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Ozone production during an urban air stagnation

episode over Nashville, Tennessee

R. 1. Valente,! R, E. Imhoff,! R. L. Tanner,' J. F. Meagher,! P. H, Daum,*
. M. Hardesty.? R. M. Banta,® R, 1. Alvarez,? R. T. McNider,! and M. W, Gillani*

Abstract.  The highest Oy levels observed during the 1995 Southern Oxidants Study in
middle Tennessee occurred during a period of air stagnation from July 11 through Tuly 15.
Exiensive airborne (wo fixed wing and one helicopter) and ground-based measurements
of the chemistry and metcorology of this episode near Nashville, Tennessee, are
presented. In situ airhorne measurements include Oy, NO,, NO, MO, S0,, CO, nitrate,
hydrocarbons, and aidehydes. Airborne LIDAR O, measurements are also utilized to map
the vertical and horizental extent of the urban plumc. The use of multiple instrumented
research aireraft permitted highly detailed mapping of the plume chemistry in the vertical
and horizontal dimensions. Interactions between the urban MNashville plume (primarily a
N, and hydrocarbon source) and the Gallatin coal-fired power plant plume {primarily a
N, and 50 source) are also decumented, and comparisons of ozone formation in the
isolated and mixed urban and power plant plume are presented. The data sugpest that
during this episode the background sur and the edges of the urban plume are NO,
wensitive and the core of the urban plume is hydrocarbon sensitive. Under these worst
case meteoralogical conditions, ambient Q5 levels well aver the level of the new National
Ambient Air Quality Standard (NAADS) for ozone (80 ppl) were abserved over and just
dowrwind af Nashville, For example, on July 12, the boundary laver air upwind of
Maghville showed 6 to 70 ppb O, while just downwind of the city the urban plumc
maximum was over 140 ppb O, With & revised ozone standard sel at 80 pph (8 hour
average) and upwind levels alrewdy within 10 or 20 ppb of the standard, only a slight
merease in ozone from the urban arga will cause difficulty in attaining the standard at
‘monitors near the core of the urban plume during this type of episade. The helicopter
mapping and LIDAR aircraft data clearly illusirate that high O, levels can occur during
stagnation episodes within a fow kilometers of and even within the urban area. The
extremely light boundary layer winds (1-3 m s~ ') contributed to the creation of an ozone
dome or blob which staved very near 1o the city rather than an elongated plume. The

emall spatial scale of the rone of high O, ¢oncentrations is mapp

ed in detil

demenstrating that the regulatory monitoring network failed to document the maximum
0 concentrations. Modelers using such regulaiory data to test photochemcal algorithms
need to bear in mind that magnitude and frequency of urban orone may be
underestimated by monitoring networks, especially in medium-sized urban arcas under
slow transport conditions. Finally, this effort shows the value of collaboratve ficld
measurements from multiple platforms in developing a more complete pictiure of the

chemistry and transport of photochemical O

1.  Introsdsction

[respite comprehensive local, state, and national regualatory
imittatives over the past 30 voars, and a long history of rescarch
in the arca [Crgzen, 1970k Semon ard Raglond, 1977 Cha
merdes et il VORE: Kol pr af, 1086; Feiserfeld of o, 1988
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Alrehgier, 1988 Budr et al 1900, Carroll o e, 15HE O el
af,, 1999 Lefafl e al, 1995), ambicnl afone ocentratioms
conlinue to be a major environmentnl and health concem.
Early in the decade of the 19905 the MNational Academy of
Sciences culled for a rethinking of the ozone problem [Marisral
Acadery of Sciences, 1991], and efforts were redoubled o
elucidate the processes of ozome fomeation and transporl in
urhan amel regiomal seitings, On & national kevel, for example,
the ™orth American Research Strategy for Troposphoric
Ozone (MARSTO) has been formulated. a focused and coor-
dinated program for the scientific study of oprephenc ozons
concentralions, sources, Formation mechunisms, pnd transpor
peross the Moerth American confinent. A mager emphasis of
MARSTO has been the extent to which interreginnal transpon
of ozone-rich aif masses hove afecled effors o amsin he
MAADS for ozene. The Southern Oxidant Study (SC05) has
provided. in several field studies and ohservation-based mod-
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cling efforis, a nch source of data [Meagher & al., 1996] ta
address the dersils of ozone formation processes, so that the
lfectivencys of contrels on hydrocarbon und NO, {sum of
MO} + MO § erassions in reducing tropospheric ozong levels
can be wccuratchy evaluated. Pust of these efforls have boen
focused on identifving regions andior events where smone lev-
els can be reduced by restricting emissions of volatile organic
compouwnds (WO} (“hvdrocarbom-controlled chemistry™), by
reducing MO, emision sarees (Cnitfegen oxide-controlled
chemistry™), or when 1 miviure of NO, and VOO controls &
requered fo reduce ambicol ceome, Equally importan & assess-
img the sputial and temporal variability of the levels of szone
and ity precursors, MO and VOO, and the rate at which emit-
Red MY, specics are converted into oxidied products {referred
to collectively as MO, | during ceone formation, One of the
goals of thess sidics of lundamentn] orene formation e
cesses i to evaluate the momes of influence of s2onc precursor
emissions and hence determine the ellectiveness of contrelling
Variows lypes of emission sources af various distances in reduc-
ing oeone kevels i areas not presently meeting the National
Ambicar Adr Quality Standard (NAADS) for ozoine. These
efforts have begun 1o come io fruition with recent field
abservationul studies |fabeff er al., 1995 Parrish of al., 1995
Klethman ef al, 1998 Charisider o of, 192 Trafier et al,,
LE]

