






episode [Seaman and Michelson, 2000]. Low surface mois-
ture is a contributing factor. A west to east decrease in
boundary layer height is consistent with lower heights on the
east side of the Appalachian lee trough. NOx which is a
primary pollutant is narrowly confined to a 10 km region
near the Delaware River. As shown in section 4.7, this
similarly confines the region of high O3 production rates.
[44] Figure 16 shows trace gas data from the 870 m

transect in more detail. The narrow NOx and SO2 peaks, one
of which coincides with a titration dip in O3, appear to be
due to nearby point sources. These peaks are superimposed
upon a high background of NOy, SO2, and CO, which in the
latter case is evidence for a traffic-dominated urban source.
Within the O3 plume, total peroxide decreases by 40%,
similar to other urban plumes [Jobson et al., 1998;
Weinstein-Lloyd et al., 1998; Daum et al., 2003] and
suggesting VOC-limited O3 production.

4.7. Afternoon P(O3) Calculations

[45] On the 31 July afternoon flight, 10 VOC samples
were collected during transects of high O3 areas along the
I-95 corridor. At those locations we were able to assemble
the inputs of the CSS model and calculate P(O3). We also
determined LN/Q, which is the fraction of radicals removed
by reaction with NOx. Although P(O3) depends on radical
precursors, NOx, and VOC reactivity, the single variable LN/
Q semiquantitatively captures the sensitivity of P(O3) to its
precursors [Kleinman et al., 1997; Sillman, 1999; Sillman
and He, 2002]. LN/Q takes on values between 0 and 1, with
a low value indicating NOx-sensitive O3 production and a
high value indicating VOC sensitivity. Equal sensitivity to
NOx and VOCs occurs at LN/Q = 1/2, and a ‘‘ridge line’’
where @P(O3)/@[NOx] = 0 occurs at LN/Q = 2/3.

[46] Locations of six P(O3) calculations in the urban box
are displayed in Figure 15. One calculation was done in the
Delaware plume, and three caluculations were done on the
northernmost transect near Bristol, Pennsylvania. Results
are shown in Figure 17. Although P(O3) depends on NOx

concentration, VOC reactivity, and radical production rate,
most of the variability observed in our plume samples is due
to differences in NOx concentration as can be seen by the
smooth variation in P(O3) over the 1–13 ppb NOx range.
Over this concentration range the photochemistry changes
from low NOx to transitional to high NOx as determined by
values of LN/Q. Six samples labeled ‘‘low NOx’’ have LN/Q
between 0.08 and 0.22, three samples labeled ‘‘transition’’
have LN/Q between 0.47 and 0.55, and the single ‘‘high
NOx’’ sample has an LN/Q of 0.91. The curve is merely a
quadratic fit to the 10 data points but serves to illustrate the
feature that maximum P(O3) is expected between the
transition and high NOx samples at an LN/Q of 2/3. Shaded
symbols distinguish samples with high SO2 concentration
(14–28 ppb) from samples with low SO2 concentration (3–
6 ppb). Data labels indicate O3 concentration.
[47] The four samples with the highest P(O3) (22–

28 ppb h�1) are seen to have high NOx (4.5–13 ppb) and
high SO2 (14–28 ppb) concentration. As a set these four
samples have nearly the same average VOC reactivity and
radical production rate as the six samples with lower P(O3).
The difference in P(O3) is thereby due to a higher NOx

concentration. Table 5 summarizes some of the differences
between high and low P(O3) samples. SO2 is a tracer of utility
and/or industrial emissions, while anthropogenic VOC reac-
tivity, CO, and C2H2 are tracers of urban area sources. From
the high to low P(O3) tracer ratios we can see that the extra
NOx in the high P(O3) samples is associated with utility/
industrial emissions, much more so than with urban area

Figure 16. Trace gas and aerosol concentrations measured
in the urban box at 870 m altitude on a transect of the north
Philadelphia plume between 1351 and 1357 LST. Location
of the Delaware River is noted. Triangles show locations of
VOC samples. P(O3) calculated at those locations has units
of ppb h�1.

