summary: Building upon success

A conceptual understanding of ozone as a regiamdli@m in the OTR and
throughout the eastern U.S. is now well establisk¢ith this evolution in understanding,
regional approaches to the ozone problem are nasrway, starting with the 1990
Clean Air Act Amendments that created the Ozon@agpart Region. This initial
regional approach, however, did not include lam@&se regions outside of the OTR
containing many large coal-fired power plants atigeopollution sources contributing to
the long-range transport of ozone into the OTR.

In 1998, the USEPA took another step in addredsiagegional problem by
finalizing the NQ SIP Call, which covered emissions of fl@Ghe main precursor of
regional ozone, in additional parts of the EaserEwith these reductions, air quality
modeling has projected continuing significant cimittions from upwind sources in out-
of-state regions. As a result, the USEPA promulyatéurther round of regional NO
reductions in the East with the adoption of CAIRB05. With the modeling foundation
for CAIR, the USEPA has presented a compellingriexzh case on the need for
additional regional N@reductions in the eastern U.S. to reduce ozoredeand protect
public health. While states in the Northeast disagrith the extent of NOreductions
and the timeline for those reductions to occur,gfogram is an excellent next step
toward reducing ozone in the OTR.

There is a tendency to characterize the nonattaihpreblems persisting after
implementation of CAIR and other federal programsrasidual,” but care must be taken
in assessing these continuing nonattainment prabléniresidual” ozone problem is
better characterized as a persistent nonattainprehtem that still requires broad
regional responses coupled with local controlstis conceptual description points out,
one of the great lessons and successes seenhistibig/ of air quality policy was the
shift from urban-only air pollution control strateg to broader regional approaches in the
East at the end of the 1990s (e.g.,/\N®P Call). The danger exists, however, that the
perception of a “residual” ozone problem as beinly a local issue will ignore the
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lessons learned from effective regional approaenespossibly stall much needed
national rules.

The current suite of local and regional controlgeha proven track record of
success, and have helped to significantly loweg N@C, and ozone levels across the
eastern U.S. As described earlier in this repoonitered NQ emissions and ambient
concentrations have dropped between 1997 and 2008he frequency and magnitude
of ozone exceedances have declined within the @THRe near future, however, there
will very likely be a new health-based primary ogdAAQS within the range of 0.060
—0.070 ppm averaged over eight hours. The conakptadel of regional ozone
formation and transport, along with a track recoffdemonstrated progress in achieving
cleaner air within this conceptual model framewqmqvides direction to air quality
planners for meeting the new challenge of a moadtingrotective ozone NAAQS. To
maintain the current momentum for improving airlgyao that the OTR states can meet
current and future attainment deadlines, the doras for deeper and broader regional
NOx reductions coupled with appropriate local Nédntrols and regional and local VOC
controls.
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Appendix A: USEPA Guidance on the Use of
Models and Other Analyses for Demonstrating
Attainment of Air Quality Goals for Ozone, PM, s,
and Regional Haze
From “Guidance on the Use of Models and Other Asedyfor Demonstrating

Attainment of Air Quality Goals for Ozone, BM and Regional Haze,” U.S.
Environmental Protection Agency, EPA-454/B-07-082c¢tion 11, April 2007.
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Appendix A: EPA Guidance Document Excerpt

11.0 How Do | Get Started? - A “Conceptual Descripbn”

A State/Tribe should start developing informatiorstipport a modeled attainment
demonstration by assembling and reviewing availalslguality, emissions and
meteorological data. Baseline design values shioellchlculated at each monitoring site,
as described in Section 3. For PM applicationscigped data should be reviewed to get a
sense of what component(s) might be contributingtremnificantly to nonattainment or
light extinction. If past modeling has been perfednthe emission scenarios examined
and air quality predictions may also be useful.dlgavailable information should be
used by a State/Tribe to develop an initial conagipdescription of the nonattainment or
reasonable haze problem in the area which is ttesfof a modeled demonstration. A
conceptual description is instrumental for identifypotential stakeholders and for
developing a modeling/analysis protocol. It mayafgluence a State’s choice of air
quality model, modeling domain, grid cell sizegpities for quality assuring and refining
emissions estimates, and the choice of initial misgc tests to identify potentially
effective control strategies. In general, a congaipdiescription is useful for helping a
State/Tribe identify priorities and allocate resms in performing a modeled
demonstration.

In this Section, we identify key parts of a concggpdescription. We then present
examples of analyses which could be used to desedbh of these parts. We note that
initial analyses may be complemented later by auttht efforts performed by those
implementing the protocol.

11.1 What Is A “Conceptual Description™?

A “conceptual description” is a qualitative wayatfaracterizing the nature of an area’s
nonattainment or regional haze problem. It is bestribed by identifying key
components of a description. Examples are listéalb€el'here are 3 different examples.
One each for ozone, annual PMand regional haze. The examples are not neclgssari
comprehensive. There could be other features af@ais problem which are important
in particular cases. For purposes of illustrateen in the discussion, we have answered
each of the questions posed below. Our respongesaam parentheses.

