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Abstract. Hydroperoxide measurements are presented for 12 flights of the U.S. Department of
Energy G-1 aircraft during the summer 1995 intensive of the Southern Oxidants/Middle Tennessee
study. A three-channel analyzer, utilizing both peroxidase/p-hydroxy phenylacetic acid
(pOHPAA) and ferrous sulfate/benzoic acid (FeBA) reagents permitted continuous measurements
of hydrogen peroxide (H,0;), methyl hydroperoxide (CH30OOH or MHP), and hydroxymethyl
hydroperoxide (HOCH,OOH or HMHP). The median concentration of total hydroperoxide was
5.2 ppbv, with median concentrations of 2.4, 1.7, and 0.97 ppbv for HyO,, MHP, and HMHP

X o~ .

respectively. In the free roposphere, HoO; conceniration correiaied with the coicentration of its
precursors, ozone, and water vapor. H,O; profiles do not show elevated concentrations in the
boundary layer, in contrast to vertical profiles of primary pollutants. The combination of high
NO, concentrations that inhibited peroxide formation, and peroxide loss through deposition and
reaction with OH, led to markedly lower peroxide concentrations within urban and power plant
plumes. Photochemical calculations performed to estimate the magnitude of in-plume peroxide

depression showed reasonable agreement with observations.

1. Introduction

Hydroperoxides are largely responsible for the aqueous-phase
oxidation of atmospheric SO,, resulting in formation of acid
precipitation and visibility-reducing sulfate aerosol [Penkett et
al., 1979; Lind et al., 1987, Madronich and Calvert, 1990,
Tanner and Schorran, 1995]. The water solubility of hydroper-
oxides and their damaging effects in vivo suggest that hydroper-
oxide uptake by leaves may contribute to forest decline [Masuch
et al., 1986; Becker et al., 1990; Ennis et al., 1990]. When NO
concentrations are low, peroxides are the principal sink for
peroxy radicals that participate in tropospheric ozone formation
[Kleinman, 1991; Jacob et al., 199). High NOy (i.e., NO + NO)
conditions favor the formation of NO, oxidation products,
collectively referred to as NO,. As such, peroxide concentra-
tions and ratios of peroxide to NO, indicate whether ozone
formation is limited by the availability of NO, or hydrocarbons
[Sillman, 1995; 1997; Kleinman et al., 1997].

Formation of hydrogen peroxide by the self-reaction of HO,
radicals, and of organic hydroperoxides by the analogous reac-
tions between HO, and RO, (where R may be any organic func-
tional group), terminate the free-radical chain sequence initiated
by ozone photolysis in the atmosphere. Laboratory experiments
have shown the reaction of ozone with alkenes in moist air to be
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an additional source of H,0O, and hydroxyalkyl hydroperoxides
via a nonradical pathway [Becker et al., 1990; Hewitt and Kok,
1991; Gib ef al, 1995]. Recent ground- and aircraft-based
peroxide measurements, some using high pressure liquid
chromatography (HPLC) to quantitate individual peroxides,
have demonstrated that organic hydroperoxides can constitute a
significant fraction of the total [Hewitt and Kok, 1991; Enders et
al , 1992; Heikes et al., 1992; Lee et al., 1993; Weller and
Shrems, 1993, Ayers et al., 1996, MacDonald et al., 1995; Fels
and Junkermann, 1994; Tremmel et al., 1994]. Although the
formation of higher molecular weight hydroperoxides is
expected to occur, H,0,, methyl hydroperoxide (MHP), and
hydroxymethyl hydroperoxide (HMHP) are the major
hydroperoxides so far identified in significant concentrations in
the atmosphere [Hellpointner and Gdb, 1989; Hewitt and Kok,
1991]. Reliable measurements of individual hydroperoxides are
necessary to validate our understanding of the mechanism of
atmospheric photochemistry and the relative importance of
competing oxidative pathways.