The primary goal of the S05 1995 Nashville Middie Tea-
nossee Qoone Stdy (hereafter, S05 Nashville 95) was oo de-
velog a better understanding of the mereorological and chem-
il processes that lead o elevated ozone episodes in rural and
urbans areas in the mid south, and 1o provide data with which
i develop and test mew hypotheses regaiding weons formation
and transpiort such as those put forth by Silman [1995] and
others. The gualily of the scquired datubase would allow spe-
cific questions concerning the spuatial and temperal extent of
hdrocarbon-contralled and sitrogen oxide -controlled chemis-
bry b be addressed. along with quantituive escimation of the
efficiency by which ozone is formed from NOY, emissions frem
paunt sources and urban area sources [see, c.g.. Fruiner et af,
1993,

In dessgring the sludy, an cffort was made to stay in the field
d sufficient length of deme and with u large cnough army of
imstrumented ascraft o successfully perform an in-depth study
of an urban clevated osone episode. Fortunarely, such an ep-
isitele clid oceur during the stucly in Moshville, Tenncses, |ast-
ing from July 11 throwgh Juby 13, 1995, and we were able o
deploy the aiteraft 1o study the transport and chemical pro-
cessing of Mashville urban emissions during a perind of very
stagnant ligh pressure. During this episode the harizontl and
vertical siructurs of the urban plume was characterized in
detuil. The: O, productson elficiency and chemaeal transforma-
tions that socur with time were determined in the urban plume
and a mized power plantiurhan plume with sulficient spatial
and tomparul detail so that questions such as, Do monitoring
networks as currently deployed adequately document the mas.
mum traposphenic eone exposurcs that vecur in urban ar-
eas?; and Does the current approach o regional modeling
contan enaugh spatial resolutsn to reasonably reproduce the
ceong putterns in oud-geed urban aress? sould be addressed.
Using dafa fromm three aircraft and several ground sites, this
paper analyzes 2 days of a high-ozone episode i the Nashvlle,
Tennessee, urea during SOS Nashville 95,
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Y Measurements

This paper facuses on the results from Lthree of the aircrafi
participating in the collaborative study: (1) @ Department of
Encrgy Grumman G-1 operated podntly by personnel from the
Pacifle Morthwest Laboratory and Brookhaven National Lab-
oratory (BRLY: (2) a Bell 205 helioopter operated by the Ten-
nessce Yalley Authority (TVA), and (3} a CASA-212 operaied
by Matiomal Oceanic and Atmespheric Administration
(NOAA) Environmental Technology Laboratory, The BNL
Gl measured O, NG, (the sum of all the odd nitrogen com-
pounds expressed as MO including MO, MO, PAN, nitric acid,
particle nitrate, ete.) NO,, NO. in situ hydrecarbons {cans-
ters). 50, OO0, temperature, dew point, altitnde, position, LY
radiation. PAN, formaldehyde and other carbonyls, hvdrogen
peroxide, hydrooymethyl hydroperoside, methyl hvdroperos-
e, and acrosol mumber concentration and stee distribution.
Mot BML gascous measurements were reporied as 10 & aver-
ages. The TVA Bell 205 helicopter measured O, NO,. MO,
NO-, nitrate, 503, in sity hvdrocarboms (canisters) collected in
canslers, altitode, position, wemperare, hmidity, total per-
onide, and hydrogen peroxide. The TVA nitrate svstem uses 3
new dunl pold tube converter system abong with a nylasorh
[ter v one chonnel (o provide the sum of nitric acid and
paricle mitrate concentration (b difference ) with 5-5 respomse
time [Turmer of @, this issuc]. Most TVA ZASCOLE MEHsure-
meals were performed with = & averages. The NOAA CASA
212 was equipped with o lidar system buill by EPA, NOAA,
und MCAR o messure the vertical distribution of ceane and
perossl backseattering. By [ving above the boundary luyer, the
WOAA lidar was capable of measinng the seone and aspossl
properbies throwugh the boundary layer. Corrections for atien-
uation of the signal by particles improved the quality of the
resiliing data. Airborne lidar O, measurements were also uti-
lized o map the vertical and bordzontal exient of the urban
plume. Further details on the istrumentation systems on cach
adrcradt are available in the works of Meagier o al. [1996] and
Hihier g &, [ihis iz, In addiion o the aircrafi measure-
meils, wind profilers were operated of three stations during
the study to detail the spatial and temporal variability of the
baundary laver depth und wind structure

3. Results and Discussion

The highest 0, levels observed o surface stations during the
1495 Nashwille SO5 Study occwrred during a period of air
Stagmation from July 11 through July 15 {Plate | shows the
higlhest | our averuge which occurred betwean 1M aind 1500
CI). It i evident from Plate 1 that monitoring location
within a few kilometers of esch other showed significant dif-
ferences in the maximum ozose levels ohserved on some of e
davs. On July 12, for exsmiple, the downtown station locaied
atop a 3ol office building recorded an aftermoon maxi-
emiem owver 50 pph kigher than the subocban Youlh, Inc. statsen.

Plate 2 illustrates that during the stedy perisd the middle
Tennuessee region wis under the influence of a show moving
broad high-pressurc system that was drifting slowly enstward
and strengthening Although the synoptic scale partern could
he described as stapnant, the wind profiler and sircraft data
show that subtle changes in the boundary Liyer flow partenis
sccurred from day (o day and from day o night during the
cpisande with important ramifications for the transport and
mixing of emizsions from sources m the aren, Therelose the
discussion which follows is organceed so that the flights of Tuly
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Plate 1. Highest 1 hour avernge oeome level occurring between 1100 and 1800 CDT for selected stahions
participating in the Nashville 1995 508 siudy. Downtown, Dickson, Youth, and New Hendersonville are m ot
near Nashville, Cove, Giles, LBL, and Mammoth are regional hackground stations distant from Nushwille. The
light beown shaded arca indicates the runge of the regional hackground concentrations.

11 and 12 are analyzed as case studies of the meteorolngicsl
and air guality measurements, wilh specific rescarch objectives
targeted to the particular situation encountered on each of
these 2 days.