11.1.1 8-Hour Ozone NAAQS

1. Is the nonattainment problem primarily a local aoreare regional factors
important?

(Surface measurements suggest transport of ozose @ 84 ppb is likely. There
are some other nonattainment areas not too fardiyt

2. Are ozone and/or precursor concentrations alsfi high?
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(There are no such measurements.)
3. Do violations of the NAAQS occur at several nmtoring sites throughout the
nonattainment area, or are they confined to oreesmnall number of sites in
proximity to one another?

(Violations occur at a limited number of sites,dted throughout the area.)

4. Do observed 8-hour daily maximum ozone concéatra exceed 84 ppb
frequently or just on a few occasions?

(This varies among the monitors from 4 times ufiZ2dimes per year.)

5. When 8-hour daily maxima in excess of 84 pplunds there an accompanying
characteristic spatial pattern, or is there a Waé spatial patterns?

(A variety of patterns is seen.)

6. Do monitored violations occur at locations sabje mesoscale wind patterns (e.qg.,
at a coastline) which may differ from the generaidvlow?

(No.)

7. Have there been any recent major changes irsemssof VOC or NQ in or near
the nonattainment area? If so, what changes hauerec?

(Yes, several local measures [include a list] velieto result in major reductions
in VOC [quantify in tons per summer day] have beeplemented in the last five
years. Additionally, the area has seen large regiN®x reductions from the N©O
SIP call.)

8. Are there discernible trends in design valuestber air quality indicators which
have accompanied a change in emissions?

(Yes, design values have decreased by about 1@8aratites over the past [X]
years. Smaller or no reductions are seen at thhes sites.)

9. Is there any apparent spatial pattern to threlrén design values?
(No.)

10. Have ambient precursor concentrations or medsvi©C species profiles
changed?

(There are no measurements.)
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11. What past modeling has been performed and déhtite results suggest?

(A regional modeling analysis has been performee €mission scenarios were
modeled: current emissions and a substantial rexfuict NOy emissions throughout
the regional domain. Reduced N@®missions led to substantial predicted reductions
in 8-hour daily maximum ozone in most locationg, theanges near the most
populated area in the nonattainment area in questare small or nonexistent.)

12. Are there any distinctive meteorological meaments at the surface or aloft
which appear to coincide with occasions with 8-haaity maxima greater than
84 ppb?

(Other than routine soundings taken twice per tlere are no measurements
aloft. There is no obvious correspondence with orelegical measurements other
than daily maximum temperatures are always > 858 these days.)

Using responses to the preceding questions irekample, it is possible to construct an
initial conceptual description of the nonattainmarga’s ozone problem. First, responses
to questions 1 and 11 suggest there is a signtfiegonal component to the area’s
nonattainment problem. Second, responses to ques}ia4, 7, 8, and 11 indicate there is
an important local component to the area’s nonattant problem. The responses to
questions 4, 5 and 12 indicate that high ozoneeaanations may be observed under
several sets of meteorological conditions. Theansps to questions 7, 8, and 11 suggest
that ozone in and near the nonattainment area magdponsive to both VOC and NO
controls and that the extent of this response naay spatially. The response to question
6 suggests that it may be appropriate to devekipasegy using a model with 12 km grid
cells.

The preceding conceptual description implies thatState/Tribe containing the
nonattainment area in this example will need t@ive stakeholders from other, nearby
States/Tribes to develop and implement a modeliadyais protocol. It also suggests

that a nested regional modeling analysis will bedael to address the problem. Further, it
may be necessary to model at least several distnytpes of episodes and additional
analyses will be needed to select episodes. Firslysitivity (i.e., diagnostic) tests, or
other modeling probing tools, will be needed toeasghe effects of reducing VOC and
NOyx emissions separately and at the same time.

11.1.2 Annual PM 5 NAAQS

1. Is the nonattainment problem primarily a loca¢ por are regional factors
important?

(Surface measurements suggest that only desiges/alor immediately
downwind of the city violate the NAAQS. Howeverhet nearby design values come
close to the concentration specified in the NAAQS.)
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2. What is the relative importance of measured arjnand secondary components of
PM, smeasured at sites violating the NAAQS?

(Secondary components (i.e., §80s;, OC) constitute about 80% of the
measured mass of BM There are higher concentrations of primary.BM the core
urban area compared to the suburbs and more neiad.»

3. What are the most prevalent components of meddei} s?

(The most important components in ranked ordeneass associated with 0
OC and inorganic primary particulate matter (IP).)

4. Does the measured mix of PM components appeauthly agree with mix of
emission categories surrounding the monitorings8ite

(No. Relative importance of measured crustal maltéii?) appears less than what
might be inferred from the inventory.)

5. Do there appear to be any areas with large gméslof primary PMsin monitored
or unmonitored areas?

(Cannot really tell for sources of crustal mateuatil we resolve the preceding
inventory/monitoring discrepancy. There are no oti®/ious major sources of
primary particulate matter.)

6. Is there any indication of what precursor migatimiting formation of secondary
particulate matter?

(No indicator species analyses have been perforReest.analyses performed for
ozone-related SIP revisions suggest that ozornt@sratea may be limited by
availability of VOC.)

7. Do monitored violations occur at locations sabje mesoscale wind patterns (e.qg.,
at a coastline) which may differ from the generaidvlow?

