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Abstract

Air quality models such as th€ommunity Muliscale Air Quality (CMAQ) model,

indicate decidedly higher ozone near shieface of large interior water bodissich as

the Great Lakes and Chesapeake Bay. In order to test the validity of the modeheaitput,
performed surface measurements of ozong 40d total reactive nitroggiNOy) onthe

26-m Delaware 11 NOAA Small Resgch Vessel experimental (SRVxgployed in the
Chesapeake Bay for 10 daye cruisesin July 2011 as part of NASAOs GBEBPE
CBODAQ oceanographic field campaignconjunction with NASAOs DISCOVERQ

air quality field campaign. The EP®g regulatory stadardof 75 ppb averaged over an
8-hour period was exceeded three times during théaloeriod while ground stations in
the area only exceeded the standdmhostonce. This suggests that there are days when
the Baltimore/Washington region is in comptanwith the EPA standard, but air quality
over the Chesapeake Bay is exceeding the EPA standard. Further data analysis has shown
that ozone observations over the bay during the afternoon were consistent\ 2096
higher than the closest upwind groun@sitluring lhe 18day campaign;his pattern
persisted during good and poor air quality days. We suggest that a combination of
complex boundary layer dgmics reduced cloud coveand slow deposition rates,

among other lesser mechanisans playing an inggral role in the local maximum of

ozone over the Chesapeake Bay. Observations from this campaign were compared to a
CMAQ simulation at 1.33 km resolution. The model is able to accurately predict the
regional maximum of ozone over the Chesapeake Bayijrbutadions of NQ are
significantly overestimatedexplanations for the overestimation of N®@ the model

simulations are also explored.
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1. Introduction

Surface ozonean high enoughconcentrationgs a hazardous secondary air
pollutant regulated by the United States Environmental Protection AgerfayHRIA).
As of 2013, the 6. EPA has set an ambiegihourdaily maximumconcentration of 75
parts per billion by volumeppbv) as the threshold famomplianceunder a set of
regulations known as the National Ambient Air Quality Standards (NAATQS3
standard has been set based on several health ftAdiersberget al., 2010} {Bell et al.,
2004} {Fannet al.,2011} thatshowinhalingozone can leath premature aging of the
lungs, difficulty breathing, increased risk of asthma attacks, and in rare cases death.
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Figure 1. Percentage increase in daily nonaccidental mortality at varous O
concentrationsAdapted fromBell et al. (2006)



Air quality models such as tf@ommunity Multiscale Air Quality (CMAQ)
model indicate decidedly higher ozone near the surface of large interior waters bodies

such as the Great Lakes and Chesapeake &ay. {sodowitchet al.,2008}.

40 1 k
ppbV 1 199

Figure 2.Maximum &hour Os; concentration fields at the 95th percentile from base case
results from the Summer 2008dapted from Godowitch et al. (2008)

In order to test the validity of thmodel outputwe performed surface
measurements of ozonegj@nd total reactivaitrogen (NQ) on26-m Delaware I
NOAA Small Research Vessel experimeng&R{/x), deployed in the Chesapeake Bay
for 10daytime cruisesin July 2011.The objectives of this paper are to

Compareozoneobservations over éhBay to nearby land areas
Determine if ozone concentrations ardeed higher over the Bay
Determinef known meteorological and chemigaiocesses can phain
the observed differences

¥ Investigate whether model resolution plays a role in determining the
simulated surface ozone cont@tions over the Bay

¥ Investigate NQobservations to determine if this group of precurgors

accurately predicted by the modaiulations



1.1 Current EPA Regulations and Designations

The U. SEPA hasshowna OmoderateO nattainment region in theounties
surrounding Baltimore, MD and a OmarginalQattainment region throughout the New
York City-Philadelphiawashington D.C. metropolitan corridofU .S. EPA 2008} A
OmoderateO attainment region is an area that has a ground station that eSdeegis an
maximum concentratioaf 85 ppbv Qin its 3% highest day, while a marginal attainment
region has a threshold of 75 ppbv.

The Baltimore/Washingtometro regiorcurrentlyexcesds theEPA thresholdfor
O3 between 20 and 40 days per year as seen data from the Maryland Department of the
Environment in Figure 3. This is in stark contrast to 30 years ago, when exceedance of

the EPA threshold routinely occurred between 60 and 80 days per year.

Days Exceeding New EPA Std (8 hr O3 > 75 ppb)
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Figure 3 Dai from the Maryland Department of the Environment (MDE) showing the
number of Q exceedance days per year and temperature at the BWI airport#Bdve
Adapted from Ross J. Salawitch



The exceedances occur due to ideal meteorological conditions for ozone
production during the summer months and substantial ozone precursor emissions,
generated locally as well as advected to the region during strong westerly transport
conditions {Ryan etlg 1998}{He et al., 2012}.

Peaks in surface ozone are highest just downwind of major metropolitan areas due
to theenhance@missions from the metropolitan city centers {Kleinneaal.,2000}.

