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Abstract.

The concentration of hydroxyl radicals is estimated from the degradation of

NO, and selected volatile organic compounds (VOCs) during the transport of polluted air
masses from the city of Freiburg to the Schauinsland mountain through a steep valley
called “GroBes Tal.” The approach is based upon chemical and meteorological
measurements made during the Schauinsland Ozone Precursor Experiment (SLOPE96) at
two ground-based sites and aboard a small aircraft. Separation of chemistry and transport
is achieved through the degradation of chemical compounds with significantly different
reactivity towards OH. The transport time of the air between the two measurements

(90 = 5 min) and the influence of mixing with background air on the calculated OH
concentration is quantified with the help of a dispersion experiment with SF4 and from
airborne chemical measurements. The OH concentration (7 — 10 X 10° cm ™) is almost a
factor of 2 larger than what is calculated with a chemical box model constrained by the
measured trace gas concentrations and photolysis rates. The radical budget can be closed
within the experimental uncertainties, when an upper limit is adopted for the photolysis of
nitrous acid, in addition to the radical production from photolysis of ozone, H,0,, and
carbonyl compounds as well as ozonolysis of unsaturated VOCs. Biogenic VOCs (i.e.,
isoprene, terpenes, and a number of oxidated compounds) comprise about half of the total
VOC reactivity in the transported plume. The results from SLOPE96 confirm the
assumptions made in the analysis of an earlier experiment conducted in 1992, when
noontime OH concentrations of 6-8 X 10° cm ™2 were derived in the presence of NO,
mixing ratios between 70 ppb at the entrance of the valley and 15 ppb at Schauinsland.
Comparison with direct measurements from different studies qualitatively reveals the
expected dependence of [OH] on the NO, mixing ratio with a maximum around 1-2 ppb

of NO.,.

1. Introduction

An important aspect of the Schauinsland Ozone Precursor
Experiment (SLOPEY6) campaign was to investigate the bud-
get of hydroxyl radicals by detailed chemical and meteorolog-
ical measurements in the plume of the city of Freiburg during
its transport to the Schauinsland hill. The idea for SLOPE96
came from the analysis of the long-term measurements made
at Schauinsland as part of the European Experiment on Trans-
port and Transformation of Environmentally Relevant Trace
Constituents in the Troposphere Over Europe (EUROTRAC)
subproject Tropospheric Ozone Research (TOR) [Kley et al.,
1997]. It was found that during anticyclonic conditions with
weak synoptic winds, polluted air masses from the nearby city
of Freiburg are channeled to Schauinsland through the valley
“Grofles Tal” that declines from Schauinsland to the north
[e.g., Kramp and Volz-Thomas, 1997; Flocke et al., 1998]. This
led to the idea of utilizing the valley as an approximation of a
flow reactor for studying the chemical processes in the atmo-
sphere. A first experiment was conducted in September 1992
with ground-based measurements made at Kappel, a small
village at the entrance of the valley and at Schauinsland (for
details, see Volz-Thomas et al. [this issue]).

The time-integrated average OH radical concentration was
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estimated from the slope of a semilogarithmic plot (according
to Kramp and Volz-Thomas [1997, equation 1]) of the ratios of
individual hydrocarbon concentrations, as measured at the two
locations along the transport path, versus their reaction rate
coefficients with OH. The dilution coefficient was derived from
the intercept.

[Xl]lz _ -_— —
In | %7 ) = ~kolOHIA - k.ar 1)

where [X;], ., are the mixing ratios of the components X, at
the time of measurement, that is, ¢, (Kappel) and ¢, (Schauins-
land), k o4 are the rate coefficients for the reaction of X, with
OH, At = t, — ¢, is the transport time between two measuring
sites, and k,, is a first-order dilution coefficient. This simple
model, which has been used in slightly modified versions in
several studies [e.g., Calvert, 1976; Singh et al., 1981; Roberts et
al., 1984; Rudolph and Johnen, 1990; McKeen et al., 1996; Blake
et al., 1993; McKenna et al., 1995; Kramp and Volz-Thomas,
1997], requires the fulfillment of several assumptions: First of
all, it is assumed that reaction with OH is the major removal
path for the species under concern. Another essential require-
ment is that the same air mass is traced subsequently by mea-
surements at two locations. Finally, production or emissions of
the species during transport is assumed to be negligible, as are
the concentrations in the background air with which the plume
is mixed during transport between the two measurements.
With the latter assumption the dilution term k At is equivalent
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to a volumetric dilution factor, In (V,/V, ). This can easily be
verified from (1) for an inert molecule (ko = 0) and by
substituting the concentrations [X,], by the total number of
molecules n; and the volume V,, with the condition that #,
remains constant in the absence of chemical losses.