This paper describes hydroperoxide measurements aboard the
DOE G-1 aircraft during the summer 1995 Southern Oxidants
Study (SOS) intensive in Nashville, Tennessee. The
Brookhaven National Laboratory three-channel continuous flow
hydroperoxide analyzer was deployed for the first time from an
aircraft during this study, yielding measurements of H,O,, MHP
and HMHP. We present here some general features of the data,
as well as analyses of individual flights. Companion papers
discuss instrumentation and flights for the G-1 [Hiibler et al.,
this issue], ozone production rates (D. G. Imre et al.,

22,361


judywms
Text Box
BNL-64934-98-08-Rev


22,362

WEINSTEIN-LLOYD ET AL.:. MEASUREMENTS OF PEROXIDES AND RELATED SPECIES

Stripping Solutions

pH 9 pHO  pHS55
- | 1 I —
Ram Air In et:>@ @ @
——r N—
= = =
pOHPAAHRP—{ =~ [~ FeBA = FeBA
' Yy D))

'
'
)
'
'

NaOH ==| AlAc=—=] AlAc

| Fluorimeter |
H202 H202 H202
SMHP  e*By*MHP  €*By,*MHP
HMHP  HMHP  p,*HMHP

Figure 1. Schematic diagram of three-channel analyzer, showing pH of stripping solutions, fluorescence
reagents (p-hydroxyphenyl acetic acid/horseradish peroxidase and Fe(II)/benzoic acid), fluorescence enhanc-
ing reagents (NaOH and Al(Il)/acetate buffer), and species detected in each channel. The symbols €, By,
and By denote the collection efficiency of MHP, and correction factors for detection of MHP and HMHP,

respectively.

unpublished manuscript, 1998; L. J. Nunnermacker et al.,
unpublished manuscript, 1998), carbonyl measurements [Lee et
al., this issue] and the use of indicator species to discriminate
between NO, and VOC-limited ozone production regimes
[Kleinman et al., 1997; Sillman et al., this issue] (D. G. Imre et
al., unpublished manuscript, 1998). The median concentration
of total hydroperoxide in the boundary layer (BL) between 1100
and 1400 CDT (central daylight time) was approximately 5
ppbv, with more than 50% contributed by organic hydroper-
oxides. Inhibition of hydroperoxide production by high NO,
concentration was evidenced by markedly lower hydroperoxide
concentrations within urban and power plant plumes.

2. Experiment

2.1. Instrument

Hydroperoxides were determined with a three-channel
continuous flow analyzer similar to the widely used Kok and
Lazrus instrument [Kok et al., 1986; Lazrus et al., 1986],
modified to permit analysis using Fenton chemistry for specia-
tion of hydroperoxides. Ram air reached the instrument through
1 m of 3/8 inch ID Teflon® PFA tubing, mounted in a forward
facing inlet on the side of the G-1. Figure 1 shows a schematic
diagram of the instrument and identifies the species detected in
each channel. Details of the analytical chemistry and solution
composition for a similar ground-based instrument can be found
in the papers by Lee et al. [1990, 1994]. Baselines were estab-
lished several times during each flight by directing air through a
Pd/alumina cartridge. Cartridge integrity was demonstrated by
observing no change in the baseline when a second cartridge was
placed upstream of the first.

A two-point calibration was conducted before and after each
flight using aqueous hydroperoxide standards, nominally 0.5 and

1.0 uM, prepared from unstabilized 3% hydroperoxide stock,
with stripping solution used for the final dilution. Stock
hydroperoxide was titrated against standardized permanganate
before and after the 30-day measurement period, and the
observed 1.5% decrease in concentration was assumed linear
throughout the period. Nominal liquid and air flow rates, 0.32
mL/min and 1.5 L/min, respectively, were calibrated regularly.
The 0 to 90% response time of the instrument was 110 s.

2.2. Data Handling

Measurements are reported for 12 flights between July 2 and
20, 1995, each between 3 and 4 hours in duration.
Approximately 80% of the data were collected between 0900
and 1500 CDT, within 110 km of the Nashville urban center.
The initial data set employed for analysis consisted of 1 s points
averaged to 10 s intervals. Because much of the data analysis
planned involved comparison of hydroperoxide concentrations
to those of other species, we were concerned about relative time
responses. While most instrument response times were shorter
than 30 s, the hydroperoxide instrument had a 110 s exponential
response, the result of liquid mixing in reaction coils and
fluorescence cells. We applied an exponentially weighted
averaging algorithm to measurements from the faster instru-
ments to match their response times to hydroperoxide; it is this
time-averaged set of 10 s data points which is used for the analy-
sis described herein. Because the analysis of clear air data was
the goal of this study, an attempt was made to avoid flights
through clouds. Examination of correlations between trace gas
species was conducted on a data subset screened to remove
measurements made in air containing cloud droplets (coarse
particle count >10 ¢cm™); these amounted to <4% of the data
points. Gaps in data shown below reflect periods during which
zeros and calibrations were performed. All times in the follow-
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Figure 2. Composite vertical profiles of peroxides and related species. Abscissa units are parts per billion by
volume (ppbv) for all species except ACP, 10 cm™. Data shown for 250 m altitude bins. Circles indicate
median values, and bars show interquartile range for each bin. Number of points per bin, beginning with the
lowest altitude: 600, 3300, 1920, 210, 630, 230, 420, 120, 230, 510, 150, 580.
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ing discussion are central daylight time (CDT + 5 hours =
GMT).