(No.)

8. Have there been any recent major changes irsemssof PM or its precursors in
or near the nonattainment area? What?

(Yes, measures believed to result in major redostio VOC and NQ have been
implemented in the last 5 years. Reductions in pghant NG have resulted from
the NGO SIP call and Sg@emissions reductions have resulted from the nationa
program to reduce acid deposition.)
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9. Are there discernible trends in design valuester air quality indicators which
have accompanied a change in emissions?

(The trend appears to be downward, but the moshtexr quality data has been
higher. Overall, the period of record is insuffitily long to tell.)

10. Is there any apparent spatial pattern to #&s in design values?
(No.)
11. What past modeling has been performed and evhtite results suggest?

(A regional modeling analysis has been performedzone and PWs. Two
emission scenarios were modeled: current emissinds substantial reduction in
NOx and SQ emissions throughout a regional domain. Reduced &@issions led
to substantial predicted reductions in 8-hour daiBximum ozone in most locations.
Modeled SQreductions from the CAIR rule had a strong impgacsulfate
concentrations.)

12. Are there any distinctive meteorological meaments at the surface or aloft
which appear to coincide with occasions with 2Moncentrations in excess of
15.0 pg/ni?

(Other than routine soundings taken twice per tere are no measurements
aloft. There is no obvious correspondence with orelegical measurements other
than daily maximum temperatures are often > 85 Hays with the highest PM
observations.)

13. Do periods with high measured particulate matteeomponents of particulate
matter appear to track each other or any other unedgpollutant?

(There appears to be some correspondence betweesurae high concentrations
of SO, and ozone.)

Using responses to the preceding questions irekample, it is possible to construct an
initial conceptual description of the nonattainmarga’s ozone problem. First, responses
to questions 1, 2 and 3 suggest there is a signifiegional component to the area’s
nonattainment problem. Second, responses to questiand 3 indicate there is a local
component to the problem. The responses to quastibnl? and 13 suggest that there
may be a link between reducing ozone and reducngcplate matter. Thus, it may be
appropriate to assess effects of previously corenhitb strategies to reduce ozone and
national PM control measures before simulating tamithl control measures. The
responses to questions 4 and 5 suggest thatremsgture to determine whether a “local
area analysis” will be needed. The response totiques suggests that it may not be
necessary to model with very small grid cells gaist for the secondary components of
PM;s.
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The preceding conceptual description implies that3tate containing the nonattainment
area in this example will need to involve stakekotdrom other, nearby States to
develop and implement a modeling/analysis protdtalso suggests that a nested
regional modeling analysis will be needed to adslitke problem.

11.1.3 Example Regional Haze Application

1. What components of particulate matter appehat@ high concentrations on days
with poor visibility?

(Mass associated with 3@nd coarse particulate matter (CM) seem to have the
highest concentrations on most such days.)

2. What are typical values for the humidity adjustinfactor during the times of year
when most of the days with poor visibility occur?

(Typical values appear to be about “4.0".)

3. Does visibility appear to track well among negatitass | areas?
(Yes, but not always.)

4. Does poor visibility seem to occur under anycgiemeteorological conditions?
(This information is not readily available.)

5. Does poor visibility seem to coincide with higbserved concentrations of any
particular other pollutant?

(There seems to be some correspondence with higbniad ozone
concentrations.)

6. What components of particulate matter appehat@ relatively high
concentrations on days with good visibility?

(Coarse particulate matter and OC.)

7. What are typical values for the humidity adjustifactor during times of year
when most of the days with good visibility occur?

(About “2.3".)
8. Does good visibility appear to occur under gmgcefic meteorological conditions?

(Don't know.)
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Answers to the preceding questions suggest trategies to reduce sulfate
concentrations and, perhaps, regional ozone caratems might be effective in reducing
light extinction on days when visibility is currénpoor. The responses suggest that a
strategy which focuses on this alone should fiestrled for the days with good visibility
as well. Even though sulfate concentrations aple®aon such days, the fact that sulfates
scatter light efficiently (see Equation (6.1)) amthtive humidity is still high enough to
enhance this effect is worth considering. Respossggest that further meteorological
analyses would be worthwhile prior to selectingtggies to simulate with a resource
intensive regional model.

It should be clear from the preceding examplestti@initial conceptual description of
an area’s nonattainment problem draws on readdylave information and need not be
detailed. It is intended to help launch developnaent implementation of a
modeling/analysis protocol in a productive direatiti will likely be supplemented by
subsequent, more extensive modeling and ambiehtsasaperformed by or for those
implementing the modeling/analysis protocol disedsis Section 12.0.