The OH concentrations derived in 1992 were unexpectedly
large in view of the prevailing NO, mixing ratio in the plume
(70 ppb at Kappel and 15 ppb at Schauinsland). A budget
analysis showed that the estimated OH concentrations could
not be explained by primary production, thus indicating the
potential for significant radical amplification during the oxida-
tion of hydrocarbons [Kramp and Volz-Thomas, 1997]. Since
biogenic VOCs other than isoprene were not measured during
the experiment in 1992, it was suggested that these compounds
could affect the OH budget by the production of OH and HO,
radicals during ozonolysis, as reported by many authors [e.g.,
Niki et al., 1987; Hatakeyama et al., 1991; Paulson and Orlando,
1996; Paulson et al., 1998; Donahue et al., 1998; Marston et al.,
1998; Mihelcic et al., 1999].

Uncertainties in the OH concentrations estimated from the
1992 experiment were associated with the assumptions about
the transport path and the transport time between the two
measuring sites, as well as the possible influence of mixing of
the plume with the surrounding air masses. Therefore tracer
experiments with SFg were conducted in the subsequent years
(M. Molimann-Coers et al., unpublished manuscript, 1999),
which in general confirmed the assumptions about the trans-
port path and the transport time. The aim of SLOPE96 was to
repeat the experiment from 1992 with more detailed chemical
and meteorological measurements, including vertical profiles
at several locations and a small aircraft.

The aim of this paper is to estimate the time-integrated OH
concentration from the degradation of selected VOCs and to
investigate the validity of the necessary assumptions adopted in
the approach. These include in particular the influence of
mixing of the plume with background air on the estimated OH
concentrations. The thus derived OH concentration is com-
pared with results from other direct measurements and with
predictions from a chemical box model constrained by the
ancillary data. Finally, the budget of HO, (OH and HO,) is
examined in light of the primary sources and sinks, including
the influence of biogenic VOCs.

2. Results

The scientific background and the details of SLOPE96 are
described by Volz-Thomas et al. [this issue]. The campaign
involved a large number of ground-based chemical and mete-
orological measurements, as well as vertical profiles at several
locations in the valley. Measurements aboard a small aircraft
were made to obtain information on the trace gas concentra-
tions in the surrounding air masses. These included O;, NO,,
and in situ measurements of VOCs with an Airmotec HC1010
gas chromatograph (10 min time resolution). The chemical
measurements are described by B. Kolahgar et al. (unpub-
lished manuscript, 1999) for the organic compounds and by
Pitz et al. [this issue] for the inorganic compounds, photolysis
rates, and carbonyl compounds <Cs. A dispersion experiment
with SF¢ was performed to verify the transport path of the air
mass and to determine the transport time between the two
sites, where the chemical measurements were made. The me-
teorological situation as well as transport and dispersion are
discussed by Kalthoff et al. [this issue].

OH RADICALS DURING SLOPE%

Figure 1 summarizes the trace gas concentrations obtained
at the entrance of the valley (Kappel) and at Schauinsland on
June 5, 1996, the only day during the entire SLOPE campaign
when upvalley flow in the valley persisted for a long enough
time period [Volz-Thomas et al., this issue]. The valley wind
system was established at 0730 LT at Kappel [see Kalthoff et al.,
this issue]. At 0950 LT the Freiburg plume arrived at Kappel,
as is evident by the peak mixing ratios of primary pollutants
like NO, and anthropogenic VOCs. The tracer (SFy) arrived at
the same time as the anthropogenic trace gases. Thus the SF,
maximum can be used as a marker for the air mass to be
investigated. At Schauinsland the SF; maximum occurred be-
tween 1100 and 1130 LT. The transport time of the plume
between Kappel and Schauinsland as derived by fitting a
Gaussian plume to the SF, concentrations was 90 + 5 min. The
transport time calculated from the average surface wind veloc-
ity (1.8 m s~ ') and the distance between the two measuring
sites (~8 km) was somewhat smaller, about 80 min. In contrast,
the peak NO, and VOC mixing ratios occurred at Schauins-
land at 1300 LT, about 200 min later than in Kappel. However,
at this time the larger fraction of the air masses observed at
Schauinsland was not advected through the valley anymore, as
the wind regime had changed to westerly flow around 2400 LT
[see Kalthoff et al., this issue; Fiedler et al., this issue]. During
the arrival of SF, peak, advection to Schauinsland was still
predominated by the valley wind system [Fiedler et al., this
issue].

The analysis for OH according to (1) is shown in Figure 2.
The ratios of the mixing ratios of NO, and several hydrocar-
bons as measured at ¢, in Kappel and at ¢, at Schauinsland (see
Table 1) are plotted as a function of the respective rate coef-
ficients in a semilogarithmic diagram. The analysis is made for
transport times of 80, 100, and 120 min, the increment of 20
min being determined by the analytical cycle of the VOC
measurements with the Airmotec gas chromatographs (GCs)
(see B. Kolahgar et al., unpublished manuscript, 1999).

