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Figure 9. Same as Figure 2, but for September 4 and 5, 1995. 

with the suppression of upwind vertical diffusion at night so 
that only particles (as surrogates for pollutants) within the 
nocturnal stable layer are transported. Additional details of 
this mechanism are given by Fast and Berkowitz [ 1996]. 

4.2. Case 2: September 4-5 

A persistent ridge over the eastern United States several 
days prior to September 5 resulted in light surface and upper 
air winds and mostly clear to partly cloudy skies. The near- 
surface winds at Millstone Point during the afternoon of 
September 4 were southerly and usually less than 5 m s 'l 
(Figure 9b). Also shown in Figure 9b is the simulated mixed 
layer 14eight. The model predicted a deep convective 
boundary layer on September 4, with a mixed layer height of 
approximately 2.3 km AGL between 1500 and 1800 LT. 

Light southwesterly winds were observed near the surface 
during the morning of September 5 (Figure 9d); however, as 
with the August 31 event, the near-surface winds grew in 
intensity with speeds as strong as 15 m s -I at about 0.5 km 
AGL by 2000 LT. An upper level trough over Quebec 
produced somewhat stronger northwesterly flow aloft over 

Connecticut during the afternoon of September 5. The mixed 
layer height was simulated to grow at a slower rate on 
September 5 reaching a maximum height that was 0.2 km 
lower than on September 4 (Figure 9b). As in the August 31 
event, the growth of the convective boundary layer was 
slower and the maximum mixed layer heights were lower than 
the previous afternoon. The near-surface onshore flow on 
both days suggests that the boundary layer at Millstone Point 
was influenced by stable marine air. As in the August 31 
event, the strong southwesterly winds during the afternoon of 
September 5 were due to the coupling of the large-scale 
pressure gradient (Figure 9c) and the onshore flow associated 
with a sea-breeze circulation. 

The variation in the surface ozone m•xing ratio observed at 
Worcester on September 4 (Figure 9e) was much less than 
those observed on September 5 (Figure 9f), analogous to the 
differences already noted between August 30 and 31. How- 
ever, the synoptic patterns of September 4 and 5 (Figures 9a 
and 9c) are quite similar, in contrast to the differences 
observed for August 30 and 31. Aircraft sampling was car- 
ried out during the morning within a stratified atmosphere 
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Figure 10. Radon profiles constructed from flight segments 
made after 0930 LT for September 4 and 5, 1995. 

under conditions of light northerly upper level flow on 
September 4 and under northwesterly upper level flow on 
September 5. 

A radon profile constructed from flight segments made 
after 0930 LT on the morning of September 4 shows values 
above 1 km to be less than 1.5 Bq m '3 (Figure 10). National 
Weather Service temperature profiles made the previous after- 
noon (1900 LT, September 3) suggest a mixed layer height 
over the region of-1 km, which would have limited the 
upward mixing of radon to this altitude. A similar radon pro- 
file constructed from flight segments made after 0930 LT on 
the morning of September 5 resulted in values that were 
greater than 1.5 Bq m '3 above 1.5 km, consistent with the 
-1.5 km mixing layer height of September 4. Assuming that 
the surface flux of radon was the same on September 4 and 5, 
a smaller concentration aloft would be expected with mixing 

through a shallow layer on the preceding day relative to days 
preceded by a deeper mixed layer. Zaucker et al. [1996] 
postulated that variations in mixing layer height are the prime 
factor in determining radon concentrations in the free atmos- 
phere. This hypothesis appears to be supported by the present 
data. 

The atmosphere during the early morning hours of 
September 5 showed a vertical gradient in convective activity, 
as seen in the profile of the variance of the high-frequency 
potential temperature, •20. (Figure 11; top left). However, 
unlike the August 31 profile, ozone mixing ratios greater than 
those observed at the surface extended to the highest flight 
segment at approximately 2000 m MSL. The moisture and 
NOy levels decreased with altitude, while ozone mixing ratios 
were relatively uniform aloft (-60 ppb) and 1.5 times greater 
than those observed during the lowest altitude segment 
(-40 ppb). 

The sustained synoptic scale subsidence, deeper layers of 
uniform ozone and CO levels, and a persistent ridge of high 
pressure over the region suggest that the profiles in Figure 11 
are associated with an air mass that has undergone extensive 
photochemical aging compared to the layer detected on 
August 31. NOy levels at -400 m, MSL (Figure 5b) were 
almost twice those measured on August 31 due primarily to a 
doubling of NOx mixing ratios, while PAN (Figures 5b and 
Figure 12) and HNO3 had similar values. Nitric acid meas- 
urements taken concurrent with the PAN observations in the 
aged layer of September 5 were 60% greater than those 
measured in the relatively younger layer of August 31, 
consistent with HNO3 being considered an end product of 
many chemical reaction chains. 

