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Table 2. Summary of calculations: Average Values for Input Parameters and Calculated Quantities as a
Function of Altitude Bin for Low Isoprene Samples
Altitude Range, m
Variable 0-200 200400  400-1200 1200-2000 2000-3000 30004000 4000-5000
Number of samples 10 9 10 15 8 13 2
Input:
Altitude, m 86 307 848 1456 2460 3145 4880
Temperature, °C 17 22 16 14 9 5 -6
H,0, percent volume 1.49 1.70 1.52 1.22 0.93 0.61 0.49
mixing nratio
O3, ppb 34 39 69 60 68 53 48
CO, ppb 125 155 202 165 155 136 95
Isoprene, ppb 0.01 0.01 0.00 0.00 0.00 0.00 0.00
NOy, ppt 2280 3160 5080 4130 3010 1760 730
NO, ppt 28 35 54 45 36 23 11
Calculated:
NO,, ppt 127 227 370 254 163 76 25
PAN, ppt 177 198 1020 1090 863 611 1150
OH, 10° molecules cm™ 31 33 53 4.7 5.0 36 3.1
HO,, ppt 14 17 22 20 21 18 16
RO,, ppt 11 14 14 14 13 12 11
HO,+RO,, ppt 26 31 36 35 34 30 27
RO,/(HO,+RO,) 0.44 0.47 0.39 042 038 0.39 0.41
H,0,, ppb 3.0 35 4.5 3.7 3.0 2.1 1.5
ROOH, ppb 0.7 0.9 0.7 08 0.6 0.7 0.6
HCHO, ppb 0.68 0.85 0.88 0.83 0.58 0.39 0.24
Q,ppbh! 0.50 0.68 1.05 0.89 0.78 048 0.36
R+R, % 97 96 93 95 96 98 99
R+NO,, % 3 4 7 5 4 2 1
P(H,0,), ppb h"! 0.12 0.16 0.26 021 0.17 0.10 0.06
P(ROOH), ppb h! 0.09 0.13 0.16 0.16 0.15 0.11 0.10
P(Os), ppb h! 0.54 0.89 1.41 1.18 0.78 0.38 0.14
P-L(O,), ppb h”! 028 0.51 0.68 0.61 0.24 0.08 -0.06
5000 . . .- " .
time there is oxidation of NO, and no additional input of
pollutants. Also, a stable temperature profile over the water
4000 67 ngple Avg. leads to minimal deposition losses for NO, oxidation products
. X" 7 48 Flight Avg. [Daum et al., 1996]. As a consequence, the NO to NOy ratio
- 3000 — observed by Buhr et al. [1996] is relatively low as is the NO, to
3 NO, ratio determined using calculated values for NO,. For the
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Figure 5. Vertical profile of O; production rate, P(O3); a2 i
. . . S 2000
calculated as the rate of reaction of peroxy radicals with NO. < o
Rate is an average value for 12 daytime hours. Box plot shows
distribution of values for 67 low isoprene samples in altitude 1000
bins 0-200, 200-400, 400-1200, 1200-2000, 2000-3000, 3000- o
4000, and 4000-5000 m. Circles indicate points outside of the 0 ;
10-90 percentile range. Whiskers indicate 10 and 90t 3

percentile. Box indicates 25-75t percentile range with line for
median. Solid line is an average for the 67 low isoprene
samples, that is, the data depicted in the frequency distribution.
Dotted line is an average calculated for the entire over-water
portion of all 48 flights, a larger more representative data set
than the 67 HC samples.

P-L(0,)
Figure 6. Vertical profile of net O; production rate taking into
account chemical loss, P-L(O;). Loss of O5 is due to photolysis,
reaction with OH and HO,, and reactions with olefins. Same
format as figure 5.
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Figure 7. Vertical profile of OH. Same format as Figure 5.

samples in subsets 1-4, NOX/NOy ranges from 5 to 9% which is
much lower than observed near emission sources [National
Research Council, 1991; Parrish et al., 1993]. It is also towards
the low end of observed ratios at remote locations [Atlas et al.,
1992; Carroll et al., 1992; Sandholm et al., 1994; Koike et al.,
1996].