Questions like those posed in Section 11.1 carddeeased using a variety of analyses
ranging in complexity from an inspection of air dtyadata to sophisticated

mathematical analyses. We anticipate the simplalyaas will often be used to develop
the initial conceptual description. These will b#dwed by more complex approaches or
by approaches requiring more extensive data bast®aneed later becomes apparent.
These analyses are intended to channel resouragalde to support modeled attainment
demonstrations onto the most productive paths plessihey will also provide other
pieces of information which can be used to reirédaranclusions reached with an air
quality model, or cause a reassessment of assumptiade previously in applying the
model. As noted in Section 7, corroboratory anayseuld be used to help assess
whether a simulated control strategy is sufficientneet the NAAQS.
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Appendix B: Ozone pattern classifications
In the OTR



The Nature of the Ozone Air Quality Problem in Mwtheast: A Conceptual Description Page B-2

Appendix B: Ozone pattern classifications in the OTR

The following five types of ozone patterns in th€RDare taken from: Stoeckenius, T.
and Kemball-Cook, S. “Determination of representaiess of 2002 ozone season for
ozone transport region SIP modeling.” Final Repogpared for the Ozone Transport
Commission, 2005. Figure B-1 shows the 850 mb heigt wind fields and Figure B-2
shows the surface temperatures and 10 meter wefdsfior the five patterns (reproduced
from Figures 3-2 and 3-5 of Stoeckenius & Kembaibg, 2005).

“Type A” — High ozone throughout the OTRnis pattern is characterized by strong high
pressure over the southeastern states extendimgtfr® surface to 500 mb with high
temperatures extending into New England and sowghsigface winds throughout the
OTR. The 850 mb temperatures and heights, andceuréanperatures are above average
at all locations except Washington DC; winds angtlsaest to west throughout the OTR
except more variable at LaGuardia and magnitudessoiitant wind vectors are higher
than average (indicative of a fairly steady, welfided flow regime), east-west surface
pressure gradients are near neutral but southveestaast gradients along the 1-95
corridor and in the west (Pittsburgh to Buffalog @ositive, which is consistent with the
southwest flow. The stable air mass and high teatpe¥s promote ozone formation
throughout the OTR under these conditions.

“Type B” — High ozone confined to the extreme southeasteiR. Ofis pattern is
characterized by an upper-level trough offshorthefOTR and a surface high centered
over Kentucky. This results in cooler air advectomer nearly all of the OTR with
northwest flow aloft and a more westerly flow a¢ gurface. The 850 mb heights are
lower than average (especially in New England) surthce winds are more frequently
from the northwest along the 1-95 corridor than em@ype A. Temperatures at 850 mb
along the 1-95 corridor are only slightly cooleathunder Type A but inland
temperatures, especially in the north, are muclecde.g., at Buffalo); similarly, surface
temperatures along the 1-95 corridor are abous#me as under Type A but
temperatures are cooler in Buffalo and Albany. TBpevents have the strongest positive
west-east surface pressure gradients of any cgtegmrsistent with the northwest winds
but gradients from Washington to New York and Bosice positive. The cooler air over
the western OTR and westerly to northwesterly ftegult in the higher ozone levels
being confined to just the extreme southern porbibiine OTR under this pattern.

“Type C” — High ozone along the 1-95 corridor and northernrvNEngland.This pattern

is characterized by an extension of the semi-peemaBermuda high into the
southeastern U.S. and an area of high surface 2hdth® temperatures extending from
Maryland to Maine; the 500 mb pattern is nearlyad@rast-west flow) while flow at the
surface is generally from the southwest. The 85(heights are intermediate between
Type A and Type B but 850 mb temperatures are kigity along the 1-95 corridor and
slightly cooler further inland. Winds are more astently south - southwest at all sites
than under other episode types and almost no nesthmorth-northeast winds are seen at
LaGuardia in contrast to other types. Resultantiwiector magnitudes are much higher
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than average, consistent with the steady southifeest Southwest — northeast pressure
gradients along the 1-95 corridor and from Pittgfiuto Buffalo are positive, consistent
with the southwest flow. Average east-west presgtadients are near zero. These
conditions result in above average ozone levelaglalig the 1-95 corridor with advection
north into coastal and interior New England. Ozlavels are slightly below average in
the extreme southeastern and western OTR.

“Type D” — High ozone in the western OTRhis pattern is characterized by an area of
mean upper level divergence with associated cuaffat 850 mb off the Outer Banks
of North Carolina. A relatively vigorous mean lonepsure center can be seen at the
surface. An east-west temperature gradient aches®TR is evident at 850 mb. Surface
temperatures along the 1-95 corridor and in Albarg/below average but surface
temperature is above average at Buffalo. The 850emdhts are the highest of any
episode type due to a strong ridge over New Engl8nodace winds are mostly east-
northeast along the 1-95 corridor from DC to Newk but more variable further north.
In contrast to episode types A, B, or C, the soestwortheast pressure gradients along
the 1-95 corridor are negative, consistent withribetheast surface winds. West-east
pressure gradients are flat. These conditionstresbkelow average ozone in the eastern
OTR due to the on-shore flow in the north and cyida@onditions in the south but above
average ozone levels in the western OTR due téestalarm conditions with light winds.