This has been shown manyair quality modekimulations{ Y egoroveet al.,2013
{Castellanot al.,2011} and has been verified by ground monitoring stat{@hs.
EPA, 2006} {Castellanoset al.,2009}. In the BaltimoréWashington region there are
complex interactions that arise with the influence of@Ghesapeake Babreeze
{Loughneret al.,2011, 2013 {Staufferet al.,2012}, which have not been fully

investigated.



1.2 Surface Ozone Chemistry
Reactive nitrogen species and volatile organic compo{(\f@€s), emitted by
natural and anthropogenic sources, photochemically react to create ozone {Seinfeld and
Pandis 2006} This classifies ozone at the surface as a secondary pallatememical
that is produced in the atmosphere rather than emitted.
Thefirst sep of surface ozone formation is the oxidation of VOCs or CO by the
hydroxyl radical(OH) to create th@eroxy radical1O,). Once the HQradical is
formed, it must attack a NO molecule to oxidize it to,N& wavelengthdi!! < 420nm,
NO, will photodissociate into NO and(@). The excited @P) atom will quickly
combine with Qto create @ A summary of ozone foration reactions from CO and

CH, aregiven below{Seinfeld andPandis, 2006}

Y AR L B I
LH VL, 0,000
I I U R I R O
NI IR S R U
L I I R R B
NI C NI N NI I
N I R I N I R I I
Py e 30, 4" S0 +!")
NO, +hv > 1" 1 0(3! 4 (NO,+hv—>NO+0('I)
0,+0('PI! 1, 4(,+1(3P)! 1)
Net: CO! 'l,!1 1yl CO/ ! O Cl,+8,4+h 1 " +HI 1 11" 440

Warmtemperatures, along with a capping inversion, as®utiaith a strong
summer anticyclone traps the ozone near the surface leading to rapid growth of ozone

during the late morning and early afternoon.



1.3 Previous Field Campaigns over Interior Water Bodies

Measurements ovéne Great Lakeshowedhat theozone was indeed higher
over Lake Erie and this was leading to higher concentrations along the coastline of the
lake{Levy et al.,2010}. An experiment in 2003 measured ozone at the Chesapeake Bay
Lighthouse, located on an island 15 miles to the eabecéntrance to the Chesapeake
Bay, as a means to test o0zone monitoring on ocean buoys and towers @taltsa
2004} and found ozonat the surfaceonsistently exceeding 80 ppbv during an air
guality episode frondune 24 28, 2003
1.4 DISCOVER-AQ Field campaign

During the month of July 2011, the National Aeronautics and Space
Administration (NASA)conductech compréensive air quality field study, DISCOVER
AQ {Crawford & Pickering 201}, in the stats of Maryland Delaware and Virgini&o
investigde air quality with the primary goal of providimata to better interpret
observations froncurrent and future satellitésr air quality applicationdn conjunction
with DISCOVERAQ, NASA conducted the oceanographic field campaign GEPE
CBODAQ (GeosttionaryCoastal and Air Pollution EventShesapeakBay
Oceanographic Campaign witHSCOVERAQ), to address questions related to both
estuarine biogeochemical processes as well as atmospheric pollution over the Chesapeake
Bay urban estuarine environment {Tzortzetal.,2013}. A detailed descriptioaf the
modes, locations, types, and day®bsevationsis provided in Table .IThis paper
focuseson observationgrom the26-m Delaware 11| NOAASmall Research Vessel
experimental $RVX) deployedn the Chesapeake Bag part of the CBODAQ campaign

duringfrom July 11- 20, 2011



2. Materials and Methods
2.1 Measurements description

The SRVxwas equipped with a Bnmo Environmental Model 49 UV
photometric @aone (Q) analyzer and &hermo Environmental Model 42C
chemiluminescence nitric oxide (NO)alyzer retrofitted with an external mobjgrum
catalyst to also measure total reactiiteogen (NQ).

The Model 49 @Analyzer determines ambient concentration by measuring the
attenuation of UV radiation emitted at 254 nm by a mercury (Hg) lamp. There are two
optical benches in the analyzer: aneasures the attenuation of the sample gas, while the
other establishes a OzeroO using a reference gas which is scrubb&thesolenoid
switches every 10 seconds to rotate which optical bench is measuring the sample gas.
Typical concentrations atehsurface during the summer in the Baltimore / Washington
region vary from 5 ppbv during pnrise to 120 ppbv during the afternoons of the most
polluted days. Typical-Bour maximums can often exceed the 75 ppbv EPA standard.

