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Table 2. Correlation Between 0 3 and NO z +2-H202 

Date Slope, Intercept, r 2 (Number of Data 
ppbv/ppmv 2 ppbv Points) 

July 11 8.39 -1.4 0.87 ( 830) 
July 12 7.00 -2.4 0.59 (1170) 
July 13 7.59 -6.7 0.78 ( 980) 

represented 58% of total hydroperoxides. The validity of the 
unusually high HMHP measurement, more than twice the 
median for any other flight (Figure 3) is supported by an inter- 
comparison with the NOAA P-3 aircraft earlier in the day, which 
showed good agreement for concentrations of total organic 
hydroperoxide [Weinstein-Lloyd et al., 1996b]. Because HMHP 
may be produced from the reaction between isoprene and ozone 
in the presence of water vapor, and isoprene emissions increase 
exponentially with temperature [Guenther et al., 1993, Martin et 
al., 1991], it is tempting to ascribe the July 13 high HMHP to 
elevated temperature and concentrations of these precursors. 
However, the origin of elevated HMI-IP concentrations must be 
more complicated, as there is no obvious relationship between 
these quantities for other flights. 

A vertical profile at 1430 showed a dry layer near 1.4 km 
sandwiched between two more humid layers (Figure 10). Figure 
10c shows a region near 1 km where 03 is removed by titration 
with NO from the Johnsonville power plant plume (SO2 >50 
ppbv). H202 profiles frequently exhibit maxima near the top of 
the BL [Daum et al., 1990; Heikes et al., 1992, Tremmel et al., 
1993], which are attributed to reduced production rates in the 
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Figure 9. Correlation between 0 3 and 2-H20 + NOz on July 11. 

drier FT and reduced concentrations in the BL due to deposition. 
The profiles in Figure 10b show a more complex structure. 
Above 1.5 km, profiles of all three hydroperoxides paralleled 
those of water vapor and ozone (Figure 10b), in keeping with 
formation from free-radical precursors. While H202 and MHP 
were fairly well mixed below 1 km, HMHP concentration 
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Figure 10. Vertical profiles of peroxides and related species at 1230, July 13. (a) temperature, solid line; 
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decreased with altitude. It is interesting to note that at the 
highest altitudes, the MHP mixing ratio was nearly twice its 
value at 500 m, while that ofH202 was almost the same. Lower 
nonmethane hydrocarbon (NMHC) concentrations in the FT 
may facilitate reaction of OH with CH4, favoring the formation 
of CH302, the precursor to MHP. The observed increase in 
HMHP concentration at high altitude suggests the existence of a 
free-radical formation pathway in addition to the ozone-biogenic 
alkene reaction, which is expected to occur near the ground. A 
possible source is the radical HOCH202, formed by the reaction 
of formaldehyde with HO2, which would produce HOCH2OOH 
by reacting with HO 2. 

3.3.4. July 17, 1995. Between 1030 and 1300 on July 17, the 
G-1 flew near downtown Nashville in a 90 x 100 km region 
around an altitude of 750 m (see flight pattern, Figure 11). 
Median total hydroperoxide concentrations upwind of the city 
exceeded those downwind by 30% (7.57 versus 5.26 ppbv), with 
approximately half contributed by H202 and half by ROOH both 
upwind and downwind. Median H202 concentrations were 
nearly equal (2.70 and 2.65 ppbv) on the two downwind legs 
(D 1 and D2 in Figure 11) traversed approximately 1 hour apart, 
possibly because of compensating effects of photochemical 
production and dry deposition. Sharp peaks in SO2 and NOx 
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Figure 11. Flight track for July 17. Crosses and circles indicate 
upwind and downwind air, respectively, used to calculate 
median H202. Inset shows altitude sequence. 
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Figure 12. Concentrations of trace gases on July 17. All 
concentrations are in ppbv, except ACP in particles per cubic 
centimeter. Peaks attributed to Cumberland and Gallatin plumes 
indicated by C and G. 

indicate where the Gallatin and Cumberland plumes were 
sampled (G and C in Figure 12). Decreased H202 and ROOH 
within plumes at 11.8, 12.2, and 12.9 hours are again evident. It 
is especially interesting to note the anticorrelated hydroperoxide 
and NOx peaks at 12.2 hours in the Cumberland power plant 
plume. Since the installation of efficient SO2 scrubbers in 1994, 
Cumberland shows the lowest SO 2 emission rate (26 kton/yr) 
and lowest SO 2 to NOx ratio (0.22) of the four plants in the 
vicinity of Nashville. The observed anticorrelation between 
H202 and NOx in the Cumberland plume (Figure 13) despite 
relatively low concentrations of SO2, dispels any notion that in- 
plume hydroperoxide dips are a sampling artifact from high SO2. 
In contrast to July 13, there is poor correlation between 03 and 
the measure of radical termination products, NOz+2.H202, 
possibly because of prior deposition of these species from the air 
mass. 
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Figure 13. Anticorrelation between H202 and NO x in the 
Cumberland plume at 1210, July 17 (point C in Figure 12). 