“Type E” — Generally low ozone throughout the QTIRis category includes days with
moderately low to lowest average ozone readingdl @ TR exceedance days used in the
characterization scheme. The Bermuda high is shdsst relative to the other types and
flow over the southeastern U.S. is only weakly-agtilonic with a nearly zonal flow
pattern at the 850 and 500 mb levels over the OBrRiperatures at the surface and aloft
are the coolest of any episode type. While wind#t are nearly westerly, surface winds
are generally south-southeast over most of the hR.southwest-northeast pressure
gradients are negative along the 1-95 corridor eest-west gradients are positive,
consistent with the southeast flow. These conditi@sult in below average ozone
throughout the OTR due to the relatively low tenap@res and southeasterly onshore
flow at coastal locations.
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Figure B-1. Average 850 mb height and wind fieldisdach episode (pattern) type identified by
Stoeckenius and Kemball-Cook (pattern numbers tefdére episode types listed in text): Pattern 1 =
Episode Type E,2=B,3=A,4=D, 5 =C) (Fig@r2 of Stoeckenius & Kemball-Cook (2005)).
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Figure B-2. Average surface temperature and 10 mal fields for each episode (pattern) type iderdifiy
Stoeckenius and Kemball-Cook (pattern numbers tefére episode types listed in text): Pattern 1 =
Episode Type E,2=B,3=A, 4=D, 5 =C) (Fig8r& of Stoeckenius & Kemball-Cook (2005)).
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Appendix C: The sea breeze and flow
over the ocean in-depth
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Appendix C: The sea breeze and flow over the oceamdepth

Figure C-1 displays a general description of ozoaesport in coastal New
England. This figure shows 8@ercentile ozone concentration wind direction pkatt
four sites along the coast. For the first site, L, yA, high ozone days are affected
mainly by winds from the southwest bringing ozopethe coast to the site. At the
second site, Newbury, MA, winds arrive to the &iten two directions, up the coast, in a
similar pattern seen at Lynn, but also from theanc& he high ozone days therefore can
result from ozone and its precursors coming froland or from the ocean in the sea
breeze. At the two northern sites in Maine, Capeabeth and Acadia National Park,
winds on high ozone days come mostly off the oc&ais is mainly due to the
orientation of the Maine coastline, as summertinmmed® generally come from the
southwest, therefore traveling over the ocean bedotving to these sites.

1997-2002 (JJA) OZONE 90th percentile Wind Direction Frequencies

Maine
New Hampshire
=
Local and
transported
"ozone/precursors in Legend
the land/seabreeze Fopulation by Town
. . 2000 Census Dz
recirculation pattern a-2mm
01 - nmon
90" percentile g
Ozone concentration wind e
direction frequency plots w1 -smm
[ somi -smsst

P Crested by Martha VWebster and Tom Dovns, MEDEP-BAQ  revised 20705

Figure C-1. 90th percentile ozone concentratiorovdinection frequency plots at four coastal sites i
northern New England (figure provided by Tom Dowmsgine Department of Environmental Protection).

Figure C-2 displays wind directions at Newbury, MA June 29, 1997 where
hourly ozone concentrations ranged from 88 ppibdpb during the afternoon hours
and a sea breeze can be identified. The forwajectay starting in Boston at 6 a.m.
shows winds pushing air from the Boston metro arganto the harbor throughout the
day. The hourly ozone wind rose at Newbury, MA skdle afternoon wind shift that
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occurred on this day where vector direction indisatind direction and magnitude
indicates ozone concentrations. Morning winds ctoma a west/northwesterly direction
when hourly ozone concentrations at the site rafigea 47 to 68 ppb. At 1 p.m., the
wind shifted direction, now coming off the oceaonfrthe southeast, accompanied by a
20 ppb increase in hourly ozone. Hourly ozone letleén continued to increase in the
early afternoon, peaking at 107 ppb at 3 p.m. Trfugease in ozone levels accompanying
a shift in winds pushing air masses from the od¢eamncoastal site illustrates how the sea
breeze can contribute to poor air quality alongdba&st. The poor air quality could be a
result of polluted air from Boston being pushedkdtacthe site in the sea breeze. Sea
breezes, however, are not always associated witbenmmg air quality as the afternoon
sea breeze doesn't always bring in polluted air.

—— 6AM-12PM
—— 1PM-5PM

Boston, MA o . . . |
7 U —

’ \ orward Trajectory from Boston
Start Time: 6AM

Figure C-2. Example of a sea breeze effect ocayirilNewbury, MA on June 29,
1997 (figure data provided by Tom Downs, Maine D&pant of Environmental
Protection).

At sites further north in Maine, the sea breezeatfis less dramatic due to the
orientation of the Maine coastline. Figure C-3 sh@asimilar ozone wind rose plot for
Cape Elizabeth, ME on the same day illustratedguré C-2. With the exception of the
winds at 6 a.m. that came from the northwest, timelsvarrived to the site from the
southwest direction. There are some slight shiftsind direction, particularly a shift
after 5 p.m. that began to bring winds from tharmal side of the coast, but it is difficult
to determine whether these shifts are due to drseze effect or if the evening shift is
due to the weakened sea breeze. Winds are generaiyng up the coast, over water,
and winds in the same direction of the sea breaaddng poor air quality. On this day,
o0zone concentrations ranged between 89 and 10Pgipieen 3 p.m. and 7 p.m.
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Figure C-3. Wind directions and ozone concentrat@nCape Elizabeth, ME on June 29,
1997 (figure data provided by Tom Downs, Maine D&pant of Environmental Protection).