O July 11 the Gallatin power plant plume dnied south-
westward lowand U Mashyille urhan arsi, and merged with
the urban plume. The intensive aircraft monitoring on this day
provides information to help answer these research questions.
(13 Can oeone formation in the separate plumes be deter-
mined, and if 5o, how dues ozone formation compare between
the wrhan and small power plant plume? (2) How does the
photochemical aging process in the areal source urban pume
compare with the point source power plant plume? {3) [s it
passible to apportion the excess ozone observed 1 the differ-
ent source types in the mixed wrban/power plant plume? (4)
How docs the relative contribution of the power plant and
urban area change &5 the plumes are transported dowanwind
from the sources? and {3) Arz photochemical processes in the
plumes and backgrownd air NO, or W0C sensitive?

[m contrast to July 11, on July 12 the vrban pleme did ao
mix with the Ciallatin plume due 1o a slight wind shitt. There-
fore the amalysis of the urban plume for July 12 focuses on o
different set of key research questions. (1) Why did such high

gzone Jevels occur i the downtown cistrict without being
ohserved at any of the olher ground monitonng stations? {23
How much of the observed excess ozone & due 1o local emis-
sioms, and e much 15 due to transport of e OF PICCUTS0TE
intn the Mushwille area? (3) How widespread (horizontally and
verticallv) is the zone of elevated ozone on this day? (4} What
are the ozoneprecursor/products relationships obscrved the
urban plame? (5) How different was ozone formation on this
day compared o the previous day when the Gallatin plume did
mizx with the urban plume? (6} What are the implications of the
ohespeations in detecting the peak ozope occurrences in citics
the size of Nashwille with routine monitoring networks? (7) Do
midel grid siwes of 10 km or larger provide sufficient resolution
to represent the actual spatinl varinhility that exsts during a
WIS CHse (ETIeE E'pu:-l.‘ldl: in Mashwille, or are smalber grid siFes
pocessary to adequately represent the spatial variability of such
a real urban plume?

4, Julv 11, 1995
4.1. Meicorological Discussion

On Juby 11 the weak cooter of high pressure at the surface
that had been centered over Missouri the previous day mased
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Flate 1. Development and movement of high-pressure system fos July 10-13, 1995, The 1006 iwobar at 1200

LITC is inddicated.

castward and was centered in central Kenfucky, leaving Nash-
ville with sunny skies, very light northeasterly flow in the
boundary layer, and bot emperatures in the afternoon, A
sccond |obe of this high was lncoted over the Gireat Lakes
giving a north-south odentation to the ridge pattern. The mix-
ing height in the Mashville vicinity, measured with wind pro-
filers at the Mew Hendersonville and Youth Ine. sites aren,
increased from about 700 m at 1000 CDT to & daily maximum
near 1500 m at 1500 COT. The BNL G-1 obsarved a strong
temperiture inversion at 1600 m on this afternoon, A profiler
located west of the wrban area at Dickson measured an aficr-
Noon maximum mising berght at 1200 m, Boandary byver winds
from the profilers showed similar patterns at the thres stations
near Nashyille with northeasterly Qow (S Ems') during the
predawn hours throughout the layer from the ground to
2000 m but with & decpening layer of light winds (<2 ms '}
corresponding to the growing boundary layer during the day-
light hours. By midafternoon the zone of light and variable
winds had grown to a depth of 1500 m, the approsimate depth
o the mized layer. By this time, the nottheasterly flow wis only
clearly evident frem the wind profiler data 4t the 2000 m level,
Fer w more detailed examination of the metearological char-
aclerstics of this episode, see the companion paper by Banra ef
al, [this issue].

4.1 Airceuft Research Flight Results

Trace gas data from the aireraft flights over Nachville on July
11 show that the urban plume was drifting slowly southwest-
ward from the city (Plate 3), consistent with the synoptic
weather pattern and the wind profiler data. The TYA helicop-
ter and the BNL G-] bath sampled the wrban plume on this
day providing good coverage and, in addition, a fortuitous
opportunity for airborne comparison of plume mapping tech-
niques by the two reseurch groups. Considering that the two
arrcrafl had differences in flight track, altitede, and sampling
time and that the maps ore inlerpolated fram the data, the
similarities in plume position and concentralions are more
striking than the differences. The BNL G-1 did observe slightly
higher czone levels (by about 10 ppb at the peak) than did the
TVA helicopter, The fact that the G-1 had a cruising altitude
about 106k m above the belicopter may have contrbuted to this
difference. Since the TWA Gallatin power plant i located
cagt-northeast of the city, i plume meandered across ihie
seuithern portion of the city where it merged with the orban
plume (see the TVA helicopter S0 panel in Plate 3). On this
highly reactive day the plume from the Gallatin plant had
already resched stage 3 (excess ozone even in the plume core)
before reaching the edge of the urban area (only 20 1@ 30 km
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Ozone (TVA) Ozone (BNL)

Plaie 3. Maps of ozone, NG, and SO interpolnted from the flight data for July 11, 1995, from the TVA
helicopter and the BNL G-1. Interstate highways (1-65, e.g.) in the region are indicated by black lines. Al
comcentrations ans in pphd,
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Ircwen the pant). It & important L emphasize that although this
is i very shost distance, the light winds indicate that 3 o 4
hours travel tme were required for the plume to reach this
poinl. As a resull, this day provides an excellent cose Aludy axf
interactions between the urhan and power plant plumes and an
epportunity toe investigate the ozone formaton in the twi
plumes under similar (ransport, solar radistion, and mixing
heighi conditions,

The air in the background outside the urban and perweET
plant plumes was characterstic of a photachemically aged air
mass, [ adher wards, the levels of primary emissions were low,
and most of the NO, was present a5 photochemical reaction
products rather than & MO and MO, The term photechemical
age represenis the ratin NOLNGOL, where ND, js NO, — NG,
Allernoan ozenc concentrations ranged from T0-RS ppb with
slightly higher levels north of the city, ML was composed
mostly of MO, giving o photochemical age near 00, 1o6al
percosde ranged from 5 o 7 ppb, 50, bkevels were generally less
than 3 pph, and CO concentrations ranging from 160 1o 280
ppb. In the background air the ratio of wial peroxide o NO,
ranged from 1.2 1o L6 with the highest ratios coinciding with
the higheil orone concsnirations. The generally high valses of
this ratio imply that the 0, praduction in the background ai
s limived by MO which s consistent with the bow observed
MY comaznirations,

The plume traverses fram this afterneon may be divided into
three categories o organize the analysis; (1) The Callatin
porwer plant plums wpwind of the udban aren, (23 fhe Nashville
and Gallasin piumes maxing aover the cily, und (3] the Nashville
and Galtatin phemes mived downwind of the city.