The Model 42C NO Analyzetetermines ambient concentration via a
chemiluminescence technique. The NO in the sample gas reacts in a chamber with excess
O3z to form NG in an excited state. The excited N@leases a photon as it reverts to the
ground state. A detector is able tontgy the strength of the emission and correlates it to
a concentration of excited N@nd via the stoichiometric 1:1 ratio, NO. An external
molybdenum catalyst heated to 3%Dreduces all reactive nitrogen species jNUO;,

HNOs, 2 N;Os, HONO, peroxyaygl nitrates (PANS), organic nitrates (RON@nd
particulate nitrate] into NO and naractive byproducts. Using a solenoid, sample air

bypasses the molybdenum converter every 10 minutes measuring NO, while the



following 10 minutes it passes through thelybdenum converter measuring NQo
obtain a zero, the sample gas is diverted to a zeroing chamber, where tteed€es a
photon before being directed into the measuring chariiberNQ, analyzer was zeroed
for 10 minutes each hour during the campaigd measurements were adjusted based on
the drift of the instrumenThe NG analyzer was calibrated-situ on July 19, 2011 of
thecampaigrusing a ND, standard reference material (SRM) from the National Institute
of Standards and Technology (NISTypical concentrations of NO at the surface during
the summer in the Baltimore / Washington region vary from 0.1 ppbv during the late
afternoon to 1.5 ppb after the morning rush hour around 9 AM. Typical concentrations of
NOy vary from 1 ppbv during thiate afternoon to 10 ppbv after the morning rush hour.
2.2 Model description

In this study, we usd. S. EPAOSommunity Multiscale Air Quality CMAQ)
{Byun and Schere, 20p6nodel Version 5.0, driven cfine by output from the Weather
Research and Forestang (WRH { Skamaroclet al., 2008 model Version 3.3 to
simulate the state of the atmosphere covering the entire months @niudely 2011.
The model simulationare at36, 12, 4 &1.33 km resolution in the area of interest and
begin on 24 May 201t account for model spiap time Details of the model
configuration and parameterization options used in the simulations are described in

Loughneret al.,2013



3. Results

3.1 Observational comparisons: Ozone

The SRVx was depied in the Chesapeake Bay fdy daytime cruiseguring the

DISCOVERAQ Maryland campaign, July 11, 2011 through July 2@,120his

overlapped with fouflights of the NASA P3-B (a fourengine turboprop capable of long

duration flights of 812 hour$ three flight days (2 flights per day)f the UG12B King

Air (a twinrengne turboprop capable of 6 hollights) and thredlight days (2 flights per

day)of theUniversity of Maryland (UMD)Cessna 4R (a twin-piston enging

unpressurized aircrafTable 1).

Mode of Measurement Trace Gases Measured Location Days in which Active during July 11, 2011 through July 20, 2011
NASA P3-B 03, NO, NO2, PNs, ANs, HNO3, July 11, July 14, July 16, July 20
NOy, CO, CH4, CH20, CO2, VOCs
UC-12 King Air Column 03, NO2, CH20 July 11, July 14. July 20
Cessna 402B 03, 502, CO, NO2 July 11, July 18, July 20

Aldino, MD, Beltsville, MD, Edgewood, MD,

MDE Ground Stations 03, NO, NOy, PM2.5, CO, SO2 o ) Every day
Essex, MD, Fairhill, MD, Padonia, MD
Aldino, MD, Beltsville, MD, Edgewood, MD,
Pandora Column NO2 Essex, MD, Fairhill, MD, Padonia, MD, College Every day
Park, MD, Catonsville, MD, SRVx NOAA Vessel
Ozonesondes 03 Edgewood, MD Every day
SRVx NOAA Research Vessel 03, NO, total NOy see Figure 1 Every day

Table 1: Modes of measurement during Phase | of the DIS@GMBRampaign in the
BaltimoreWashington region



The SRVx docked each night in Annapolis, MD and had different cruise route
each day{Figure 4. The instruments were running while tBRVxwas in port overnight
in Annapolis, MD, but the data are subject to frequent local emissions.

Map of Delaware Il SRVx Routes during DISCOVER—-AQ

xJuly 11
xdJuly 12
xdJuly 13
xduly 14
July 15
July 16
July 17
July 18

July 19

Figure 4 Map of NOAA Delaware Il SRVx routes from July, 11, 2011 through July 20,
2011
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A plot of O; for the 10dayperiod can be seen in FiguseOn three days ozone
exceeded th8-hour maximunv5 ppbv NAAQS threshold on the moving vessel in the
Chesapeake Bay: July 13, July 19 and July 20. During this same time period, ground
stations in the Maryland region exceedeel 75 ppbv threshold an average of 0.71 times
per ground station. This alone is an indicator that the ozone may be higher near the

surface of the Chesapeake Bay than nearby ground stations.

July 11-20, 2011 Ozone vs. Time at surface of Chesapeake Bay
120 I I I T I I I T I T

100 — =

80— =

Ozone (ppbv)
(0]
)
I T
—
|

ol | ]