3.3.5. July 18, 1995. A weak cold front passed on July 18, 
bringing lower temperatures and steady N/NE winds (-5 m/s) to 
the region. The G-1 flew three crosswind transects within the 
BL between 1100 and 1330, one upwind and two downwind of 
the urban center (UP, EW1, and EW2 in Figure 14). Each 
downwind transect sampled air at 310, 470, and 620 m, as 
indicated in the inset. Figure 15 shows trace gas concentrations 
for the flight. Particle and SO2 emissions from the Gallatin 
power plant were observed at each altitude during the EW1 
transect (G1, G2, and G3). The urban plume, distinguishable by 
peaks in NOx and particles without coincident SO2, is indicated 
by Url, Ur2 and Ur3. Details of the urban plume chemistry for 
this day are discussed in the papers by L. J. Nunnermacker et al. 
(unpublished manuscript, 1998) and D. G. Imre et al. 
(unpublished manuscript, 1998). 

Within the BL the median concentration of total hydroper- 
oxide was 2.2 ppbv, comprising approximately 51% H202, 29% 
MHP, and 20% HMHP. Examination of each hydroperoxide 
time sequence in Figure 15 reveals a gradual increase until 1300 
upon which are superimposed negative excursions associated 
with power plant and urban plumes. For example, the mixing 
ratio of H202 in background air is -1.0 ppbv at 1130 (UP); 
during transect EW1, H202 increases to -1.2 ppbv at 1230 but 
drops to -0.8 ppbv within plumes. This observation accords 
with the photochemical production mechanism, as hydroper- 
oxide formation should turn off in the high-NOx plume 
environment, while hydroperoxide concentration in outside air 
should increase with solar intensity and ozone concentration. A 
different air mass may have been sampled after 1300, based on a 
sharp increase in particle abundance and stabilization of ozone 
and hydroperoxide concentrations at that time. This flight 
segment, in the eastern portion of EW2, was not directly down- 
wind of Nashville (see L. J. Nunnermacker et al., unpublished 
manuscript, 1998). 

4. Discussion 

Photochemical calculations were done to estimate the magni- 
tude of in-plume hydroperoxide dips observed on July 18. For 
this purpose we used a constrained steady state box model, as 
described by Kleinman et al. [1997]. Using measured concen- 
trations of 03, NO, CO, HCHO, and hydroperoxides, and 
measured or interpolated VOC concentrations, this calculation 
yielded the instantaneous production and loss rates for H202, 
i.e., P(H202) and L(H202). The calculated net rate of change 
due to chemical production and loss by photolysis and reactions 
with OH is simply Pnet(H202) = P(H202)-L(H202). A similar 
calculation was performed for organic hydroperoxides to yield 
Pnet(ROOH). Predictions of other quantities related to 03 
formation are discussed in L. J. Nunnermacker et al. 

(unpublished, 1998) and D. G. Imre et al. (unpublished 
manuscript, 1998). 

Figure 16 shows measurements of H202 and NOx as the G-1 
passed through the urban and Gallatin plumes at an altitude of 
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Figure 15. Concentrations of trace gases on July 18. All 
concentrations are in ppbv except ACP in particles per cubic 
centimeter. Peaks attributed to the Gallatin and urban plumes 
are noted. 

620 m (Url and G1 in Figure 15). Also shown in Figure 16 is 
the net production rate for H202, calculated at 11 points on the 
transect immediately downwind of Nashville (EWl in Figure 
15), with a smooth curve drawn through the points. Outside of 
the plumes, in background air, the calculated value of 
Pnet(H202) is close to 0.6 ppbv h -1. Within the plume, H202 
production is inhibited because of high NOx concentration. 
This, coupled with loss by photolysis and OH reaction, results in 
net H202 destruction (Pnet(H202) = -0.06 ppbv h -1) near the 
center of both plumes. These instantaneous net production rates 
can be used to estimate the magnitude of the in-plume dip in 
H202 concentration observed on traverse EW1. For this purpose 
we need to know something of the history of the background and 
plume air. Air that was sampled at 1215 on traverse EWl would 
have passed through Nashville and the Gallatin power plant 
about 1.75 hours earlier, based on a 5 m s -1 wind speed. We 