4.1, Gallatin plume wpwind of the wrban orea.  Both the
hwelenptar and the G-1 performed -5 travemses af the Gallatin
Plumse 25 to 3 km southwest from the power plant near the
northeon cndl of the Percy Priest rescivoir. At this location e
plume: had nad yet reached the eustern fringe of BMashville, and
the high 50 bevels accompanied by the absence of sgnificant
excess (O abowe the background, sugeesting little urban influ-
ence at this poinl, confiem that this plume is clearly domimated
by the power plani ar this podeL. Peak concentrations from the
21 at this distance were the folbowimg: S0, = S, WO, = 13,
NO, = I8 and 0, = 130 ppb, Despite the relatively shard
distance from the stuck, the cvidence indicates that plme
emissions of NO, had reached photochemical maturity, the
photuchemical age (NO/NO, b measured by the TV A helicop-
fer had reacked 0.7 to 08, and the exces cmone was masiadzed
al the plume centerline. The srong photechemical reactivity
on this day, ihe light wind speed. and the relatively small size
of the Gallatin MO, source (300000 Tiyr) all contributed o the
phatechemical maturation of the plane 4o clase to the souree,
The slope of the O, versus NO, plol from the G-1 sxmpling of
the Gallatin plame ag 25 km was 76 with = 96.5%, NO,
represemts & porton of the reaction products of the eSS
that forms the excess vpone. Therefore the slope gives an
indication of the efficiency of ozome {more czone molecules
per MOy observed). The shope of 7.6 is faitly tvpdeal For orone
production. Valees as high s 10 or 50 are sometimes seen in
very highly ozene productive plumes. Ten kilomeicrs farther
dowenvind, @ the plunse approached the edge of the diy, the
TVA helicapter found that neardy sll the NO, Trom Gallagin
had been photochemically consumesd and that cenlerline omne
comccnirations were Boginning to drop off, Cleardy, the Gallg-
fin plume had reached photochemical mafurity before reach-
ing the city. Although this oecurred o relatively short distanee
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from the plant, the travel time imeolved is cstinsated at grenrer
tluain 4 haowrs based an the Bowndary laver wind profiller daty )
plume heighi

422, Mashville and Gollatin plomes mived over the cliy,
The infusion of urban cmssias rekindled the szose produc
tiod photachemisiry as the Gallatm plume drified sputhwess-
ward &eross the urban area. For exomple, the S0, panel in
Plate 3 clearly shivs it centerling position passing just south.
st of the wrban center, This broader plume, now 5 mixtse of
aged Gallatin and relatively fresh Mashsilbe emissions (see the
MO, pancls in Plate 3), was samipled M-8 by the TVA helicop-
ter and on a NW/SE dingonal by e BNL G=1. Qzune levek
inereased again o near 135 ppb in the center of the combined
pPlume immediately dowiwined of the Mashwille traffic loosp (In-
terstate-d4l), less tham 5 km from the downtown district
Crzone remained an these levels for i distance of abaut 40 km
10 the southwest and then droppesd off rather abrpdly. 1 s
clear, by reviewing the S0, and ozone patterns of Plate 3, that
the higher ozane levels appenr where the aged power plani
plume extensiwely ovcrlapped the urhan plome, Other maxi-
mum levels sbazrved aver the clty were 50, = 15, 00 = 425,
My, = 22 and NO, = B ppbv, Over the wrban anea, caleulated
NOLNO, ratios of as bow as 0.4 o 0,5 were fand, consistent
with mistig in of fresh N0, emissions froam the city, As in the
Callatin plume, 3 siguilbcant depression in total peroxide was
observed in the plume center. In this instance, edge conecn-
trations averaged 7.5 ppb, and plume conter total perods was
abiout 2 ppb lwer af 3.5 pph.

The O, versus NO, plots for the mined plume prenides
useful informatson. The plot shows nonlinearity with the slope
Mattening at the urban plume center, The average slope was 5.4
with r¥ = 92 7%, showing surprisingly little scatter consider-
ing the convplixity of the plumez, Czone correlated Fairly wel
with O (slope L2, +* = B0 ), consistent with the increas.
ingly urtvam character of ihe plume. As observed for the Galla-
tin plume alone, the mised plame tended weward YO limita-
Eicm at the plome center and MO, limisation at the cdges.

423, MNashville and Gallatin plomes mixed dowewind of
the city.  Both the belicogter and the G-1 observed the mived
wrban and Gallutin plume, with maxdmem gzons oomeenlo-
tions of near 135 ppb (65 ppb above the regional backpround)
extending from  few Kibomaters downwind of the center city tn
abour # km dowmwwind. A broad 50, maximum (the Gallatia
plume) is clearly seen supcrimposed on the urban plume and
coinciding with the mazimum ozone kevels, A very important
and difficult challenge is to determine how much of this cxcess
e s due b Mashvilks urhan einisssoas aned b much is due
b emissin from the Gallatin power plant. 18 s stressod tha
the analysis which follows is only an cstimote and that it is
difficuli 1o provide uncertainty estimates for the caloulations, If
wa assume that S0, g a comervalive frecer of the Glallatin
plumbe, then we can estineats e respective contributions of il
power phant and of the whan area o the maximum excess
azeme im the combined plume ot varioes distances dowowind.
Two different approsches o making this estimate arc pre-
senfed