Figure 17. Calculated values of O3 production rate, P(O3)
versus NOx concentration for 10 VOC samples collected
on three transects of the north Philadelphia plume on the
31 July afternoon flight. Solid symbols have high SO2

concentrations (14–28 ppb), and open symbols have low
concentrations (3–6 ppb). O3 concentrations are indicated
next to data points. Curve is a quadratic fit through data
points. Labels ‘‘low NOx,’’ ‘‘transition,’’ and ‘‘high NOx’’
correspond to ranges of LN/Q as described in text.
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source emissions. The surrounding urban area supplies suf-
ficient hydrocarbon reactivity to maintain a high rate of O3

production.Ozone production efficiencies in these plumes (as
determined from the slope of a graph of Ox versus NOz) are in
the range 3.5–4.5 ppb O3 formed per NOx molecules con-
sumed. This efficiency is comparable to that observed in other
urban plumes and in power plant plumes in high-isoprene
areas. Lower efficiencies are observed for power plant plumes
in hydrocarbon-deficient regions [Ryerson et al., 2001].
[48] The high P(O3) samples have an LN/Q which puts

them in the high-NOx or transition categories. With one
exception the high P(O3) samples have the highest O3

concentrations. As the natural progression of a polluted
air mass is from high NOx to low NOx, this indicates that
episode levels of O3 are being reached under VOC-limited
conditions. Under VOC-limited conditions, formation of
peroxides is suppressed, which is consistent with the per-
oxide minimum shown in Figure 16 and also observed on
the other plume transects. Considering the future time
evolution of the high P(O3) samples, eventually, the con-
centration of NOx will decrease to the point where low NOx

chemistry applies and the last bits of O3 will be formed
under NOx-limited conditions.

5. Comparison With July 1995 Episode

[49] The 27–31 July 1999 episode was unusual in that the
peak O3 concentrations observed on 31 July were due in
large part to stagnation occurring on that morning. It is more
usual in this region for O3 episodes to occur under con-
ditions that favor moderate transport along the northeast
corridor [Schichtel and Husar, 2001]. The mid-July 1995
O3 episode in which NAAQS exceedances were recorded
over the northeast corridor between Washington, D. C., and
Maine falls within the latter category. Meteorological con-
ditions leading to the 1995 and 1999 episodes were similar,
although the 1995 event featured a more robust and north-
ward extending upper air ridge that led to a number of
boundary layer effects causing more sustained and wide-
spread high O3. In each case the geographic distribution of
high O3 follows the location and development of the
Appalachian lee trough.

5.1. Meteorological Conditions

[50] Both the 1995 and 1999 episodes began with an
upper level ridge over the central United States. In 1995 the

ridge moved steadily east-northeast with its center moving
from northwestern Oklahoma on 11 July to Indiana by
14 July. In 1999, in contrast, the ridge nosed northeastward
only belatedly late on 30 July. The upper air ridge at the
onset of the 1995 episode is stronger and extends farther
north than in the 1999 event. Near the peak of the episodes,
height gradients in the mid-Atlantic region associated with
the ridge were weaker in 1995.
[51] As a consequence of the ridge positions and height

gradients, boundary layer ventilation was reduced in 1995
relative to 1999 (except for 31 July) and winds were more
westerly as indicated in Table 6. With the ridge located
farther north in 1995, convection over the mid-Atlantic was
strongly suppressed, whereas in 1999, intermittent convec-
tion moderated the buildup of O3. In conjunction with the
upper level ridge building east during the 1995 episode the
boundary layer is characterized by the westward extension
of the Bermuda high at lower levels [see Ryan et al., 1998,
Figure 2]. The 1999 episode had a more persistent trough
over New England which did not allow the Bermuda high to
build west.
[52] Weaker height gradients during the latter stages of