assume that plume air and background air had similar composi- 
tion prior to encountering emission sources in Nashville and 
Gallatin. In background air, defined as [NOx] <1 ppbv, our 
calculations indicate that Pnet(H202) is 0.26 ppbv h -1 at 1045 
and increases linearly (slope = 0.27 ppbv r -2, r2=0.99) due to 
increasing solar intensity and 0 3 mixing ratio. This relation 
indicates that H202 in background air would increase by 0.7 
ppbv during its 1.75-hour transit time. In the plume center, a 
similar calculation leads to the estimate that hydroperoxide 
concentration would decrease by 0.1 ppbv. The combination of 
the background rising by 0.7 ppbv and the plume center falling 
by 0.1 ppbv gives a predicted H202 dip of 0.8 ppbv, approxi- 
mately twice that observed in Figure 16. We do not understand 
the cause of this discrepancy, but note that it is consistent with 
the Eulerian model calculations of Sillman et al. [this issue] for 
July 18, indicating predicted H202 greater than observed. 

A similar calculation was done to model the observed cross- 

plume dip in MHP concentration. The results are sensitive to the 
value of the rate coefficient k(OH+MHP) for which the recom- 
mended value (7.4 x 10 -12 cm 3 molecules -1 s -l) is an average of 
2 measurements that differ by a factor of 2 [DeMore et al., 
1997]. We performed the calculation for several values of the 
rate coefficient and report here results for k = 5 x 10 -12 cm 3 
molecules -1 s -1 at 298 K. The model predicts that background 
air at 1030 has a calculated MHP mixing ratio of 0.55 ppbv and 
experiences a nearly constant net loss of MHP, Pnet(MHP) = 
-0.005 ppbv h -i during its 1.75- hour trip to EWl. At the same 
time, air at the plume center loses MHP at -0.12 ppbv h-1 This 
calculation predicts that a 0.20 ppbv difference in MHP mixing 
ratio between plume center and edges during transect EW1, 
compared to the observed difference of 0.15 ppbv. 

5. Conclusion 

Hydroperoxide measurements have been presented for 12 
flights of the U.S. Department of Energy G-1 aircraft during the 
1995 SOS/Middle Tennessee study. A three-channel analyzer 
permitted continuous measurements ofH202, MHP, and HMHP. 
Median concentration of total hydroperoxide for these flights 
ranged from 2.2 to 8.4 ppbv, with maximum values occurring 
during the stagnation episode beginning on July 11. 
Photochemical hydroperoxide formation was inhibited in power 
plant plumes and the Nashville urban plume where NOx concen- 
trations were high. Individual hydroperoxide abundances were 
generally found in the order H202 > MHP > HMHP, with 
organic hydroperoxides constituting more than 50% of the total. 
Vertical profiles of HMHP showed higher concentrations near 
the ground, consistent with a formation mechanism involving 
biogenic alkenes. A free radical source for all three hydroper- 
oxides is indicated by their profiles in the free troposphere, 
which generally track the profiles of ozone and water vapor. 

This study confirms predictions that organic hydroperoxide 
may constitute a large fraction of total hydroperoxide under 
some conditions [Logan et al., 1981]. Using the three-channel 
analyzer, we have observed predominantly H202 in Nova Scotia 
and Long Island, New York, but larger fractions of HMHP and 
MHP in Atlanta and Metter, Georgia, and in Nashville. High 
temperature, humidity, and contributions from biogenic hydro- 
carbons in the South may contribute to higher organic hydroper- 
oxide production there. Few hydroperoxide measurements have 
been conducted in the southeastern United States. One set of 

measurements, conducted in summer at a high elevation site in 
North Carolina, showed mean H202 below 1 ppbv [Claiborn 
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Figure 16. Model calculation of in-plume inhibition of peroxide formation on July 18 during EW1. 
Calculated Pnet(H202) (circles) includes 620 and 470 m altitudes; NOx (squares) and H202 (triangles) 
observed on 620 m transect. 

and Aneja, 1991; Aneja et al., 1994]. Mean H202 concentration 
also remained below 1 ppbv at a rural site in the Piedmont 
region of North Carlina despite a peak afternoon temperature of 
35øC (Das and Aneja, 1994). These studies found that organic 
hydroperoxides constituted less than 20% of total hydroper- 
oxide, although the accuracy of HMHP determination using 
pOHPAA/HRP reagent has been questioned [Kurth et al., 1991 ]. 
These observations underscore the importance of further devel- 
opment of field measurement techniques for hydroperoxides, of 
validating the kinetics of individual organic hydroperoxide 
sources and sinks, and of including molecular ozone-alkene 
formation pathways in photochemical models. 
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