2.3. Error Assessment and Hydroperoxide Speciation

Uncertainty in determining individual hydroperoxide concen-
trations arises from indeterminate errors in standard calibrations
and hydroperoxide collection efficiencies as well as fundamental
questions about the response of each channel to specific
hydroperoxides. The detection limit for H,O; in each channel is
100 parts per trillion by volume (pptv), reported as 3¢ for a
baseline on the ground. For a single channel the uncertainty in
converting aqueous-phase standards to gas-phase concentrations,
including errors in determining liquid and air flow rates and
stock hydroperoxide concentration, temperature variation, and
evaporative losses, typically amounts to 15%. The reported
uncertainty in the Henry’s law constant for MHP is 12% [Lind
and Kok, 1994], which translates into an uncertainty of 20% in
collection efficiency €. These considerations generate a £30%
error for the concentrations of individual hydroperoxides.
Additional error is contributed by correction factors for partial
detection of MHP and HMHP in the FeBA channels, which we
determine using standard mixtures of these species. Standard
composition is determined using HPLC with fluorescence
detection after postcolumn derivatization using p-hydroxypheny-
lacetic acid/horseradish peroxidase (pOHPAA/HRP) reagent
[Hellpointner and Géb, 1989]. Correction factors, symbolized
by By and By in Figure 1, were 0.4 and 0.2, respectively, and
were reproducible within 2%. The validity of this procedure is
based on the assumption that pPOHPAA/HRP reagent is equally
sensitive to all hydroperoxides, and that individual hydroper-
oxides exhibit the same relative stability in the HPLC and
continuous flow systems. The assumption that no hydroper-
oxides are collected other than H,O,, MHP, and HMHP is
another potential source of error. Any water soluble higher
hydroperoxide will generate a fluorescent dimer in the
pOHPAA/HRP channel and will be reported as MHP or HMHP,
depending on its stability toward hydrolysis at high pH [Lee et
al., 1994].

3. Results

3.1. Overview of the Data

Air chemistry in the Nashville area is influenced by urban
emissions, coal-fired power plants, and biogenic hydrocarbons
from surrounding agricultural land and forests. During the
measurement period, meteorological conditions varied from
clean northwesterly flow to stagnant high-pressure conditions
conducive to the buildup of high concentrations of NO,, ozone,
and other pollutants. Though these conditions make it more
sensible to interpret measurements obtained during individual
flights, some features of the data set as a whole are worth noting.
Total hydroperoxide concentrations were quite high, as was the
proportion of organic hydroperoxide. For the entire data set, the
median concentration of total hydroperoxide was 5.2 ppbv, with
median concentrations of 2.4, 1.7, and 0.97 ppbv for H,0,,
MHP, and HMHP, respectively. Composite vertical profiles,
constructed from all 12 flights of the G-1, approximately 13,500
data points, are shown in Figure 2. The profiles show signifi-
cantly higher median concentrations of accumulation mode
aerosol particles (ACP), SO,, CO, NO,, NOy (i.c., NO,+NO,)
and O3 below 1500 m, consistent with sources in the BL. The
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H,0, profile is more uniform, consistent with the absence of
primary sources and inhibition of secondary formation in the
region due to high NO, concentrations, as discussed below. The
proportion of organic hydroperoxide (ROOH = MHP + HMHP)
is large compared to previous summer aircraft measurements in
Halifax and Ontario [Macdonald et al., 1995, Weinstein-Lloyd et
al., 1996a] and winter measurements over the U.S. East Coast
[Barth et al., 1989], but similar to recent measurements over the
eastern United States and the South Atlantic [Tremmel et al.,
1994; Heikes et al., 199].