Transport over the ocean is commonly observed domchaf the New York City
metropolitan area during the summer months dugr@simity to the Atlantic Ocean and
the Long Island Sound. The four pollution rose platesented in Figure C-4 represent
the frequency of wind direction on the highest gécpntile 0zone concentration days
from April 1 to October 31 during the years 1992@®5. The winds on the highest
ozone days point at the New York City metropolitaiea at all locations along the
Connecticut shoreline. Going along the Connecsbwitreline to the east (towards
Groton), the predominant wind frequency directibiits increasingly to the west,
tracking the upwind location of the New York Cityetropolitan area.
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Created by Tom Downs, Maine DEP_BAQ 27472006

Groton, Connecticut April 1 to October 31 1997-2005 90th percentile 1-hour Ozone
c ion Wind Direction Frequency Plot

Greenwich, Connecticut April 1 to October 31 1997-2005 90th percentile 1-hour Ozone
Concentration Wind Direction Frequency Plot
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Figure C-4. Wind rose plots along Connecticut slwedor the time period April 1 to October 31 chgi
the years 1997 through 2005. The elongated reéhestpointing to the southwest to west are wind
directions on the highest 10 percentile ozone aunagon days at four Connecticut coastal locatiéits
comparison, the blue outlines are the wind rosesgto all days over the same period. The high eziay
wind rose plots indicate pollution flow over Longldnd Sound that tracks the upwind location ofNkev
York City metropolitan area.
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Appendix D: Observed nocturnal low level jet
across the OTR, July 2002
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Appendix D: Observed nocturnal low level jet acrosshe OTR,
July 2002

An example of the nocturnal low level jet across @TR can be seen on the
nights of July 22 through July 24, 2002, as nighetwinds at altitudes between 450 m
and 1500 m were observed at several coastal Bitggie D-1 shows wind profiler data
on the night of July 22-July 23, 2002 for five sidong the east coast: Fort Meade, MD
(FME), Orange, MA (ORE), Stow, MA (STW), Appleddstand, ME (ADI), and Pease
Air Force Base, NH (PSE). These wind “barb” pldtew wind direction (direction of
arrow indicating where wind is coming from), wingeed (wind barb color), time of day
(UTC time, x-axis), and altitude (meters, y-axif)e location of the nocturnal low level
jet appears within the circle in each wind barkt ploFigure D-1. The figure shows a
weak nocturnal low level jet at the southernmast, $tort Meade, with wind speeds of 15
to 25 knots between 300 m and 500 m in the eartygbdhe night. Further north, the
nocturnal low level jet is more pronounced with dispeeds between 500 m and 1500 m
above ground reaching 40 knots. Figure D-1 showthisrday the nocturnal low level jet
extending from Maryland up through southern Malneaddition, the wind barb plots
show the northeasterly direction of the nocturpal level jet. Above this jet, we see
slower winds coming from the west to all the sites.
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Figure D-1. Nocturnal low level jet on July 22 —, 2B02. Note: Circles in the wind barb plots indécthe
location of the nocturnal low level jet.

Figure D-1 shows that throughout the night, thetmmo@l low level jet travels in a
northeasterly direction along the east coast. Tletmon implications of this nocturnal
low level jet episode can be seen in Figure D-2 Thdillac Mountain ozone monitor is
located on the coast of Maine at an elevation 6f#6 At this elevated position, we can
see how the nocturnal low level jet affects ovenhi@nd early morning ozone levels.
Between midnight and 4 a.m. during the northeastestturnal low level jet, hourly
ozone concentrations at Cadillac Mountain are betw&® ppb and 80 ppb. Ozone levels
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had begun to increase early in the evening onZilgnd continued to increase
throughout the night and peak at 3 a.m. This irginganighttime ozone at an elevated
position corresponds to the nocturnal low levebjgtging air up the coast during the
night. Conversely, at Cape Elizabeth, a groundligie relatively close to Cadillac
Mountain, night time ozone levels are much lowantbn top of Cadillac Mountain. This
difference in ozone at upper and lower levels shiogvg the nocturnal inversion can
isolate air masses above and below the inversion.
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Figure D-2. Nocturnal low level jet with hourly az® concentrations at Cadillac Mountain, ME and Cape
Elizabeth, ME on July 22 — 23, 2002. Note: Cirdtethe wind barb plots indicate the location of the
nocturnal low level jet.

AD

The air mass affecting early morning ozone conegiotrs in Figure D-2 can be
roughly tracked using wind speed and wind directidgarmation from Cadillac
Mountain, Pease, Appledore Island, and Orange.rAsguthe nocturnal low level jet
occurs for five hours that night (based on neighigpwind barb plots), the air mass
arriving at Cadillac Mountain at 3 a.m. during pealone conditions was over central
Massachusetts around 11 p.m. on July 22 when ttieimal low level jet began to form.
Tracking this farther back shows that the air nedfecting Cadillac Mountain was over
western Connecticut around 6 p.m. on July 22. Liogkit ozone levels in Cornwall, CT,
we see that high ozone conditions existed in #ggon during the afternoon of July 22
with the average hourly ozone at 112 ppb betweemv and 7 p.m. Elevated ozone from
this region first slowly traveled up the coasthe evening. When the nocturnal low level
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jet formed, it quickly pushed ozone up the coafsctihg ozone levels at Cadillac
Mountain, an elevated site in the jet, in the eartyning hours (~3 a.m.).