The first approach s use the demnwind changes in S0, 1o
determine haw much the power plant plume has been diluted
from the point ot which it stepped producing orone {fortu-
itously necurring just ugwind of the city on this day), thereby
finding an upper fimit 1o the power plant ozone present in the
comprsie plume dowmwind of the city, Exccs S0, concentra-
tsons of 14 ppb ibove: background were measured by the TV A
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Plate 4. Apportionment of plume centerline ozone to source types for July 11, LS5,

helsopter fiv the comiposite plume centedine 20 km downwind
of Washwille, This compares with an excess 5015 of 50 pph at the
Ciallatin plumse centerling at the point whers it had essentially
exhaugted s opome forming potentzal wpwind of the city.
Therefore, assuming that the power plant czone is simply be-
ing diluted from this point orward (i.e., ignoring deposition],
ihe power plant’s contridution to the axoss aaone in the com

posite plame at 20 km dowawind of the center city is no more
than 14750 of the excess ozone (65 pph) found i the mature
Cialtatin plume centerine 25 1o 30 km dowewind of the power
plant. This supgests that ar 20 ke from Nashville af the beg-
ning of the ozone maxinnm in the urhan plume abowt 17 ppk
of the excess ozone is due o Gallatin. lesving aboat 48 ppb
derved from the urban plume. The wncertninties of thiy anal-
yeis are admittedly difficull be qoantify and stem from the: Facts
that the czone i probably depasiting faster than the 50, that
the flight eracks viekd traverses that are nod stricily Lagrangian
in character, that the boundary laver is changing bekght a5 the
day progresses, ste, Because of these difficulties, we alse used
another approach as described below o attempt to provide
amether estimate of the wrhanipower panl czeae appoTtion-
izl for the mixed plume.

The second appioach o addrecsing this same quesison wes
the rats of excess NO, (o exoess 500, in irsverses of the power
plant plume upwind of the by, This ratio and the measured
&0, in the composte plume are used o determine the power
plant coutribution toe the N0, and heace te the ozone present
in the comprsife urhan and power plant plume, A plet of
excess O versus excess S0, in the Gallatin plume aloe ram
the G-1 data yiclds a slope of dINOLA50), = 0,121, The peak
8015 in the composite wrban power plant plume measuned by

the G-1 is about 15 pph; therefore the maximum power pant
contribution fo the MO, i@ the comgposite plome is expected to
be 0,121 % 15 = L8 ppb. Since the ozone to MO, ratio was
near B3 for this plume, the owone due to the power plant
would be expected to be near (8.3 % L3 pph) = 15 pgb. This
is quite similar 1o the 17 pplb estimated froam Lhe first approach,
This appeoach also hes uncertaintics deriving from varying
deposiiion rates for MO, species. different 0L N0, relation-
ships may exist for the backgronnd, power plant, and urban a&ir
parcels, amd a possible change from NO, contrel o VOO
comtrol as the plume advances from hackground to power plant
to the wrban area. Meveribeless, it & encouraging to ses that
two different techmiques based on rather different nsumplions
yicld similar estimates of urban/power plant ozone Sppoion-
ment in the maxked phums.

Applying the above analyss lechnigue fo the helicopter
plume mensurements al various distances from the emission
soirces, we procesd to apportion the ooone obscrved 1o the
power plant and the wrban area, The results of this analysis
(Plate 4) show that although the plume cemberfing concentra-
tions were aboai the same (130 pph) 10 kot wpaind and 30 km
deermwing from Mashille, the esuses of ohasrved extess arons
were decidedly different. As the diluiing mature power plant
plume merged with and meved through the city, there was a
chear changs from dominance of the observed centerling oaone
by the power plantl 1o dominance by the urban sounce,

43, N, Versus VI Sendilivily

The peraside 1o MO, ratio has been proposed as an indica-
bor of VO versns MO, sensitivity [Sillwia e al., this issue].
Plate 5 shows n map of the wtal peroide o NO, rato in the
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Plate 5.
data

Nashrille area from the BNL flight of July 11. In interpreting
this information it is important to siress thas this map repre-
sents 1 kriged ficld dersved from the Right data and prvides
less than ideal information whese data are sparse For exasm-
ple, the gap in the deep blue section of the plume shat oceurs
southwest of the city is an artifact due 10 sparse data in that
ared. Mevertheless, the evidence suggests thas the hackgroend
air and the fringes of the mised urban/power plant plume are
NO, sensitive but that the core of the plume is VOU sensitive
as well These observations are consistent with the abundamoe
A€ natural hydrocarbons in the regional background air and the
ahundance of MO, in the core of the mixed plume drifting
ncroes the arban areq,

5. July 12, 1995

Chn July 12 15995, the pround-hased azone monitors in and
around Mashville recorded some unexpected results most of
the suburban and roral sations recorded affernoon ozome
maxima of less than 9 pph; however, the downbown station
rocorded over 13 ppb in midafiernoon, the highest ozone
levels of any station during the § week stady (Plate 1) This
result is surprising for two reasons. First, with the relatively
dense network of momitoring stations deploved for the Mash-
ville 5085 intensive, & 50 ppb difference in peak afternoon
ozone berween the highest nnd second highest monitoring sta-
tens in and areund the urban aren was not expected. In addi-
tion, it wad surprising 1o sec the kighest ozone levels in e
center city whese titration of ozone by fresh MO emissions is
fypically ohserved throughout the day,

51, Meteorological Discussion

On July 12 the sesthern bobe of the hiph-presure system
drifted eastward o0 New York and Pennsylvania, while the
southern lobe remained over the Tennessee Valley leaving the
ais of the ridge orieated from southwes o northeast. The
ridge was very broad, and pressure gradients were very weak
over the study area. July 12 was another hot day in the Nash-
ville aren with very haey skies and high insolation. Winds con-
timsed to be very light over the area with boundary kaver wind
profilers showing little air movement during the dnylisht howrs
Profiler winds up to 1000 m were penerally less than 2 m =

Total peroxide 1o MO, ratio for the afternoon of July 11, 1995, Map interpolated from BML G-1

from midmerndsg through midafternoon. Misiog beighis mse
capidly from around 5060 m at 1006 CEOT wntil noon then more
slowdy until maximam boundary laver deptls was reached at
ubput IS0 COT approsimately 10 moat the New Hender-
suiville and Youwth, Inc. sites and 11000m af the Dickson site.
As on the presious day, the more rural Dickson site showed a
loweer mixing Beight than the urbanfSubarban sites.