the 1995 episode encouraged the development of mesoscale
features that are weaker, or not present, during the 1999
episode. During the heart of the 12–15 July episode, on 13
and 14 July, supplemental radiosonde observations identi-
fied a nocturnal low-level jet (LLJ) along the coastal plain at
�160–670 m above ground level with peak winds of 11–
16 m s�1 [Ryan et al., 1998]. The coastal LLJ is frequently
observed during high O3 periods because of the weak
synoptic-scale forcing usually associated with pollution
events [Ryan et al., 1998; Clark et al., 2002]. The nocturnal
LLJ may be a key mechanism by which pollutants are
transported along the mid-Atlantic corridor into New Eng-
land [Ryan et al., 1998; Seaman and Michelson, 2000]. In
the 1995 episode, O3 concentrations in excess of the
NAAQS were observed from North Carolina to New
England [Zhang et al., 1998; Seaman and Michelson,
2000]. In contrast, in 1999, stronger synoptic-scale forcing
resulted in more sustained northwesterly winds and sup-
pressed the development of the LLJ. This, in turn, limited
intraregional transport and the northward extent of the
region of severe O3 (W. F. Ryan, Discussion of the 1999
ozone season, 2003, available at http://www.atmos.umd.
edu/�ryan/summary99.htm).

5.2. Imported O3

[53] The analysis of the 1995 episode clearly showed the
importance of a pool of O3 in the residual layer which
contributes to O3 maxima later in the day when mixed down
to the surface. This conclusion was based on direct obser-
vations in the residual layer during early morning aircraft

Table 6. Comparison of Boundary Layer Winds for 11–15 July

1995 and 27–31 July 1999a

Year Pressure, mbars Speed, m s�1 Direction, deg

1995 950 4.2 258
1995 850 4.4 265
1999 950 5.6 320
1999 850 7.6 312

aVector mean winds from Dulles International Airport, the closest
National Weather Service sounding station to Philadelphia.

Table 5. Ozone Production Rates, Precursors, and Tracers for

VOC Samples Collected in O3 Plumes During the Afternoon

Parameter
Low P(O3)
Subseta

High P(O3)
Subseta

Tracer Ratio,
High/Low

Number of samples 6 4
P(O3), ppb h�1 12 25
NOx, ppb 1.9 7.2 3.7
Radical production rate, ppb h�1 4.1 5.2
Total VOC-OH reactivity, s�1 6.2 6.4 1.04
Anthropogenic VOC reactivity, s�1 1.8 1.8 1.00
CO-125, b ppb 199 280 1.41
C2H2, ppb 0.53 0.71 1.34
SO2, ppb 4.5 20 4.5

aAverage value over a subset; see Figure 17 and text.
bEstimate of CO background from CO versus C2H2 least squares

regression.
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flights [Ryan et al., 1998; Zhang et al., 1998], surface O3

time trends, and photochemical modeling studies [Zhang et
al., 1998]. It was estimated that an air mass that reached
peak O3 concentrations of 150–185 ppb started the day
with 80–100 ppb of O3. We reach a similar conclusion for
the 1999 episode on the basis of morning aircraft observa-
tions NE of Philadelphia and on the basis of the morning
surface O3 observations.
[54] HY-SPLIT back trajectories calculated by Ryan et al.

[1998] for the 12 most severe O3 episodes in the Baltimore-
Washington area during 1995–1996 (including the mid-July
1995 case) indicate transport mainly from the west or
northwest with a variability that would include the 31 July
1999 case. Most of the trajectories pass over the Ohio River
Valley, but some, like the July 1999 case, receive their
pollutants from farther north (i.e., central Pennsylvania and
northwest to the Great Lakes). In both 1995 and 1999 the
residual layer contained high concentrations of SO2, which
in conjunction with the trajectory locations shows that the
mid-Atlantic states are being impacted by upwind power
plants. A corollary of these observations is that O3 reduction
in the mid-Atlantic states will require control of upwind
power plant emissions.