The NMHC sampling during the morning of September 5 
consisted of canisters at only three altitudes, with two of them 
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Figure 11. Profiles of mean values measured along the flight segments of September 5, 1995 (see Figure 3). 
Values are plotted for flight segments 8, 4, 6, and 2. 
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Figure 12. Vertical profile PAN and NOx (=NO + NO2), 
September 5, segments 8, 4, 6, and 2 (see Tables 1 and 2). 

relatively close to each other. Low-altitude mixing ratio of 
NMHCs on this date were similar to those noted for 

August 31, with ethane being dominant at the three altitudes, 
followed by propane. Isoprene dominated in propene-equiva- 
lent reactivity at the two lowest layers, with reactivities an 
order of magnitude greater than the second most reactive 
compound (ethene). 

The profiles derived from the particle dispersion simula- 
tion for the morning hours of September 5 are shown in 
Figure 13. The origin of this layer was again related to the 
development of a well-mixed boundary layer during the 
daytime of the previous day in regions upwind of the sam- 
pling domain. Particles remaining within the residual layer 
were transported during the night over the nocturnal stable 
boundary layer. The modeling system produced peak concen- 
trations between 0.5 and 0.7 km AGL, an elevation lower 
than the observed layer. In contrast to the event on 
August 31, a significant fraction of the particles were simu- 
lated to be in the sampling domain at altitudes greater than 
1.5 km AGL. These model results were consistent with the 

aircraft measurements that also had relatively high concen- 
trations and very little north-south variation at 2 km AGL 
between 0800 and 1100 LT. The simulated particle profile 
over central Connecticut became more uniform in the vertical 

between 1100 and 1400 LT as turbulent diffusion continued 

to mix the particles within the convective boundary layer. At 
1100 LT, after aircraft sampling was terminated, a significant 
number of particles were simulated to enter the sampling 
domain over Long Island Sound and southern Connecticut, so 
that the particle concentrations were no longer uniform in the 
north-south direction. 

Most of the simulated particles within the sampling 
domain at the time of the G-1 aircraft flights on September 5 
originated from New York, Philadelphia, Baltimore, 
Washington D.C., Cleveland, and Pittsburgh (Figure 14a); 
however, a small fraction of the particles originated from 
other areas along the Great Lakes. A greater number of 
source regions contributed to the particles in the area on 
September 5 than on August 31. In contrast to August 31, 
when many particles had residence times of 30 hours or less, 
a wide distribution of ages was determined by the modeling 
system on September 5, with a large fraction of the particles 
taking 2 days of transport to reach Connecticut (Figure 14b). 
This is due to the synoptic conditions during the period in 
which persistent high pressure is situated over the north- 
eastern United States with associated low wind speeds. 

5. Summary and Conclusions 

Meteorological observations from wind profilers through- 
out the northeast have been combined with surface and air- 

borne chemical measurements to describe the synoptic and 
regional-scale circulations on 2 days during which surface 
ozone mixing ratios on the east coast of the United States 
exceeded 90 ppb. The RAMS and LPDM models were used 
in conjunction with these observations to describe the atmos- 
pheric features that affect pollutant transport and diffusion 
during the sampling period. 

A total of six airborne missions were flown between 

August 30 and September 5, 1995, in which instrumentation 
onboard the G-1 measured chemical and meteorological 
quantities during a series of horizontal flight segments at 
various altitudes below 2 km over eastern Connecticut and 