51 Flight Resulis

On July 12 the TVA helicoptes performed in situ ITansects,
and the NOAA Casa 212 performed remots ldar sensing over
tse Mashville urban arca. The urban plume showed very liitle
transpost with  skhight drift towsrd the south smutheass, The
wind profiler data and the ground wind monitors confirm that
winds were nearly stagnant on the afternoon of July 12 with
miost bouadary layer observations showing less than 2 m 5"
wind speed. Although the boundary layer winds were ex-
tremely Light, the change m wind direction from northeast te
previous day to morth northwest on July 12 prevented the
Callatin plume from mixing with the urban plume on this day,
This presents an exeellent opportunity to sudy the ozone for-
mation in the isolsted urban plime and o compare oeone
formatin to the mized plume of Tuly 11,

Flate & depicts the aftermaon mixed laver observations from
the helicopter. providing a detailed image ol the primary and
secondary photochemical poltutants and revealing several jm-
portant facts The ozene panel shows w dearly defined oznise
bulge over and just downwind of the city compared b back-
ground levels, Owone concentrations within the urban plume
peaked near |40 pph, wheress the background air concenira-
tions upwind of the city were only &0 1o 70 ppb. The dimen-
simns of the plume were chearly identified by the aircrafl and
mnefit discussion, The ozone plumc 8 only about 1 Ekm wide
and extends mo more than 20 km from the cemter cty wherne it
ends guibe shruptly, In face, the yradient in ozone st the east
and west sides of the plume appears similar to the gradiant o
the southern end of the plume, Plate 7 shows the ezone data
for several heights from the NOAA Cas 212 mapping the
wertieal extent of the ozone bulge through the boundary layer.
The NOAA lidar oeone maximem is nof quite 33 high as the
hebicopter agone masimum, but the Right iracks and times ane
ol ideiitical. The NOAA lidar aireraft crisscrossed directly
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vl thie center city, and the maximom aspne in e plome s
dlightly sowth of the city ax shown by the holicoplen raverses
Both the beleopior amd U Bdar amcraft shos elesaied oemne
lvels o Ll Maslivills vieniny. bar I|I|i|||||'|il|i'-1:' AEMTIT w00
are mol appregr e due @ the ditferent ﬂ:j!hl iracks and tmmes
vl arbraereal i

I ke '».I',h;.'ihl.l.'l.| MO, measurements reveal the cloimpcil [Rims-
formuatinns sccurring withim the urban plunee, The spatial oo
relution between aesne amd MO s immediitely apparent b
comparing these twoe pancls i Flaie b The primury eminssons
Tron Nushville are suggested in the NOY panel of Plale b bl
the MOY reacos gway s gueckly that the PO, anad S5O maps
;il.f u hetier visualiation ol the primany Cmissions s arca
Anisther apparent sonrce ol MO wie deteeted nortlweast of the
cily near the Duicant county e coloeiding waih the location
of the DuPonr Bayoin Ciy plin) Mk g|u|-|h.1 ML) was quile
by saath wipriod congentrations genenilly mech less than |
e, The MO panel sl reveals low hackgroamil spmand kevels
il ekvailed MO i||.1p--.'.|:i||;|; wver el just downwingd ol the
cine. Spatial disiributsa ol e emmmston peodiscs HME,
andd MO de ot stmular e Wil ol cemie. aimd e ikps for £,
FEMEE, aned O elsarly analicats: (s cligpe aisl extent af the
ity plurme. [0 e alsas interesaime o noie et concentrations
al the terminntion products are peaking omly shghtly Gortlic
dawrwind thar the MO and MO, g resaltad bigh photochicm-
il reactivity and vere light widd specds. This the arbun
plume appears oocnad abroply just south of the Diyvedsen
Coniiny biuimlary,

Durinp Tlui= ..|.|:. ul The ismne episode Lhe regulatory aeone
roniters misscdd reconding the high levels that aeccurred. The
divamtesan rescarch stafian § i part of the rsitine regulaiom
netwinrk b was the anly ground stalhsi 1 wses impscisd Byoihe
plume o July 12, causing the anoimabously high opone cones
ceatration, The small sice of the plums combined with the
Limineed mumibeer ol surface mamiiors redoees the probahbilin
thiat the metwark swill siciually record the highesl existing ozone
concenirations. Thoere is mo simple solution fon thes poablem
beciuse i netsork sufficiently deise woguaninies detzctiog ol
the plunse nuashmuaim ozong on this doy woisld be prohibitively
cupensmve, For ibis resson, o is abo prudent for maodelers
comparing meadel outpud with reguliiory fickd dati 1o bear i
minl thit mianitering netwiosrks are prosbably underssumanng
the maximum aeone conceniralions s eguency of slevared
levihs thal are actually occurnng i a regsm, sEnstimes by a
swhstuntial margin,

How muely of the aeome and precoraors present in the mea
sifed |'||||I'|I|;' i Ty 12 camie frown Bashyvalle, and s minch
cume Troeme sowrces wpwind or locally generated adose recine-
lateel from previows duys? Midboundary laer ozone concen-
Frations within the core of the urban plume were s moch as T
pirb higher than @ the same altiide ouisule the urhan plume,
With b revised ozone stimbard e w820 ppb 8 Bowr average and
Ir.y;l.qgrmuu.l levels as figh as o4 o T pphe duoring U cprandes.
it is clear that the combimatson of clevites] Backgrmimnd aisl
local oeone s likely we brng kevels alsowe the concentrmiom
lemnit for the new standard. The spotial dissribation maps of
(IR TR R CTH T PR I ik indicate the importunce of local
enirees in this |.'|1|qu|.' | pwimd af the urbin area the procur-
w00 poncentritsens were very low, and nol antl the an Phimved
vt the sowrcc-nch arban comples didd e cseoss, o2ong-
producing photochemisiry accar, Elesaied levels ol e and
jrecursiis abserved i Mashville on oy 12, 1995, were o
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warmbimitiom of substantial ameunis of “home grmvn aoikg,
achied imier an alresdy elevatcd backgioun wir matris