0 L l | L l | | L l |
11 12 13 14 15 16 17 18 19 20
Date of July 2011, tickmark centered at 12 PM local time

Figure 5 Ozone concentration (ppbv) as a function of timen July 11, 2011 through
July 20,2011. Map routes for each sfecday can be seen in FigureBrom 7 PM until
6 AM local time, the boat was docked at the US Naval Academy in Annapolis, MD.
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Comparing the hourly ozone at the SRVxOs location andtalpsesd ground

station using the HYSPLIT modedinforces the existence of higheone concentrations

over the By. Eighthour maximum ozone from all relevant ground sites and the SRVx

can be seen in Table Bhe closest upwind ground station was oftaly @0 to 30 kn

away and was chosen to ensure that comparisons werdafladeng a parcel of air

Max 8 hour ozone

Site Name 7/11/11 7/12/11 7/13/11 7/14/11 7/15/11 7/16/11 7/17/11 7/18/11 7/19/11 7/20/11
Aldino 69 66 56 51 70 59 61 88 73 77
Calvert Co. 58 71 67 49 38 37 40 57 66 59
Davidsonville 53 67 61 50 45 41 41 81 76 63
Edgewood 61 61 52 49 66 55 53 82 59 74
Essex 58 61 53 51 58 47 51 71 72 68
Fairhill 68 65 49 48 69 51 55 86 68 66
HU-Beltsville 75 63 59 61 52 49 54 75 60 80
Millington 59 68 58 54 59 46 47 62 68 68
Padonia 73 64 54 52 62 60 53 67 65 86
PG Equestrian Ctr 54 72 62 51 44 42 41 80 75 61
South Maryland 55 70 63 46 40 38 42 54 64 71
Lums Pond, DE 59 65 53 49 58 N/A 49 76 61 57
Seaford, DE 53 76 62 44 46 N/A 41 52 63 65
NOAA SRVx 58 77 85 60 50 51 52 66 80 86
Closest Ground site 58 67 62 49 38 37 40 54 64 68

Name of Closest Ground site Calvert Davidsonville | PG Equestrian| Lums Pond Calvert Calvert Calvert S Maryland S Maryland Millington

Table 2: Maximum 8 hour ozone at various sites in the Maryland & Delaware region
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Figures 6a and 6 show thaduring an exceedance day (JtB) and non
exceedance day (Julyl), the ozone near the surface of the Chesap@akes uniformly
higher. During the afternoon of July 13 the ozone measurement on the SRVx viis4010
ppbv greater than at the Calvert County MDE site. Ozone was considie®R0 ppbv
greater over thBaythan at the Essex MDE site throughout the day on JulyHel8
hour maximum ozone concentration over Bayduring each day of the iday cuise
averaged 12.F 6.1ppbv higher than the closest upwind ground site.

July 13, Ozone vs. Time, SRVx vs. Closest Upwind Ground Site
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July 14, Ozone vs. Time, SRVx vs. Closest Upwind Ground Site
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Figure @&. Ozone concentration on July 13, 2011 (ppbv) as a function of time at the
SRVxOs location and the Calvert County ground monitoring station, the closest upwind

monitoring station
Figure . Same as Figureaut on July 14, 2011 Essex was thesest upwind

monitoring station
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The systematic higanomalyover the ChesapeaBay can be seen in Figure 7
The closest upwind ground site never had a migHeurmaximumozone and only
duringthreedaysdid any ground statioim the regiorhavean8-hour maximum ozone
concentratiorthat was 10 ppbhigherthan theSRVxO#ocation. This was especially
pronounced on July I8hen theSRVxsaw an ghour maximum o085 pply andnone of
theground stations in the regi@xceededhe NAAQS standardWhencompared to 8
hour maximum ozone at the ground stations in the Omoderata@aimment area, the 8
hour ozone the SRVxO#ocation was 4.6 + 14 8pbv higher suggesting that the
Chesapeake Bay area has just as poor if not vearsgialitythan the suounding
OmoderateO nattainment area.

8 hr Max Ozone vs. Date, SRVx vs. Closest Upwind Ground Site
120 [ I [ I I [ I [ [ I

100 — —

80—

60 —
Closest Upwind
Ground Site 7

Ozone (ppbv)

6] L | L | | L | L | |
11 12 13 14 15 16 17 18 19 20
Date of July 2011

Figure 7 8-hour maximum ozone concentrations (ppbv) at the SRVxOs location and the
closest upwind ground monitoring station from July 11, 2011 through July 20, 2011
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The ozone concentration remairt@gher over the Chesapeake Bay later into the
afternoon than over the groun@tsons, suggesting that there mustlmechanisno
maintain high @concentrations later into the day plot of the median hourly ozone

concentrations at tiBRVxO#ocationand closest upwind gumd statior(Figure §

suggests a late afternoon higimomaly

Median Hourly Ozone vs. Time, SRVx vs. Closest Upwind Ground Site
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Figure 8 Median hourly ozone concentrations (ppbv) at the SRVxOs location and the
closest upwind ground monitoring station from July 11, 2011 through July 20, 2611 as

function of time
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Ozone over the &y is greater and of longer duration than over upwind land area
dueto severapotential causes:

(1) A difference inozone depason rates over land and water;

(2) A shallower PBL depth over the Clagsake Bay than the nearby land;