central Massachusetts. Sampling alternated within and above 
the developing mixed layer. Surface ozone measurements at 
Worcester were greater than 90 ppb on 2 days, August 31. and 
September 5, during this period. Vertical profiles of ozone, 
CO, aerosol, and NOy over Worcester indicated the presence 
of residual pollutant aloft. The ratio of benzene to toluene 
within one of these layers suggested that vehicle emissions 
made a substantial contribution to the hydrocarbon mix aloft. 
On August 31, early morning sampling showed isoprene to be 
present only at the lowest sampling flight segment (393 m 
MSL). Later in the morning, the propene-equivalent mixing 
ratio of isoprene was an order of magnitude greater than the 
second most reactive NMHC (propene) at or below 650 m 
MSL. NO x was found to be highly variable in both the 
vertical and horizontal. A sharp gradient in NOx was ob- 
served across the mixed layer on days with high surface 
ozone mixing ratios, with NO• values aloft being -0.1 ppb, in 
contrast to surface values of-5 ppb. NO• was also found to 
make a smaller contribution to the total NOy with increased 
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Figure 13. Simulated particle concentration profiles from by 
the RAMS/LPDM for a sampling volume around the G-1 
flight paths, September 5, 1995. 
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Figure 14. Simulated (a) source regions and (b) age of particles within the sampling volume along the G-1 
flight segment between 0800 and 1100 LT, September 5, 1995. 

altitude, although PAN contributed up to 50% of the total 
NOy within the layers. It would therefore appear that PAN 
could provide a significant reservoir of additional NOx, and 
hence ozone, should these layers be mixed to the surface. 

The high surface ozone mixing ratios observed on 
August31 and September 5 differed from the days 
immediately preceding in two respects. First, no pollutant 
layers were detected above the growing convective boundary 
layer during the morning hours on the preceding days. 
Second, Worcester reported smaller values of ozone 
throughout the preceding days showed little diurnal variation. 
We attribute these differences to changes in the local circu- 
lation patterns that affected not only the chemical mix of air 
coming into the sampling domain, but also the mixed layer 
characteristics. 

Southwesterly winds on the afternoon of August 31, the 
first of two high ozone occurrences, brought in a layer of 
photochemically aged pollutants from along the urban cor- 
ridor southwest of the sampling domain. This layer appears 
to have formed from the diurnal sequence of boundary layer 
growth and mixing upwind of Connecticut. The peaks in 
distribution are associated with the development of deep, 
well-mixed boundary layers during the daytime in which the 
vertiehl potential temperature gradient becomes small and 
simulated particles (as surrogates for ozone and predecessor 
species) are transported upward as high as 2 km AGL. 
Results from the particle dispersion model suggest the layers 
of ozone, CO, NOy, PAN, aerosols, and NMHC aloft were 
brought to the surface with the onset of convection. As a con- 
sequence of mixing from several sources, the profiles did not 
have a unique "age," but are better characterized by a distri- 
bution of values, with most of the particles over Connecticut 
released the previous day. 

The September 5 case showed a relatively weak maximum 
above the top of the mixed layer in species associated with a 
more aged photochemical mix. In contrast to August 31, dur- 

ing which most the transport duration of the particles was 
30 hours or less, a wider distribution of ages was determined 
by the modeling system for the September 5 case study. We 
associate this feature with persistent high pressure that was 
situated over the northeastern United States, resulting in rela- 
tively low wind speeds in the study area. Most of the par- 
ticles simulated to be within the sampling domain at the time 
of the G-1 aircraft flights on September 5 originated from 
New York, Philadelphia, Baltimore, Washington D.C., 
Cleveland, and Pittsburgh with a small fraction of the 
particles originating from other areas along the Great Lakes. 
The source region encompasses a much larger geographic 
domain for this case than was found for August 31. 

A complete analysis of these measurements must await 
study with a comprehensive mesoscale/chemical model hav- 
ing a time and spatial resolution comparable to these observa- 
tions. Such an analysis should explain the height variations 
noted in the component species of NO• and quantitatively 
estimate the effect on surface ozone when PAN within 

photochemically aged layers is brought to the surface through 
convective mixing. Additional observations from rawin- 
sondes, wind profilers, and surface air chemistry sites directly 
below the path of an aircraft measuring the compounds 
discussed in this paper during both the predawn and early 
morning hours would improve our understanding of how 
elevated layers of pollutants affect surface air chemistry. 

Our initial analysis of the data describes the role of 
layering of ozone and ozone precursors located above the 
growing convective boundary layer on surface air chemistry. 
Such layers, created when pollutants are lofted into the upper 
part of the mixed layer through afternoon convective mixing 
in urban centers on previous days, are transported overnight 
into the Connecticut region. Elevated layers of ozone and 
ozone precursors that are entrained into the growing con- 
vective boundary layer may degrade surface air quality. 
These layers cannot be detected by standard surface air 
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quality monitoring stations; however, the aircraft observations 
suggest that they frequently form over the northeastern United 
States during the summer. This suggests that a significant 
portion of ozone at a particular location may be due to ozone 
and ozone precursors imported from distant sources. 
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