In the four low isoprene subsets, P(O,) varies from 0.1 to 4.5
ppb h™! and P-L(O,) from -0.1 to 3.2 ppb hl. Vertical average
(0-5000 m) values for P(O,) and P-L(O,) are 0.73 and 0.29 ppb
h-! for the 67 HC samples and 0.44 and 0.13 ppb h! for the
average Twin Otter conditions. These rates are given as hourly
averages for 12 hours of daylight, and so must be multiplied by
12 to get the daily change. In Table 3 we show O, production
rates for two other layers, 0-200 m and 0-2000 m. These are
compared with values for the eastern United States obtained
from a modeling study by McKeen et al. [1991] and also
compared with values derived from near-surface measurements
at a rural site in Georgia [Kleinman et al., 1995]. P(O,) and P-
L(O,) are seen to be significantly higher over the eastern United
States compared with Nova Scotia. This is particularly true near
the surface where continental sites are exposed to fresh NO,
emissions. As discussed in a following section, the relatively
low production rate for O, near southern Nova Scotia is mostly
caused by low NO. We also note that sample to sample
differences in P(O,) are due in large part to differences in NO.
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Figure 8. Vertical profile of peroxy radical concentrations,

HO,+RO,. Same format as Figure 5.
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Figure 9. Vertical profile of H,O,. Same format as Figure 5.

The samples with the highest average P(O,) and P-L(0O,) are
the high isoprene subset which is not included in Figures 5-11.
For these samples, high P(O,) is partially due to isoprene itself
and partially due to the higher NO fraction that was assumed.
Though P-L(O;) is predicted to average 3.6 ppb h™!, or 44 ppb
d-!, in the high isoprene sample, O, is relatively low. This may
be a consequence of an overestimate of NO or a reflection of
near-source sampling whereby O, has not had a chance to form
and may never reach high values due to dilution as the air mass
is advected away.

5. Discussion

5.1. Low NOy Photochemistry: O3 Production and Sources
and Sinks of Radicals

A defining characteristic of the Twin Otter samples is that
NO, levels are low. Consequences of low NO, (and definitions
of what constitutes low NO, and high NO, conditions) have
been discussed by Kleinman [1994] and Sillman et al. [1990]
and Sillman {1995]. The definition that will be used here is that
low NO, conditions occur when radical removal is dominated by
radical-radical processes such as HO, + HO, or HO, + RO,. In
contrast, high NO, conditions exist when the dominant radical
removal process is radical + NO,, exemplified by OH+NO,.
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Figure 10. Vertical profile of NO, (NO + NO,). Same format
as Figure 5.
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Figure 11. Vertical profile of radical production rate, Q. Same
format as Figure 5.

These two major radical removal pathways will be abbreviated
as R+R and R+NO,. We keep track of radical production and
destruction processes by adding counter species to the chemical
mechanism. Tables 1 and 2 indicate the production rate of
radicals, Q, (also shown in Figure 11) and the fraction of
radicals removed by R+R or R+NO,. In the Jow isoprene
subsets, R+R accounts for 91-99% of the total removal,
qualifying these sample as being low NO, .

Under low NO, conditions a budget equation can be written
for radicals which yields an O; production rate [Kleinman et al.,
1994, 1995]:

P(O;) = k3 Q"2 k' [NO] @

where k; is the rate constant for HO, (or RO,) + NO — NO,,
k¢ is an effective rate constant for peroxide formation given by

kyp = ky(1-0)2 + ky(1 - o) 3)

o = [RO,J([HO,I+[RO,]) )}

and k; and k, are rate constants for the similarly numbered
reactions

(R1) 2HO, - H,0,

Table 3. Vertical Averages for O3 Production Rate, P(O5), and
Net Production Rate, P-L(0O3)

Altitude Range, m

Data Set 0-200° 0-2000" 0-5000
P(O3) ppb h-i
NARE low isoprene 0.54 1.2 0.73
NARE average® 0.50 0.62 0.44
Eastern United States? 54 22
Metter, Georgia® 47
P-L(O;) ppb h!
NARE low isoprene 0.28 0.59 0.29
NARE average® 0.24 0.25 0.13
Eastern United States? 2.7 09
Metter, Georgia® 42

20-75 m for eastern United States; near surface for Metter, Georgia.
50-1800 m for eastern United States.

“Over-water portion of all 48 Twin Otter flights.

SFrom McKeen et al. [1991, Figure 11].