(3) Fewerfair-weather cumulus clouds over the Chesapeake Bay allowing for

increased photgsis and

(4) Decreased boundary layer venting caused fmgscehigh pressur¢hat

develops over the Bajue to the baypreezecirculationtrapping pollutantsand

(5) Emissions from shipping on the Chesapeake. Bay

Furthermore, when meteorological conditions@meducive alow-level jetcan
form overnight transportingollutedair over the Chesapeake Baigm the
Norfolk/Virginia Beach, VA metropolitan region bypsing groad stations allowing for
increased ozone productiomer the By. This phenomenon, however, was not observed

during this field campaign.
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3.2 Model Comparisons: Ozone

The CMAQ modebkimulations typicallyreproducdhe systematically higher
ozoneconcentrations over the Chesapeake Bay ithéme BaltimoreWashington region
As shown in Figure 9nedianozone concentratiorfer the 10day periodoutput byboth
the 1.33 km and 4 km resoluti@MAQ modelsimulationscloselymatchthe
observationgrom the SRVx throughout the daydicating that model bias is small.
Once the grid cell size transitioned to 12 km, the surface ozone output by the model
began to lose correlation and once the grid cell sinsitraned to 36 km, there was very
little correlation throughout the day; both the 12 km and 36 km modelshomnsa high
model biasModel resolution seems to play an integral role in predicting ozone
concentrations.

Median Hourly Ozone vs. Time, SRVx vs. CMAQ
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Figure 9 Median ozoneoncentrations (ppbv) at the SRVxOs location and at the closest
CMAQ (1.33 km) grid point for each hour from July 11, 2011 through July 20, 2011 as a

function of time
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Despite the 1.33 km resolution CMAQ modehulationclosely matching the
median for thel0-day period lhere were specific days when the model was unable to
predict ozoneaccuratelywith both a highbiasshown in FigurelOa anda low bias shown
in Figure10b. During an exceedance day (July),ltBe modehad a consistent 115
ppbv high bias and on aonexceedance day (Jul)l the model had &0-15 pply low

bias.

July 12, Ozone vs. Time at surface of Chesapeake Bay
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July 13, Ozone vs. Time at surface of Chesapeake Bay
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Figure 10 Ozone concentration (ppbv) as a function of time at the SRVxOs location and
at the closest CMAQ grid point on a) July 12, 2011 and b) July 13, 2011
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This high bias of the model can likely be attributed to the boundary layer depths
calculated by WRF and input into CMAQhe modeled boundary layer is often
substantialljower over the Chesapeake Bay than observetheidigh Spectral
Resolution Lidar (H8L) aboardhe UC-12B aircraft(Figure 1). The low bias of the
model may be related to a lower temperature at the surface or perhaps stratified

PBL inhibiting downward mixing.
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Figure 11 Difference between the PBL depth output by WRF and measurements of
boundary layer height using a high spectral resolution lidar (HSRL) aboard ti@ UC
aircraft on July 20, 2011
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3.3 Model Comparisons: Total Reactive Nitrogen

Observations of reactivetrmgen species are critical since the eastern United
States lies in thBIOy-limited regimeof ozone productiofChameides et al., 1992}
{Trainer et al., 1993fFrost et al.,2006} due to the excess of isoprene from oak trees
Accurate model output MO, speciess especially importardue toreactive nitrogenOs
critical role in ozone formation in tHeOx-limited regime found in &stern United States
during the summeODbservations of NEfrom the SRVxwere compared th.33 km
model results from CMAQverthe Bay On each day of the aytime cruises, with the
exception of July 19 when the instrument was takedlirdffor calibration NOy
observations wereonsistentlylower than the outpdtom the nearest grid poim
CMAQ. The moderegularlyoverestimated N@Pby 50%andon July 13,it was
overestimated by ZB%sin theearly-afternoomas shown in Figure 12

July 13 NOy vs. Time at surface of Chesapeake Bay
! I T I ! ] ! I

NOy (ppbv)
[0:]
I

SRVx boat |

0 L | . | L | L | . |
8 10 12 14 16 18
Time (EDT)

Figure 12 Total NG, concentration measured on the SRVx compared to totaffd@
the closest grid point in CMAQ on July 13, 2011 as a function of time
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The data from th@D-LIF instrument {Day et al 2002} on tHe3-B aircraft
during aspiral on July 20 alsmdicatea significant overestimation of NGpeciedy
CMAQ, as shown irFigures 13a and 1B. While NG, matchego within 50% peroxy
nitrates (PN), alkyl nitrates (AN), and nitric acid (HN@) are overestimated bgctors
of 3,5, and2 respectively This overestimation of reactive nitrogen species has also been

seen in other modeling studies {Brioueteal., 2013 {Yu et al., 2012}.