Figure D-3 shows wind profiler information for thext day, July 24, 2002. In
this case we see a stronger nocturnal low levddgeveen midnight and 8am that
originates further to the south. The Fort Meade Ratyjers (RUT) sites show the
nocturnal low level jet in the early part of theeaing with flow in the northeasterly
direction. At higher altitudes slower winds fronetivest pass over the nocturnal low
level jet. Further north, a strong nocturnal loweljet can be seen at Stow, Appledore
Island, and Pease. It is difficult to determina tiocturnal low level jet exists at Orange
as high winds continue at the upper altitudes aid dre missing for the highest
altitudes. Figure D-3 demonstrates an exampleehttturnal low level jet passing
along the east coast as far south as Maryland afat aorth as southern Maine.
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Figure D-3 shows that the nocturnal low level jetwred on the night of July 23-
24 as it did on the previous night. Figure D-4 sk@&one levels overnight on the
July 23-24 at Cadillac Mountain and Cape Elizabktlihis case, we see that low ozone
is occurring at both sites during the early hodrduty 24. Applying the same methods
utilized earlier, wind speed and wind directioroimhation from Cadillac Mountain
indicate that the air arriving at Cadillac Mountaias also roughly over central
Massachusetts at 10 p.m. on July 23 (same windtaireand wind speed as previous
day). Wind profiler data show that winds moved #iismass from eastern New York
and western Connecticut in the late afternoon. Agerozone levels between 4 p.m. and
7 p.m. were 53 ppb at Cornwall, CT. Therefore, midanon the previous day, air
masses were tracked back to the western Conneatieatupwind. In this case, however,
low levels of ozone existed in the air mass.
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Figure D-4. Nocturnal low level jet with hourly az® concentrations at Cadillac Mountain, ME and Cape
Elizabeth, ME on July 23 — 24, 2002. Note: Cirdétethe wind barb plots indicate the location of the
nocturnal low level jet. Data are inconclusive ifitentifying a nocturnal low level jet at Orange, MA

Examining the wind profiler data from 4 p.m. to might on July 23 (Figure D-1
and Figure D-3), we see high winds at all altitudegeloping throughout the region.
Figure D-5 shows that these high winds are paatweéather front that passed through
the region in the afternoon of July 23. This cqomxls with the sharp drop in ozone
levels at Cornwall, CT, Cadillac Mountain, ME, a@dpe Elizabeth, ME (Figure D-6) as
the front pushed ozone out of the region. Thisa@rglthe low levels of ozone seen at
Cadillac Mountain during the nocturnal low levdl i@ the early hours of July 24. This
example demonstrates that not all nocturnal lowllgats are associated with high ozone
levels at elevated sites. A necessary conditiothi®transport of ozone in a nocturnal
low level jet is the presence of upwind elevatednazlevels. The front that pushed
through the region on the previous day resultédlgan” air being transported in the
nocturnal low level jet.
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Figure D-5. Weather map displaying a front passimgugh the East on July 23, 2002.



The Nature of the Ozone Air Quality Problem in Mwtheast: A Conceptual Description Page D-10

120

100 A 4

| %\ﬂ\\
M o Cornwal! cT
e NS
‘_‘/‘>.:l—l———./ ‘_5_‘\’
20 \\\\

80

Ozone Concentration (ppb)

o T~ T T+ 717 T+ T+ T+ T 1T T ‘T ‘1T ‘1T T 1" T T T T T 1
0000000 RENWAODN®®OOERNW
sReReReReReReReReReReR-ReR-R-RoRoR-R-R-R-R=R=N=]

lsR-ReR-ReR-ReR-R-R-R-R=-R=R=]

Figure D-6. Hourly ozone concentrations on JulyZtK)2 at three sites.
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Appendix E: Contributions to the ozone reservoir
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Appendix E: Contributions to the ozone reservoir

Contributions to the ozone reservoir can come fremsources. The first is from
the residual local ozone and precursors in the spimere at sunset. The second is from
transport of ozone and precursors from outsidé®idcal region. To identify these
outside sources, Taubmanal (2006) have made an analysis of the completefset
aircraft flights undertaken by RAMMPP between 1992 2003 in the middle and
southern portions of the Ozone Transport Regiatially, the data were divided into
morning and afternoon profiles to identify diurpaitterns. Little diurnal variation was
observed in the carbon monoxide and sulfur diogigdiles. The ozone values were
greater in the afternoon than the morning, whilenezin the lower free troposphere (i.e.,
above the boundary level), where long-range tramsp@ossible, was consistently
~55 ppb.