°From radical budget calculation of Kleinman et al. [1995].
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(R2) HO, + RO, — ROOH

Although in this study we do not have to rely on (2) to determine
P(0O,), the utility of this equation is that P(O;) is expressed in
terms of quantities that can be readily measured or (in the case
of k ¢) estimated.

According to (2), P(O,) should be proportional to Q2[NO].
This relation is tested in Figure 12. For either the linear or log
quantities, 99% of the variance in P(O;) is explained by
Q'INO]. The scatter in Figure 12 is mostly due to sample to
sample variations in k¢ caused by varying fractions of HO, and
RO, radicals. There is also a slight breakdown of the low NO,
candition in samples with high isoprene in which a high NO to
NO, ratio has been assumed. Most of the variability in
Q"E[NO] is due to changes in [NO] which varies from 8 to 135
ppt in low isoprene samples and from 18 to 384 ppt in high
isoprene samples. As a consequence, [NO] alone can explain
93% of the variance in P(O,).

The current data set does not permit a true evaluation of (2) as
we have no independent way of determining P(O;). The
correlation of the data in Figure 12, however, demonstrates that
the low NO, approximation is valid for our Twin Otter samples.
In a previous study conducted using measurements from a
surface site in the rural southeastem United States, we were able
to compare P(O;) from (2) with a phatostationary state
calculation [Kleinman et al., 1995]. An error analysis of both
techniques indicated agreement between these methods to the
extent permitted by their respective measurement uncertainties.

Another consequence of low NO, conditions is that the
formation rate for peroxide should be proportional to Q, the
radical production rate. This relation serves as the basis for
comparing observed concentrations of H,0, or total peroxide
with various measures of radical production rate [see, e.g.,
Daum et al.,1990; Tremmel et al., 1993; Slemr and Tremmel,
1994; Dommen et al., 1995; Weinstein-Lloyd, 1996]. In as much
as the primary source of radicals is often short wavelength
photolysis of O; followed by reaction of O(!D) with H,0,
peroxide concentration is found to be correlated with O,, HZO,
dew point, or the product of H,O times O,. A major assumption
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Figure 12. Dependence of P(O3) on Q12 [NO] for all Twin
Otter samples from model calculations. A linear relation is
predicted from equation (2).
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is that peroxide concentration is proportional to its production
rate. i

In Figure 13 we show predicted H,0, as a function of Q. A
linear least squares fit to these calculated points yields the
following relation:

H,0, (ppb) = 1.18+2.74Q (ppb b'!), 2=085  (5)

The data are well represented by a straight line but, as with the
NARE H,0, measurements from the G-1 reported by Weinstein-
Lloydet al. [1996], there is a positive intercept so that [H,0,}/Q
is higher at low Q. This is equivalent to the lifetime of H,0,
becoming longer as Q decreases in dry and/or clean air. Loss of
H,0, is due in part to reaction with OH and Table 1 indicates
that OH decreases in dry-clean air relative to moist-dirty air.

5.2. H,0, Observations

H,0, measurements from the Twin Otter were briefly
described in part 1 and are presented in detail by J. Weinstein-
Lloyd et al. (manuscript in preparation, 1996). A comparison
with coincident calculated H,0, is shown in Figure 14. The
observations in Figure14 have been screened to eliminate data
points where loss due to wet or dry deposition is expected, as
these processes are not included in the calculation. Observed
vertical profiles for H,0, typically showed a lower
concentration in the surface inversion layer relative to higher
altitude, ranging from tens of percent to a factor of 2 or more. In
spite of the stable atmosphere over the ocean, this decrease
appeared to be associated with a surface (or near-surface) loss
mechanism. We therefore restricted Figure 14 to samples from
above 400 m. In order to reduce the likelihood of wet
processing we also required that dew point depression be greater
than 2°C and that FSSP number concentration (a measure of
cloud droplets) be less than 10 cm™3. Figure 14 also does not
include data taken prior to flight 22. There was a large change
in calibration factor between flights 21 and 22 associated with
maintenance that was done when the instrument was removed
from the Twin Otter. While there is no a priori reason to
disregard data from before flight 22, we note that after flight 22
the measurements are better behaved in several ways. There is

10 @
O Isoprene < 0.1 ppb
® Isoprene > 0.1 ppb
@
=
Q
A=
oN
(@]
[\]
T
0 T T
0 1 2 3

Q (ppbh™)

Figure 13. Dependence of H,O, on Q for all Twin Otter
samples from model calculations.
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Figure 14. Comparison between calculated and observed H, 0.
Data set screened as described in text to remove samples most
affected by dry deposition and samples before flight 22.

better agreement with radical production rates and an improved
comparison with the G-1 data set [ Weinstein-Lloyd et al., 1996].