July 20, P3—B NOy species over Chesapeake Bay, at 16:30z
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2000

| NO2 AN PN HNO3
0 \ | . | \ I

0 1000 2000 3000 4000
Concentration (pptv)

Figure 1&. Total NQ concentration (minus NO) split by compound (Nferoxy
nitrates (PN), alkyl nitrates (AN), aldNO3; measured on the A3 as function of altitude
during the 1630Z spiral on July 20, 2011 over the Chesapeake Bay
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July 20, CMAQ NOy species over Chesapeake Bay, at 17z
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Figure 1®. Same as Figure adut using data from the closest grid point in CMAQ at
1700Z (1 PM local time)
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To understan@vhether the overestimaig an emissions issues, chemistry issue,
or both, welooked atwhether the partitioning of the species is correct. If partitioning
NOy species igorrect, then this issueli&ely high emissionsr low dispersion rate§ o
gaininsight on this issue, we took the ratio of NOAN{Dring the morning hours when
thetwo species are positively correlated and the NO measurement is above therdetec
limit. As seen in Figure 14he NO/NQ ratios between the model simulation and
obsenations often lidbelow the 1o-1 line. A mean of the data shows NO concentrations

are 10.0% of total NQin the observations, while NO concentrations are 7.6% of total

NOy in the CMAQ simulation.

Hourly NO/NOy ratios during the AM hours from CMAQ & the SRVx
0.25 T I | |

0.20— =

Ratios from CMAQ
>

0.05— —

0.00 l l l |

0.00 0.05 0.10 0.15 0.20 0.25
Ratios from SRVx Observations

Figure 14 NO/NGQ, ratios from 1.33 km CMAQ run and the during the morning hours

when NO and NQare positively correlated and NO is above the instrumentOs detection
limit
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This indicates thaCBO05 as employegdpartitions moreéNOy speciesas higher
oxides(i.e., ANs, PNsHNQOs) than is observed his suggests thaasphase chemistry
scheme (CBOSs overestimatinghe lifetimes of higher order NGpecies such as ANs
and PNsremoval rates are tadow, or conversion rates of N@o NG, are slower than
observed

To minimize computing timgthe CBO5 chemical mechanism simplifies the alkyl
nitrates by grouping all alkyl nitratés a single chemical species (NTR). The lifetime of
NTR calculated during simulationof CMAQ using 2007 summer conditigngelds a
lifetime of 10 dayslt has been showthatisopropyl nitratéhasa lifetime that is 10 days
{Luke et al.,198%, but higherorderalkyl nitrates have a much shorter lifetime21
days){ Horowitz et al.,2007% {Perringet al.,2009}, due to a lack of electronegativity
holding the gas phase species togethke shorter lifetimes of the higirder alkyl
nitrates species amtaccounted fom theCB05 gasphase chemistry scheméfter
decomposition, the alkyl natessplitinto an dkyl chain and NQ. If the lifetime of NTR
in CBO5 were to be shorter, théng would yieldlower concentrations of alkyl nitrates,
which would be more in line with observations.

To represent peroxy nitrates in the model, the CB0O5 mechanism simplifies the
species int@eroxyacyl nitrate (PAN),all other higher order peroxyacyl nitrai@ANX)
andperoxynitric acid(PNA), with the latter being a very small fraction of the first @to
high temperatureS’he summation of peroxy nitrate concentrations (PNs) in the model is
higher than observe@he primary destruction of peroxyacyl nitrates is via thermal
dissociation. At flgher temperatures, PAN and PANIlissociate more rapidly into

acetylperoxy radical@203) and higher order acylperoxy radicals (CXO3) respectively.
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The concentration of PAN and PANXtherefore goverd by the equilibrium constant,
which is a function of temperaturand the concentrations of the products, C203/CX0O3
and NQ. To account for the high bias in the model, either the temperature consistently
has a low bias, or the concentrations of the products are todBaitiineed to be further
investigated, with the teer being a more reasonable explanation.

Observations from the SRVxexecompared to the UBerkeley thermal
dissociation laseinduced fluorescence (FDIF) instrument {Dayet al.,2002} used on
the P3B when it flew spirals over the Chesapeake Bay. The_IF does nomeasure
NO, so all comparisons alOy DNO. The observations of NGBNO from the SRVx
using a chemiluminescence instrument with external molybdenum coreerteigher
than the datéhe TD-LIF. This is an expected outcome since ,One@ntrations
decrease exponentially with height {Brattal.,2013 due to emissions that come from
the surface and relatively short lifetimes compared to other trace gases.were no
other ground observations of N@uring thiscampaignasMDE does not maintain

research grad’Oy analyzers aits ground stations.
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4. Discussion

The observations from the SRVx shamith a 2sigma level certaintythat ozone
concentrdonsareelevated over thed&/when compared to upwind ground sitéke
extended period of high ozone makdsgher number of days excettte US. EPA &
hour 75 pplh NAAQS thresholdthan over nearby land are&$ere we discuss potential
reasons for thiphenomenomandattemptto apportion aelative importancéor each
mechanism.

During a day that lacks precipitatiomhich is the case for moszoneexceedance
days in the Baltimor&Vashington metropolitaregion, ozone igrimarily destroyed by

the following mechanismd’he Royal Society2008}:

¥ Dry depositionto vegetation or water (2)
¥ oL, rm oy, 2)
¥ oL, rm o, (3)
¥ ey rrmornt, 4)
R NG DL R AL b (5)

Dry deposition (mechanism 1) is the primary mode of destruction of ozone near
the surfaceTitrationdue to NO (mechanism 2) alsocursnear the surface, but this
serves as a reservoir tg @ NQ is regenerated. Mechanism®® are most prominent
in the upper troposphere and isolated ocean regions where dry deposition rates are

minimal.
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Deposition is the primary mode of destructinrihe boundary layeand occurs
fastesin heavily forested aredBowler et al., 2001§Nowak et al.,2006}. Differences
in ozone dry deposition rates have been widely studididt of 24-houraveraged dry
deposition velocities from the literaturegsenin Table 3{Wesely & Hicks 2000}

{Changet al.,2004} {Nowak et al.,2006}.