Transport patterns and source regions during sutimreehaze and ozone
episodes were analyzed with a cluster analysisok krajectory data. Eight clusters were
identified, which were then divided into morningdaafternoon profiles. Table G-1 lists
the characteristics of each cluster, and FiguredBelvs the back trajectories calculated
for each profile divided by cluster at an altituafe2000 meters. The median profile
values were calculated and statistical differeweexe determined using a nonparametric
procedure. When the greatest trajectory densitplay the northern Ohio River Valley,
which has large N@and sulfur dioxide sources, the results were lagygme values, a
large SQ/CO ratio, large scattering particles, and higtoselroptical depth over the
mid-Atlantic U.S. In contrast, relatively clean clitions over the mid-Atlantic occurred
when the greatest trajectory density lay over thelsern Ohio River Valley and nearly
missed many large NCand SQ sources. The greatest afternoon ozone valuesreccur
during periods of stagnation that were most conautn photochemical production. The
least pollution occurred when flow from the nortbrthwest was too fast for pollution to
accumulate and when flow was from the north, wileeee are few urban or industrial
sources.

Similar results were obtained in the northern portof the Ozone Transport
Region. Periods of ozone greater than 80 ppb medsurthe summit of Mount
Washington (elevation 1910 m) in northern New Hammgsover the summers of 1998 to
2003 coincided with westerly (71 percent) and seesterly (29 percent) transport,
based on backward trajectory analyses (Fisehal, 2004). Low ozone events were
more typically associated with transport traje@srirom the northwest. Higher ozone
transported from industrialized areas to the westfsvest and lower ozone from the
northwest has also been found in back trajectoayyans by Yiet al (2009).
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Figure G-1: Maps of the 2 km, 48 hr HY-SPLIT back tajectory clusters for
mid-Atlantic region

Note: Cluster groupings are a) cluster 1, b) chte) cluster 3, d) cluster 4, e) cluster 5,fjster
6, g) cluster 7, and h) cluster 8. Figure from Traahet al, 2006.
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In Taubmaret al (2006), ozone transport over several hundredrelers into
the mid-Atlantic U.S. was estimated by calculating ratio of the residual layer ozone
between 500 m and 2 km in the upwind morning pesftb the downwind afternoon
boundary layer values between 100 m and 2 km. Téa&test level of transported ozone
(69-82 percent) occurred when the maximum trajgadensity lay over the southern and
northern Ohio River Valley (clusters 1, 2, 4, angd~®9 percent of the total profiles). The
least amount of transported ozone (55-58 perceas)associated with fast southwesterly
flow (cluster 8; ~3 percent of the total profilelgst north-northwesterly flow or clean
northerly flow from regions with relatively few wath or industrial pollution sources
(clusters 5 and 7; ~6 percent of the total profjlagg stagnant conditions within the mid-
Atlantic conducive to greater local ozone produtiiduster 3; ~27 percent of the total
profiles). The average amount of ozone transpontedthe Baltimore-Washington urban
corridor is 64 percent of the total observed ozortée afternoon boundary layer. If the
background ozone is removed, then this value igted/to 55 percent.

When trajectory density plots were overlaid on mafik the largest annual NO
and SQ emitters, specific source regions were identifilte results indicate that the
areas of maximum trajectory density together withdixspeed are effective predictors of
regional pollution and loadings. Additionally, disethe Lagrangian nature of the dataset,
the regionally transported contribution to the taeféernoon boundary layer column
ozone content in each cluster could be quantified.

Table G-1. Cluster groups for air mass trajectoriesnto mid-Atlantic Region

Cluster Description Upwind Region

1 Large ozone values, large 00O ratio, large highly Northern Ohio River Valley
scattering particles. Moderate northwesterly floaged
point source air.

2 Small ozone values, large 0O ratio. Northwesterly | Northern Ohio River Valley,
flow at higher wind speeds than Cluster 1 — agedtpo| extending into the Great
source air. Lakes region

3 Large ozone values, small OO ratio. Stagnant Central mid-Atlantic region

conditions with light southerly flow.

4 Small ozone values, small OO ratio. Moderate Southern Ohio River Valley
southwesterly flow, small pollution loading — fewer
point sources.

5 Fairly fast north-northwesterly flow. Flow toostaor Northern Great Lakes
pollution to accumulate from source region.

6 Moderately large ozone values, BTD ratio very Northern Ohio River Valley
large, smaller less scattering particles. Northergst
flow, but faster wind speeds than Clusters 1 and 2.
Crosses several large g@nd NG sources.

7 Least pollution of any of the clusters. Flow ig of the | Eastern Ontario, western
north. Relatively cool, dry continental air. Quebec
8 Small ozone values, small OO ratio. Fast southwest Vicinity of Texas

flow. Very few trajectories.
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Consistent results were seen in a trajectory alastalysis by Hainst al (2007).
Groupings of trajectories identified six distintigter types associated with ozone in the
mid-Atlantic region. Integrated NOemissions along the paths of each back trajectory
cluster were positively correlated with ozone lsyaind large ozone values in several
cluster groups were associated with regions of M@k source density in the Northern
Ohio River Valley.

A study by Daviset al (2010) looked at air mass types coupled with back
trajectories that provided results consistent whthstudies described above, but which
would not have been evident from looking at air sngpes or back trajectories alone.
For example, warm humid conditions are generallycoaducive to ozone formation.
Air masses of this type arriving at a site in Simeglwah Valley, Virginia, coming from the
north and east have very low ozone concentratidogiever, the same air mass type
traveling moderate distances from the west at lpged over the Ohio Valley and
Midwestern source regions has ozone levels 30 mgtehthan those traveling longer
distances from the north or northeast.
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