We examined a subset of the BL data collected during the
period of peak photochemical activity, i.e., between 1130 and
1430. Fifty-one percent of the measurements were recorded
during these hours, and of these, 71% were recorded at altitudes
below 1500 m; 36% met both criteria. Median concentrations of
H,0, and MHP, 1.9 and 1.5 ppbv, respectively, were lower than
the medians for all data, and HMHP, 1.0 ppbv, was unchanged.
Figure 3, illustrating the range of hydroperoxide concentrations
observed during these midday, BL flight segments, shows the
highest concentrations generally to have occutred during the
period from July 11 through July 17. This period is also associ-
ated with high temperature, humidity, and ozone concentrations.
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Figure 3. Peroxide distributions for midday, boundary layer
flight segments. Rectangles enclose 50% of the data; means and
medians are indicated by dashed and solid lines, respectively,
and circles indicate Sth and 95th percentile points.
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Figure 4. Production of H,O, from precursors in the free
troposphere. Data collected for alt >1500 were aggregated into
10 bins in order of increasing values of O3-H,0, each containing
10% of the data. Symbols represent mean of each population;
standard deviation shown by horizontal and vertical bars.

Previous studies have shown that H,O, concentration
depends on the concentration of its precursors, H,O and O3, in
the free troposphere (FT), where NO, concentrations are low
and hydroperoxides are not lost to deposition [Daum et al.,
1990; Tremmel et al., 1993; Weinstein-Lloyd et al., 1996]. This
relationship is illustrated in Figure 4 for the composite set of FT
data (altitude >1500 m). The regression line does not pass
through the origin, as this simplified view of ozone production
ignores the dependence of OH concentration on radical produc-
tion rate and the dependence of H,0, lifetime on OH concentra-
tion. The slope, 0.0045 ppbv/ppmv2, is similar to summer
measurements in Halifax, Nova Scotia [0.0054 ppbv/ppmv?;
Weinstein-Lloyd et al., 1996a] and over the northeastern U.S.
[0.0050 ppbv/ppmv?; Tremmel et al., 1993]. The correlation is
largely driven by water vapor concentration, which varied by a
factor of approximately 40 for this data subset, rather than by
ozone, which varied by only a factor of 3.

Competition between HO, and NO for reaction with HO,
favors formation of HNO3 over H,0, in plumes, but one would
not expect the composite data set to show a strict anticorrelation
between the latter species because of differences in their
formation rates and background concentrations. A decrease in
hydroperoxide concentration is observed consistently within
plumes, however, as shown in Figure 5. These traces, for the
flight of July 11, show several plumes of elevated NO, concen-
tration between 14.6 and 15.8 CDT. Coincident with each
plume traverse is a depression in hydroperoxide mixing ratio.
Because plume chemistry acts only as a perturbation to back-
ground hydroperoxide levels, we investigated the dependence of
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Figure 5. Anticorrelation between peroxide and NO, in plumes
for July 11. H,0,, dotted line; NO,, solid line.

observed hydroperoxide concentrations on wind direction.
Much of the data set was unsuitable for this analysis, because
winds were either too weak for their direction to be character-
ized or shifted during the measurement period. However,
consistent (>2 m/s) southwesterly winds prevailed during
midday in BL air on July 3, 6 and 20, and similar winds were
from the north and/or northwest on July 2, 7, 18, and 19.
Median concentrations of all hydroperoxides were higher in air
originating from the south (Table 1), as were the concentrations
of NOy, NO,, CO, and total hydrocarbons, although there was
no significant difference in temperature or water vapor concen-
tration. Elevated SO, concentrations in northerly winds
probably reflect emissions from power plants, which are concen-
trated north of Nashville. Higher concentrations of hydroper-
oxides and NO, probably reflect more intense photochemical
activity in southern regions, as these species have a lifetime of
several days in the absence of deposition. Despite higher total
hydroperoxide concentrations in southerly air, there was no

Table 1. Trace Gas Concentrations for Air Masses Originating
S/SW and N/NW of Nashville