Phe limited spatial extent of the Nashville plume elucdates
|.j.ri|| side aelection for regional modeling, Grod s g_l:du:l]
viwacard simulating urban oeome cpraslos neesl o be carstislls
recvaluatcd wii the lsghit of these observations, sspecially for
vities similan 19 Masbville, A 2-kme grid cell could contan 1he
enitirg urban plume an Tuly 12 including beah fringes, the core,
as well an o sarsble amsunt of huckgromnd air, rones with
distinctly different chemistry. Chearly, a Tiner grid sproctune 41
ki, c.g ) is more approprate o mods] Ces ovps of worst case
appny cpiside lar Mashiville and likely for ather moedim- T
Large-size vitees as well,

h.  Comparing Ozoence Formation in Urhan,
Power Plant, and Mixed Plumes

Wihat somilaritics und differences ore nisted  between The
ek p|-|||1||.'. Lhe st pliamt plume., and the msed p|'||r'|1|.'i o
Jule 11 wnd July 127 Dy order o plas these comparnisons on an
cyul tepting it is impuertant e comsider Tirst that as a plume
aves chemically, the midure of weone. precursors, and pliato-
chemivcal reaction prsducts changes dramatically, Frosh
plinbcs contaim musch MOE (primarily as MO bat Bitlle and
cven neptive e aboyve buckgiound. As the plume ages und
mwsre ol The WOY s processed through the photochemival cpele.
e HicTeises, MO, dreops and MO compomnds ssch as FAN
ard mitric scid increase. AL some poinl e plomes hecomes
“lrurned o o manne, ol lingde additional azene 15 pro-
duced, The plume is then primarndy eiduiireg amd deposiimg a
it b advected by the wend. See GGillied er al. |this izsuef for o
detatled discussm of the photschemical aging procos o ob-
sepeed imthe Mashville 505 study, T lunther comgdicane the
picture, deposation of afl specsss occurs ol different and varving
rales depending on chemical praperiies of the spocics, Larbii-
lenie, grisumd surface wpe. and whether of nol L pliene is i
contact with the grouod [¢p, Miepuw er al, P92 Wee all.
192 The wooneept of photochemical age. the Traction of the
nifragen asile species that are sheervel as reaction lermin-
tion products. (NO NG ar equwalentls (1 — MO N, ),
fielps 1o clanty the analysis. By arganiamg data [nom Trasenses
of differemt plumes and diflercm days by chemesal age, more
meaninglul comparziois may be peifomed

Mare 8 shows TV A heleoopier data on exeoss ozone [ormea-
pion (orome + WO, above backprowmd NO, above buck-
prowid b, abbirevianed A0 AN versis chemical age. mea-
sureed ar the sane time for e urban. power plant, and oised
plume tvpes stodied on Juby 1] and 12 Seversl imporiani
lweels ol e photochenticnl progessing are revealed by ths
il a pEesentation At photechemical ages al less i ulwmin
L4 there is ligtle cxcess vrone per modccile af NO, present for
any of the plume types (30 ARG s abowt | or less). As the
photeche mical age increases from aboul (14 10 ki 0.7, 1he
plumes are actrely produciing seoise, and the 308 AN, s
chevaree. Ar phhun:lmﬂi-.al apes T LT to about 0% 1he
plames are well aped. T e e pea) il chemical mymiry
that the most meanemghil comparsons may be made ameng
U plumes, Facuising on the paints st clemical maurity (SO
Bl Ak Ty, the Tulby L0 wrban, posacr plant, and mased plomes
show very samibar o -MO g latsenships with mas) values ol
AD AN bcvween 5,00 und 7O There is a suggestwn That the
ceniraid of the cluster ol power plind daty posints o slightly
ahove Wit of s mnsed plume pasines, bl there is substantial
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Plate 8 Rt of cacesd azone plus MO, (o excess MO

Ceallatin poewer plant plumes, phetted as @ fuscison of p
and 15k TWA helicopier data

scatter af the dota, The pure urban plume data from July 12
alsor sl A0 (ANO, mostly between 3400 und 7.0 st chemical
mikuridy. overbapping these of the mixed and separate plumes
of the previous day. However, there is obso a anrly large mom-
e of data points i the matere, isolated urban pliomse {phis-
tochemical age above 07) with S0 AN the range from
00 near QAL values largely absent the previows day.

T. Summary of Findings

During the 1925 Nashiwville 505 siudy the highest ozone
concendrations abserved oecurred when very light winds and
high solaf fadiaton created an air stagnadion episode highly
fuvarable for photochemical ozone production. Extensive air
crall sumpling «of the plume wsing both im0 siin amd remore

observed for isobated and mined Mashville urban and
holochemeczl age for July 11 and 12, 1995 (Aights 14

wCnsing ||.':'I|:|i|;||.||."-. ru-n'nillml |h|.|me.|gl1 mapping of s peo-
graphic extent. Becanss of the very light winds, the Mashslle
plume comsisted of an unespectedly small intease blob rather
than un elongated plume, The entire urban plumc in midalier-
noedn meksured only about 18 Km wide by 20 kmoin length, Two
impontant consegueness ol thes phenomenon are thal aperal
INg regulatory mokitors massed peak seone occurences sl
teat asoslclers wmay meed W ouse smaller grid sizes for urban
plumes from citbes such as MNashville, especially when modeling
wisrsl-Cass gpiandes.