5.3. O3 Distribution and Transport Distance

[55] For most of the 1999 episode, horizontal ventilation
was greater than in 1995. However, the last day of the 1999
episode had a very different character. On 31 July, boundary
layer winds near the I-95 corridor, under the influence of a
retrograding ALT and embedded cyclonic circulation, be-
came nearly stagnant, allowing for the accumulation of O3

from relatively nearby emission sources (see Figure 11).
Wind speeds at 500 m on the morning of 31 July 1999 were
1–2 m s�1, whereas on the mornings of 14–15 July 1995
they were 5–7 m s�1. The 1995 case is the more typical
one, in that O3 episodes in the northeast United States tend
to occur under conditions favoring transport, which
accounts for such features as O3 maxima in central Con-
necticut and coastal Maine, more than 150 km downwind of
New York City and Boston, respectively [Schichtel and
Husar, 2001]. Differences in transport between 1995 and
1999 are manifested in the spatial distribution of O3. In
1999, high O3 is confined to a narrow region that follows
the I-95 corridor (Figure 3). Ozone maxima from the
Philadelphia plume occur within 30 km of the city center.
In 1995, in contrast, the region of high O3 extended
eastward 100 km into central New Jersey [Roberts et al.,
1996; Seaman and Michelson, 2000, Figure 1]. Further
evidence for the local nature of the O3 episode on 31 July
(compared with other 1999 events) is found in a series of
regional-scale transport/chemistry calculations done by Fast
et al. [2002].

6. Conclusions

[56] Very high O3 concentrations were observed in a
narrow belt along the I-95 corridor from Washington, D.
C., to north of Philadelphia on 31 July 1999, the last day of
an O3 episode that started on 27 July. A distinctive feature
of this episode was that wind speeds on the morning of
31 July were calm, allowing local emissions to accumulate.
In contrast to the well-studied episode on 12–15 July

1995, the highest O3 concentrations occurred on a day
with little transport. As a consequence, O3 hot spots, with
1 hour average concentrations up to 162 ppb, were located
close to the emission areas that supplied the O3 precursors.
[57] Using surface O3 observations, aircraft trace gas

measurements, and synoptic weather information augmented
by local soundings, we are able to determine causes for the
high O3 event on 31 July. As in the 1995 case, interregional
transport (in 1999 from the northwest) brings air masses that
contain up to 100 ppb O3 to the mid-Atlantic state. Aircraft
observations in the residual layer show that this air mass,
while containing high concentrations of oxidation products
such as O3, NOy, HCHO, and aerosol particles, contains
very low concentrations of NOx and VOCs. All further
increases in O3 concentration are due to local emissions.
High SO2 concentrations in the morning residual layer
indicate that background O3 is associated with upwind
utility emissions.
[58] The key events that turned 31 July into a day with

very high O3 were (1) the formation of an Appalachian lee
trough directing airflow along high emission rate portions of
the I-95 corridor and (2) the occurrence of a mesoscale low-
pressure feature over the Chesapeake Bay which led to local
stagnation and recirculation of pollutants. Ozone hot spots
were located downwind of Baltimore, north of the Dela-
ware-Pennsylvania border, within Philadelphia, and north
of Philadelphia. These areas drew upon a common high
regional background put there by fumigation from a polluted
residual layer. To account for the peak 1 hour average surface
O3 observations, 60–80 ppb O3 needed to be formed on the
morning and early afternoon of 31 July.
[59] Aircraft observations in the Delaware plume and

north Philadelphia plume indicate high concentrations of
O3 precursors that could support O3 production rates in
excess of 20 ppb h�1. Calculations show that the O3

production rate in areas where NOx is >5 ppb is VOC
limited. The chemical compositions of the precursors indi-
cate a utility/industrial component added to an urban
background.
[60] Given the density of emission sources in the Balti-

more and Philadelphia urban areas, it is not surprising that
high O3 concentration would occur downwind of these
cities under conditions of light winds, approaching stagna-
tion. The surprising feature of the regional O3 distribution is
that the highest 1 hour average surface concentration occurs
in the ‘‘Delaware plume’’ just north of the Delaware-
Pennsylvania border. Evidently, emissions from the Wil-
mington metropolitan area, augmented by local utilities,
chemical plants, and refineries, can, under near-stagnation
conditions, cause very high O3 levels. Furthermore, a multi-
day stagnation period is not required to accumulate suffi-
cient precursors to form 60–80 ppb of O3; half a day or less
is all that is needed. Although the 162 ppb 1 hour average
O3 concentration observed on 31 July is an unusual event,
the analysis of this episode shows that the potential exists
for very high O3 whenever there is a high O3 background
(80–100 ppb) coupled with a several hour period of calm
winds in the morning.
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