Species S/SW Winds N/NW Winds
Total peroxide 5.09 2.89
H,0, 2.44 1.28
MHP 1.60 1.02
HMHP 1.05 0.59
co 289 187
SO, 0.86 232
Total hydrocarbon 6.42 3.01
isoprene 0.49 0.043
Temperature 20.8 22.0
Water vapor 11.8 11.4
ACP 2.24 2.50
0O, 72.6 68.4
NO_ 0.47 0.62
NO 7.03 5.66
NoJ 6.59 4.90

Units are ppbv except for tem

:Pcrature (°C), water vapor (g/kg), and

accumulation mode particles (10 cm ) S/SW wind column includes
data collected between 1130 and 1430 for altitude <1.5 km on July 3, 6,
and 20. N/NW wind column similar data collected on July 2, 7, 18, and
19.
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Figure 6. Altitude sequence for nocturnal boundary layer flight
on July 20. A smooth line has been drawn through circles
indicating the BL height at Dikson (latitude 36.2, longitude
87.4), obtained from the UAH website. Segments indicated by
A were above, and B within the boundary layer. Inset shows the
G-1 flight path.
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significant difference in the fraction of organic hydroperoxide
(52% S versus 55% N).

3.2. Breakup of Nocturnal Boundary Layer

Flights to probe changes in the structure and chemical
composition of the atmosphere upon breakup of the nocturnal
BL were scheduled on two weekdays, July 12 and July 20. On
both flights the G-1 repeatedly traversed 2a SW/NE path upwind
of Nashville at three fixed altitudes, 210, 500, and 625 m. The
increase in BL height between 0730 and 1130 is illustrated along
with the flight profile for July 20 in Figure 6, which shows the
earliest flight legs conducted above (A), and later portions
within the BL (B). Concentrations of hydrogen peroxide consis-
tently were lower within the mixed layer than above (median
H,0, =2.0 ppbv for B and 2.7 for A in Figure 6), while concen-
trations of MHP (2.2 ppbv above versus 2.1 ppbv within) and
HMHP (0.9 above and within) were not significantly different.
We attribute the difference in H,O, concentration to overnight
deposition on wet surfaces, in accord with its high solubility and
observations that ground level concentrations generally approach
zero overnight [Kok et al., 1990; Lee et al., 1993; Das and
Aneja, 1994]. The smaller Henry’s law coefficient of MHP and
correspondingly lower deposition to wet surfaces may explain its
lack of variability. Like H,O,, HMHP is highly soluble [ ZAou
and Lee, 1992] and will deposit overnight. However, formation
of this species through ozonolysis of alkenes will exhibit a
diurnal profile that differs from a radical formation process,
depending on temperature through the rate coefficient as well as
the temperature-dependent emission rate of biogenic alkenes
[Guenther, 1993]. These complications and the low concentra-
tions observed make it difficult to interpret HMHP abundances.
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Figure 7. Vertical profiles on July 2 at 1500. (a) temperature, solid line; H,0, dotted; (b) H,0,, solid line;

MHP, dashed ; HMHP, dotted ; (c) O3, solid line.
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Ozone and CO, with low water solubility, did not exhibit signifi-
cant variability (73.6 ppbv above versus 74.2 ppbv within and
193 ppbv above versus 203 ppbv within, respectively). HNO3,
the principal component of NO,, has a deposition velocity
similar to H,O, and is also significantly lower within the BL
(4.4 versus 5.1 ppbv). Although we did not measure ground
level hydroperoxides, the aircraft measurements confirm that
nighttime losses are limited to a region very near the surface and
clearly illustrate the existence of the long-lived hydroperoxide
reservoir that contributes the background for the next day’s
photochemistry.

3.3. Individual Day Case Studies

3.3.1. July 2,1995. On July 2, the G-1 flight probed the BL
structure and chemical composition of air surrounding the
Nashville urban area during the afternoon. The weather was
cool and dry due to a high-pressure center north of Nashville,
with very light winds. Only small peaks in O3 and CO from the
urban area were evident on the diagonal transect near the city,
and there were no significant increases in O3, NO,, or CO during
the 3.5-hour Sunday flight. This day was unusual in that concen-
trations of MHP exceeded those of H,0,, both nearly doubling
in 4 hours, from 0.9 to 1.6 ppbv for H,O, and from 1.2 to 2.5
ppbv for MHP. HMHP concentration remained close to 1 ppbv.
Vertical profiles in Figure 7, taken around 1500, show a temper-
ature inversion at 1.8 km, and water vapor and ozone profiles
indicate a well-mixed BL below 1.5 km. BL concentrations of
the three hydroperoxides are also fairly constant, with H,O, and
MHP increasing and HMHP decreasing with altitude in the FT.
The decline with altitude of the HMHP mixing ratio is consistent
with a terrestrial source for this species in the ozonolysis of
biogenic alkenes, while the similarity in H,O, and MHP profiles
is consistent with their free radical formation mechanisms.