Table 1: Ozone dry deposition velocities
Forest Coastal Ocean
Nowak (2006) 0.5cm/s - -
Wesely (2000) 0.8cm/s - -
Chang (2004) - - 0.05cm/s
Gallagher (2001) - 0.148 cm/s -

Table 3.0zone deposition velocities for various land types

For a mix of 50% deciduous forest, 25% grass, and 25% pavehe2d;hour
averagediry deposition velocityor ozoneis 0.9 cm/s.However, stimates for dry
deposition of ozone in a cdakenvironment ar8.15cm/s. The slower deposition
velocity isdue to a lack of vegetation and surface roughimessastal areaf§allagher
et al.,2001}. To calculate the difference in ozone deposition over an hour, we can use the

following formula:

VIS | I L

P olvgs 1 Taepe

For a boundary layer depth of 800 m, which typical okerGhesapeake Bay during the
mid-afternoon, an the ozone concentratiotsild beapproximatelyl.6% higher after an
hourthan an air parcalf similar concentratioover landdue to slower deposition

velocities over waterassuming all other environmentainditions are the same.

! |
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If winds arefrom the southwestnaximzing residence time over the Y3aan air
parcel that entered the southwest portion of Creeda@pBay may have been over thayB
for approximatelyd hours.By the timean air parcel leaves theafg its ozone
concentratiortheoreticallycouldbeup to8% higher

Boundary layer height also plays a major rolda@terminingconcentrations of
ozonenear the surface {Raet al.,2003}. Pollutants ar@rimarily confined within the
boundary layer due to a strong subsidence invediioing anticyclonic event3he only
mechanism by which pollutants chavented out of the boundary laysuring strong
anticyclonic setups is throudair-weathercumulus touds{Dacreet al.,2007}.
However, cumulus clouds are largely rexistent over the Chesapeake Bay during

strong subsidence events {Lougheéal.,2011}.
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The boundary layewver land tenslto be deeper because the temperatunggher

over land dring clearsky conditions in thenid-afternoon As the boundary layer depth

decreases, therecursors to ozonsuch as NQcompoundsaccumulaten a smaller

volumeof atmospheré&ading to Igher concentrations. On July bétweer?0Z2D217

or 4 PMB5 PMIocal time the HSRLaboardhe UC-12B aircraftmeasured thaerosol

basedoundary layedepthto be1000- 1200m over land and00- 600 m overthe

Chesapeake Bayithin 10 minutesas seen in Figure 15

39.8

14:03 — 15:14 UTC

15:15 — 16:12 UTC

16:13 — 16:58 UTC

39.4

39.0

38.6)

38.2

-77.2

39.8

39.4

39.0

38.6)

38.2

b

)

)

9.8
«vy ® q
139.4
39.0
; ; ; 138.6
» » S 38.2
-76.8 -76.4 -76.0 -75.6 -77.2 -76.8 -76.4 -76.0 -75.6 -77.2 -76.8 -76.4 -76.0 -75.6
18:30 — 19:21 UTC 19:22 — 20:16 UTCJ 20:17 — 20:50 UTC 0.8

9.4

9.0

38.6

58.2

-77.2

-76.8 —;6.4 -76.0 -75.6 -77.2 -76.8 -;5.4 -76.0 -75.6 -77.2 -76.8 —;6.4 -76.0
b— ]
200 400 600 800 1000 1200 1400 1600 1800 2000 2300

PBLH (m AGL)

-75.6

Figure 15 Measurements of boundary layer height using a high spectral resolution lidar
(HSRL) aboard the U@2 aircraft on July 20, 2011
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If there were no boundary layer ventiagdenvironmental conditionand
emissionsvere identicalthe concentrationsf NO, could be up t@ factor zhigher over
the Bayleading to a substantiaicrease in @ since the midAtlantic region is in the
NOy-limited regime However, there is likely some vertical mixiagd emissions are
likely lower over the Bay. Although there were no direct measurements patiNke
surface of the bagluring this particular campaigdata on the RB shows that a@.3km,
the lowesaltitudeof the flight spirals, N@is higherby asmuch as 0.5 ppbever water
than landUsing ozoneefficiency rates from the DISCOVERQ campaignfor every 1
ppbvincrease in NQ ozone productiomwill increaseby average of 26 ppbvwith a
90% confidence interval of 4.93 to 19.4 pdbie et al 2013} this isslightly higher than
a urban studyn Houston, which showed an average ozone production efficiency of
5.9{Neumanet al.,2009}.