e aircrall thights data permitied a quantitative comparison
of the concentrations upwind and dowmaind of the city, and
amalysis off thuse data i dhe light of the mew MNAADS For opsne
lead o somse important indings, On Jaly 12, fer example, the
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duta show that boundary laver air fowing oo Bashville con-
tasned fl 1 7 ppboof regeonal background opone ami that the
wurkinn aren added as much as MY additional |1-|.1h hrimging the
core oof the urban plume core up o 140 ppl avose, Plate 4
shows a somewlal amilar siteation on the previsas day with
'-.Iig:'hll:. lower concenirations batl with inlerncting urban and
power planl emissions, The pewly promulgaied MAMDS for
oo in the Unived States b set ai the level of 80 ppb, & hour
wveTuge, l:lun'ug: this stagnation ¢|:|i:-.-.1-|:||.'. hackgroumsd concen-
tralions i Che mid seuth serc only W o 20 ppb less than the
fevel ot the new standard, Clearly. there 5 a strong likelihood
that the azonc additions from the Mashyvlle plume {or from a
caly semtila i sige amd cmpssons mix to Nashalle) dunig »
sUMmE rime stagnatien episoibe such as this will case ozone
levels b rise above the level of the B ppb stamdard.

In the lght of these observations, abatemsnl strategles for
stagnation epssodes under the new standurd will need io care-
fully assexs the relilive comtribeliens from corrend day ool
s, the previous day's bocal and sabregional emissions
{which esntriate 10 the subregional background), and the
longer time. longer range transport background inflecnee. Ina
companion papet |[Bemin e of . this ssug] we ivestigats in
detail the apportionment of the measured orenc levels o these
sonrie influcnces bor several dags ol dhis same sLagnalsm cp-
isode,

The Fl|II|TII: Fromm & small prweT '|1||unl lscaled anly 40 km
Froam Masbwilbe was abserved o reach chemical maturity belore
it meached the ciny aoid mised with the arban plome doring the
episade {July |1, Winds were very light, and Ernspor time 1o
ity wins al least 3 howrs despite the shon dstanes from
the plant. Compurisons on the same doy of ozone-NOK, rela-
Lionships [normalized for photochemical age) boraeen the ma-
e small power plant plunee @nd the moeed plume (dominal-
ed bw the urban cmissions) showed very similar values. Plhumes
from Larger power plants would not necessarily be copecied 1@
shovw similut behavior. See Gillusn o ol [this issiee] for an
in-u,l-u.'p111 ;nrnp.in'-ﬂ,m of large and small poower |1|.ar:|:- fisr &
varcly of sampling days. On the Tollwing day he solaed
urlan plume was found, on average, w exhilt slighily higher
rities o eRcess adome L excess N0, Assessment of WO, S0
indicatior species suggeds Lhal the backprowsd a5 WO -
sensitive. whereas the core of the urban and mixed plome is
likelv sensitive 10 bodh VOO and MO, levels. Anahsis of the
chemical composition ol the drban plume slows that during
tleis eprsode the plume reached photoche mical maturiy before
truveling vory far from the oty and that upwind sonmeocs cone
trbuled ondy modestly 1o the elevated levels of ogene and
precursers that were observed

Profler data shawwed that boumdary Liver winds, althowgh
very light durng the daylighil s, ineecascd sulsiamilly
during the might. leading to mciurnal spreading and strelching
ol the previous dav’s plume ahove the moctumal inversion. This
s Lhe reason Hat each diy of the ¢prods appears tobeginwith
o relatively “clean date,” This also explains, i part, the rather
ubirapl omd of the plome downwanad of the ciey in Ele afternooi,
The wbrupr codd of the plume in the aftermoen prishahly rep-
resente the air that was awer the city when the morning slow-
chvn im the Boumdlany layer winds bepan.

The ita ser esllecied by the SO05 investigalars in Maslwilks
prowides a defailed kok @) the geographical extent and the
chiemical composition and dymamics of wrban and power plant
pluimes i the region. This work represents the beginning of a
detailed analysis peared toward developing an improved un-
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derstanding of plediochemical ozone production. Finally, this
effirs shevws Lthe valug of collaborative scientdic lield measuie-
ments fmom multiple airborge and serface platforms in devel-
opiig o akore complete picturg of the chemistry and transpori
ol phnrn:hn:m'u;:l ¥, in the troposphere.

Nchmmeledpmenia,  The amthors are deeply indebeed 1 all the peo
e il gl Do, Low by im Dhe Masiolile 1994 and 1S clforts.
A few deserve special mention: Ellis Cowding amal the 506 Difiee of
Lhe Dhirector, Doy Thuke, Tanny Ciaurney, Richard Cidlingham. |EI:n
Hereng. Jim Hdll, Bul Imbsoll, Loy Momis, Bl Parkhars, 'I'rln
Konaidin, Jisnn Scarbrough, Elthur'.'i'rlurh'. Stevers Avialim, and Myra
Temdrix Valente. This ressach is part af the Sowihcrn {hidams Srudy
(50041, a collalwiralier mniversaly, govermmment, and privale indusiry
atiidy 1o lmepieove sclemtife undentanding of the socumudation and
eliectsy of photechemical oxidapds, Financisd and in-kind sappo jor
008 resnrch sl aseesament sdivities s poovided by the Envinon:
menlal Proecdion Agoncy. Matons! Ovesnic and Ammospheric Aad
miniruison, Depariment of Eoergy, Tenrswsee Yalley Authosy,
Floctric Power Resasrch Insgitule, The Southern Company, Coordi-
maling Boscanch Comnal, and he Stases of Alabama, Fiorida, £eorgin.
kenmucky, Lowsisns, Mississippi, Menh Caroling, Souil Carséma,
Temmessee, ard Texas Alikough the mescarch desoribsad in i arils
haes boon Tumded whally or mopast by (e Ensaoniatal Frolcetion
Agency wider assilance ggreement CREITIEL o Georgia Instilvie of
Technokogy 10MNALL i has nid been subjectod 1o the Agency’s peer assl
adminidrative rovew. sml therelore min m necessanily reflecs the
wigwe al rhe Agency, and no ofticisl endorsement should be imlerred.
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