3.3.2. July 11, 1995. July 11, a hot day with very light
northeasterly winds, was part of a 4-day ozone episode
[McNider et al , this issue]. After an initial spiral, the G-1 flew
at constant altitude (650 m) around the downtown area during
mid-afternoon, encountering fairly high background pollution
from the urban area (O3 ~70 ppbv, NO, ~5 ppbv, and NO,/NO,,
<0.1) and passing through plumes of elevated O3, NO,, and
particles, mostly associated with power plants, as indicated by
high concentrations of SO, (Figure 8). Boundary layer
hydroperoxide concentrations remained fairly constant at 3.0,
2.2, and 1.4 ppbv for H,0,, MHP, and HMHP, respectively,
except for traverses through plumes, where concentrations of all
species decreased by up to 1 ppbv.

A linear relationship between O; and the quantity
NO,+2:H,0,, where NO, = NO,-NOy, has been noted by
Sillman [1995] and Sillman et al. [this issue]. This correlation
emphasizes the balance between radical sources and sinks and
exhibits a slope that varies little between NO, and VOC-sensi-
tive environments. Sillman exercised the University of
Michigan photochemical model to predict trace gas concentra-
tions for the afternoon of July 13 [Sillman et al., this issue].
Calculated O varied linearly with NO,+2+H,0,, and the slope
and intercept agreed reasonably well with observations.
Measured O3 and NO,+2:H,0, were not well correlated for all
flights during the Nashville program, but data from July 11, 12
and 13 showed strong correlations with similar slopes and
intercepts (Table 2), as illustrated for July 11 in Figure 9. These
observations can be attributed to stagnant conditions, which
minimized deposition and mixing of different air masses. A
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Fig!lre 8. Concentrations of trace gases on July 11. All concen-
trations are in ppbv except for accumulation mode particles
(ACP) in particles per cubic centimeter (cm3).

similar strong correlation between these quantities was observed
for measurements during the 1993 North Atlantic Regional
Experiment in Halifax, Nova Scotia [Weinstein-Lloyd et al.,
1996a]. There, air was isolated from the surface by a low-level
temperature inversion, and sampled air contained the products of
several days’ photochemistry. Although NARE measurements
were not characterized by calm winds, conditions were similar to
the July 11-13 period in Nashville in that measurements were
made on air masses that had retained the products of ozone
photolysis.

3.3.3. July 13, 1995. Between 1300 and 1400 on July 13, the
G-1 flew the perimeter of a 50 x 50 km box around Nashville.
Continuing stagnation on this day resulted in median air
temperatures of 27.5°C at 1.2 km and 32.5°C at 700 m, and by
1330, median BL concentrations of NOy, total hydroperoxides,
and O3 were 5.7, 8.4, and 90 ppbv, respectively. Median
concentrations of MHP and HMHP, 2.3 and 2.6 ppby,
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Table 2. Correlation Between O; and NO, +2-H,0,

Date Slope, Intercept, 2 (Number of Data
ppbv/ppmv? ppbv Points)
July 11 8.39 -14 0.87 ( 830)
July 12 7.00 -24 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 HMHP 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 Oj; is removed by titration
with NO from the Johnsonville power plant plume (SO, >50
ppbv). H,0, 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 O; and 2-H,0 + NO, 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 H,O, 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;
H,0, dotted; (b) H,0,, solid line; MHP, dashed; HMHP, dotted; (c) O3, solid line; NOy, dotted.
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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 of H,O, was almost the same. Lower
nonmethane hydrocarbon (NMHC) concentrations in the FT
may facilitate reaction of OH with CH,, favoring the formation
of CH30,, 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 HOCH,O,, formed by the reaction
of formaldehyde with HO,, which would produce HOCH,OOH
by reacting with HO,.