The 19 remaining observations have an 12 correlation with
calculated values of 0.57. Average calculated H, 0, is 1% lower
than observed. Some of the differences are presumably due to
the generic nature of the calculations using average photolysis
rate constants and average NO to NO_ ratios. We also note that
the timescale for H,0, production can be several days in the
dryer air masses and the neglect of history effects will introduce
errors in our calculations.

6. Conclusions

Photochemical model calculations have been performed for
the summer 1993 NARE intensive using trace gas observations
from the Twin Otter and King Air aircraft as constraints.
Calculations were done for two groups of samples having low or
high isoprene concentration. The low isoprene group consists of
locations over the ocean near southern Nova Scotia, whereas the
high isoprene group contains sample points over land. The low
isoprene samples were further subdivided based on O; and H,O
concentrations. Results are presented by data subset and for the
low isoprene samples as vertical profiles. An altitude range
from below 100 m to 5 km was covered. The calculations yield
predictions for radical concentrations, oxidation products,
chemical rates of change, and reaction pathway information.
These predictions are based on average NO/NO,, ratios because
NO measurements are not coincident with the other trace gas
data.

Previous studies have indicated that polluted boundary layer
air from the North American mainland can be advected out to
Nova Scotia bringing high concentrations of O3, NO, , CO, and
aerosol particles [Banic et al., 1996; Berkowitz et al., 1995; Buhr
et al., 1996; Daum et al., 1996; Kleinman et al., 1996a,b;
Leaitch et al., 1996]. Although these air masses resemble urban
pollution in some respects, there is clear evidence that extensive
photochemical processing has occurred during transport.
Concentrations of reactive hydrocarbons are low; reactivity
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toward OH is dominated by CO and CH, in all of the over-water
samples. NO concentrations are also low as indicated by the
King Air observations reported by Buhr et al. [1996]. This data
set, which was used in our calculations, indicates that near
southern Nova Scotia, the ratio of NO to NO_ varied from
approximately 3% at low NO, to 1% at high NOy. Using
calculated vatues for NO,, we find that the ratio of NO, to NO
is lower than observed in many remote regions. NO,/NO,_ was
only 7% in the data subset most closely associated with porluted
boundary layer air.

Ozone production rates over southern Nova Scotia are
calculated to be relatively low in comparison to average values
for the eastern United States. For example, McKeen et al.
(1991) calculate an average boundary layer (0-1800 m) O,
production rate for the eastern United States of 2.2 ppb per
daylight hour (multiply by 12 to get daily averages). The
corresponding figure for southern Nova Scotia is 0.6 ppb h'!.
Taking into account chemical loss of O, McKeen et al. calculate
a net production rate of 0.9 ppb h'!; the corresponding NARE
value is 0.25 ppb h'!. This factor of 4 difference is partly due to
the combination of continental and marine air masses that arrive
in Nova Scotia and partly due to over-water transport in which
NO, is removed by oxidation and not rcplaced by fresh
emissions.

There is considerable variation among the individual NARE
samples as to O, production. Samples with low O, (<60 ppb) in
dry air have an average net production rate that is slightly
negative, whereas samples with high O; in moist air have an
average net production rate of 1.1 ppb h!, comparable to the
eastern United States average. Highest production rates occur in
the high isoprene samples which were collected over land and
therefore not included in determining average values for coastal
southern Nova Scotia.

Relations between O, production rates and precursor
concentrations are discussed in the context of the prevailing low
NO, conditions. We show that over 90% of radicals are
removed by radical -radical reactions, and therefore, according to
a low NO, radical budget argument, P(O,) is proportional to
Q2 [NO}, where Q is the radical formation rate. This relation
explains 99% of the variance in the calculated P(0,). [NO] by
itself explains over 93%. Predicted concentrations for H, O, are
well correlated with Q as expected for low NO, conditions. A
comparison between calculated and observed H, O, indicates
good agreement between average concentrations with a scatter
(2 = 0.57 for a linear least squares regression) that is partly due
to the use of diumnal average photolysis rate constants and an
average NO to NO ratio.
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