A bay-breezecirculation ofterdevelops over the Chesapeake Bay during the late
spring and early summer {Rya al.,1998} {Staufferet al.,2012} impacting the coastal
temperature structure and associated meteorological conditionsajfhesezeyields a
mesaohigh pressure directly over the Chesapeake Bay, and alovegoessure just
inland from theBay. This createstagnation andlear skieglirectly over the By. Fewer
cumulus clouds develop over the Chesapeake Bay becausdmfi¢heurface
temperatureshallower boundary layer depth and tieka lack of thermals over theas.
Decreasedloud cover increasghotolysis rateby allowing moreJV radiationto reach
the lowest levels of the atmosphere creatngenvironment more favorable for ozone

production.
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On July 20, visible satellite imageryigure 16shows an expanse of low level
fair cumulus clouds @r the BaltimoréVashington region, while there are no clouds
over theBay. Cloud coveage is estimated to be-B0% over land and% over the By

leading to a j(NQ) value that will be higher over the Bay

Figure 16 Visible image from the MODIS satellite at 1610Z (2:10 PM local time) on
July 20, 2011 showing the presence ofdewel cumulus clouds only over the land
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During the DISCOVERAQ campaignthe P3B aircraft measured j(N£
throughout its flights. Ithe midafternoon 3:30 PM local timepn July 20, 2011 when
the P3B flew at an altitude 0890 m over landh an absence of clouds, the j(@ate
constant wa®.0082 &, while 30 secondtaterunderneath a faiweather cumulus cloyd
which wasconfirmed by lo&ing at theforward camera on the HB the j(NQ,) rate
constant dropped ©.0043 &. If we assume the sky is filled witf0% cumulus clouds
and theBay has none, the averaf{dlO,) would be0.0074s™* over land an®.0082 &
over theBay. Therefore,dissociation of N@into NO and odd oxygen may be t@p
10.9% fasterduring the midafternoon of a summer day.

NOy emissions fronbargeghat travel the ChesapeaRay account for 10% of all
mobile emission sourcgs).S. EPA, 201p. In March 2010, ke US. EPA adopted a
regulation designating that largargeamust burn cleaner fughat releases less NO
when they are within 200 nautical miles of the North American coagtlitfe EPA
2010}. However, this regulation was not enforcedhtehe US. EPA until August 2012,
which is after the Maryland DISCOVERQ field study. Many large transport tankers
burnbottomof-the-barrelbunker fuel which rekases a higher proportion of Nthan
diesel fuefEyring et al.,2005}. There has bediitle quantification of barge emisss
{Masonet al.,2008}. Using the8.26pphv O3 per pply NOx ozone production efficiency
calculated during the DISCOVERQ campaig{Heet al.,2013, we estimate that 0.1
ppbv increase in NQconcentrationsver theChesapeake Bagould yield a0.8 pplv
increase in 0zone, since timd-Atlantic region is characterized by the Nimited

regime of ozone production.
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One factorinhibiting ozone production over tHgay is the lower tropospheric
temperature profileCoastalareasn extratropicalatitudesheat up more slowly than
nearby inlandocationsduring the summettue to the influence of the cooler waters.
Duringthe 10day campaigntemperatures on tHeRVxat 3 PM local timevereon
average3.3°C cooler than th@&altimore Washington International (BWBHirportwhich
is located 30 km inlanérom the Chesapeake Bakhe dissociation dPAN into NO, has
astrong temperature dependenite kinetics equation is given below:

- I A (I 11 I A O

LS

L=t pe "oy < '
A quick calculation otherate constant at the two temperatures shows that PAN
dissocates 1.8 timesquicker at 305.& than 301.5 KThe quicker dissociation of PAN
at higher temperatureser landshifts the equilibriunreaction towards N§ the primary
precursor to ozone in the NDmited regime over the Midtlantic. However, the

dissociation of PAN is slower over the B&geping more Nétied up as PAN, and

thereby decreasings@roduction
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5. Conclusions

Observations from the SRVx during the DISCOVER campaign show with a
certaintyexceeding the-8igma levelthat ozone concentrations are elevated over the
Baywhen compared to the closest upwind ground statdposit that this high
anomalyis influerced by a number of mechanismsluding:

Slower depositiorvelocity over theBay
Shallower boundary layes

Higher photolysis ratedue to clear skies over the bay

K K K K

Decreasetboundary layer ventindue to a laclof fair-weather cumulus
clouds
¥ Emissions fronshipping

The ozone concentrations exhibit a high anomaly over the Baytbough temperatures

are cooler and allow precursors to ozone such as PAN to rem#&iwice as stable.

The observed high anomaly over the Chesapeake Bayigyadryimportance since

many citizens spend their leisure time on or near thegpeadse Bayduring the
summertimeand are exposed to the unhealthy air quality conditions. Furthermore, when
thewinds are onshoreéhesenarmful conditionareadvected todcal communities

several miles inland. Expanded monitoring of ozone directly over the Chesapeake Bay is

needed to more precisely quantify the extent of this high anomaly.
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