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 H,0, and half by ROOH both
upwind and downwind. Median H,O, concentrations were
nearly equal (2.70 and 2.65 ppbv) on the two downwind legs
(D1 and D2 in Figure 11) traversed approximately 1 hour apart,
possibly because of compensating effects of photochemical
production and dry deposition. Sharp peaks in SO, and NO,
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Figure 11. Flight track for July 17. Crosses and circles indicate
upwind and downwind air, respectively, used to calculate
median H,O,. Inset shows altitude sequence.
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indicate where the Gallatin and Cumberland plumes were
sampled (G and C in Figure 12). Decreased H,0, 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 NO, peaks at 12.2 hours in the Cumberland power plant
plume. Since the installation of efficient SO, scrubbers in 1994,
Cumberland shows the lowest SO, emission rate (26 kton/yr)
and lowest SO, to NO, ratio (0.22) of the four plants in the
vicinity of Nashville. The observed anticorrelation between
H;0; and NO, in the Cumberland plume (Figure 13) despite
relatively low concentrations of SO,, dispels any notion that in-
plume hydroperoxide dips are a sampling artifact from high SO,.
In contrast to July 13, there is poor correlation between O3 and
the measure of radical termination products, NO,+2-H,0,,
possibly because of prior deposition of these species from the air
mass.
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Figure 13. Anticorrelation between H,O, and NO, 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 SO, 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 NO, and particles without coincident SO,, 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% H,0,, 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 H,O, in background air is ~1.0 ppbv at 1130 (UP);
during transect EW1, H, O, 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-NO, 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).
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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 O3, NO, CO, HCHO, and hydroperoxides, and
measured or interpolated VOC concentrations, this calculation
yielded the instantaneous production and loss rates for H,0,,
i.e., P(H,0,) and L(H,0,). The calculated net rate of change
due to chemical production and loss by photolysis and reactions
with OH is 51mply Pnet(HZOZ) = P(H202)-L(H202). A similar
calculation was performed for organic hydroperoxides to yield
P,«(ROOH). Predictions of other quantities related to Oj
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 H,O, and NO, as the G-1
passed through the urban and Gallatin plumes at an altitude of
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Flgure 14. Flight track for July 18. Urban center indicated by
“N”, upwind and two downwind transects are indicated by UP,
EWl and EW2. Inset shows altitude sequence.
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620 m (Url and G1 in Figure 15). Also shown in Figure 16 is
the net production rate for H,0,, calculated at 11 points on the
transect immediately downwind of Nashville (EW1 in Figure
15), with a smooth curve drawn through the points. Outside of
the plumes, in background air, the calculated value of
Ppet(H;0,) is close to 0.6 ppbv h'l. Within the plume, H,0,
production is inhibited because of high NO, concentration.
This, coupled with loss by photolysis and OH reaction, results in
net H,0, destruction (P (H,0,) = -0.06 ppbv h'!) near the
center of both plumes. These instantaneous net production rates
can be used to estimate the magnitude of the in-plume dip in
H,0; 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 EW1 would
have passed through Nashville and the Gallatin power plant
about 1.75 hours earlier, based on a 5 m s! wind speed. We
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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 [NO,] <1 ppbv, our
calculations indicate that P, (H,0,) is 0.26 ppbv h'! at 1045
and increases linearly (slope = 0.27 ppbv r2, r2=0.99) due to
increasing solar intensity and O3 mixing ratio. This relation
indicates that H,O, 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 H,O, 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 H,0, 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"'2 cm? molecules™! s°!) 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 10712 cm?
molecules’! s! 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, P, (MHP) =
-0.005 ppbv h'! during its 1.75- hour trip to EW1. At the same
time, air at the plume center loses MHP at -0.12 ppbv h'l. This
calculation predicts that a 0.20 ppbv difference in MHP mixing
ratio between plume center and edges during transect EWI,
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 of H,0,, 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 NO, concen-
trations were high. Individual hydroperoxide abundances were
generally found in the order HO, > 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 H,0, 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 H,0, below 1 ppbv [Claiborn
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Figure 16. Model calculation of in-plume inhibition of peroxide formation on July 18 during EWI.
Calculated P (H,0,) (circles) includes 620 and 470 m altitudes; NOy (squares) and H,O, (triangles)

observed on 620 m transect.

and Aneja, 1991; Aneja et al., 1994]. Mean H,0, concentration
also remained below 1 ppbv at a rural site in the Piedmont
region of North Carlina despite a peak afternoon temperature of
35°C (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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