Only those compounds are included in the analysis that are
unambiguously identified in the chromatograms and are ob-
served at mixing ratios well above the detection limit at both
sites. Compounds <C; are excluded because they are not
accurately quantified with our Airmotec GCs. The two custom
made GCs, which accurately measured the small VOCs, and
the gas chromatography/mass spectroscopy (GC/MS) samples
have analytical cycles of about 1.5 and 3.5 hours, respectively,
too long for the OH analysis. Compounds with significant bio-
genic sources are excluded, since the assumption of negligible
emissions between the two measuring sites is not fulfilled for
such compounds. Anthropogenic emissions in the valley are
rather unimportant compared to the advection of pollutants
from Freiburg because of the sparse population and due to the
fact that the public road ends in the valley [Volz-Thomas et al.,
this issue].

Another requirement is that the rate cocfficients for reaction
with OH must be sufficiently well known from laboratory ex-
periments. For this reason, 3-methyl hexane, albeit being mea-
sured with high precision at both sites, had to be excluded from
the analysis. The rate coefficients used in Figure 2 were
adopted from Atkinson [1994] for the VOCs and from
Donahue et al. [1997] for NO,. As m-xylene and p-xylene react
with OH at different rates and are not separated by the Air-
motec GCs, the effective rate coefficient for the sum of m- and
p-xylene was calculated from the individual rate coefficients
and the ratio of these compounds as determined from the
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Figure 1.

Diurnal variation of wind direction, NO,,

Time (CET)
SF,, and selected VOCs at (left) Kappel and (right)

Schauinsland on June 5, 1996. The thick lines are 10 min moving averages of the NO, data.

GC/MS measurements at Kappel and Schauinsland ([p-
xylene]/[m-xylene] = 2 (B. Kolahgar et al., unpublished manu-
script, 1999).

NO, was used in the analysis instead of NO, because
changes in the O; concentration or in the photolysis frequency
of NO, during transport would lead to changes in NO, accord-
ing to the photostationary state relation (PSS) [Leighton, 1961],
in addition to changes due to reaction of NO, with OH. The
effective rate coefficient for the reaction of NO, with OH was
calculated by multiplying the rate coefficient for the reaction of
NO, with OH with the average NO,/NO, ratio of 0.7, as
determined from the measurements at Kappel and Schauins-
land. Other than the VOCs in Figure 2, NO, is subject to dry
deposition [e.g., Munger et al., 1996]. With a relatively high
value for the deposition velocity of 0.5 cm s~ and a lower limit
for the mixing height of 200-300 m [Kalthoff et al., this issue],
NO, deposition constitutes a first-order loss of <2.5 X 1073
s~ 1. The data in Figure 2 for NO, are thus shown with and
without including this estimate for deposition (solid and open
triangles, respectively).

According to (1) the average OH concentration is calculated
from the slope of a linear regression with the corresponding
transport time (At = t, — ¢;). The dilution rate coefficient is
derived from the intercept. The dotted lines in Figure 2 are
linear regressions through all compounds shown in the plot,
and the solid lines are fits to those compounds (shown as solid
squares) for which the intersystem comparability was found to

be better than 10% (see B. Kolahgar et al., unpublished manu-
script, 1999). Table 2 summarizes the average OH concentra-
tions, the dilution coefficients, and the corresponding dilution
factors, as well as the correlation coefficients of the regression.
Over the range of possible transport times, [OH] varies by
approximately a factor of 2. While the selection of higher-
quality compounds has no significant influence on the OH
concentration or the dilution factor, the correlation coeffi-
cients are much larger. The somewhat higher values of R? for
80 and 100 min are in line with the transport time (90 = 5 min)
from SF,. The resulting OH concentration is 10-15 X 10°
cm 3, and the first-order dilution coefficients (2.6-3.6 X 10~
s~ ') are equivalent to a volumetric dilution factor of V,,/V,; =~

The large deviation for n-octane for 80 min is caused by a
somewhat high value measured at Schauinsland. The reason
for the significant deviation of 2-methylbutane in all three
panels is likely due to the measurement at Kappel. The esti-
mate for NO, with deposition is in better agreement with the
rest of the compounds, although we should like to note that
neglecting deposition of NO, changes the estimate for [OH] by
less than 0.3 X 10° cm 3,

Whereas the statistical errors of the measurements and the
rate coefficients (<20%) should be reflected in the errors of
the slopes of the regression lines, systematic errors in the
estimated OH concentration may arise from the assumptions
of the approach. The dilution factor of 5 derived from the
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Figure 2. Semilogarithmic plots of VOC ratios as measured with the two Airmotec GCs at Kappel (0950 LT;
Xx) and at Schauinsland (1110, 1130, and 1150 LT; X) versus their rate coefficients for reaction with OH
(k;). NO, is shown with (solid triangle) and without (open triangle) correction for losses by dry deposition
(with v, = 0.5 cm s™* and a scale height of 200 m). The dotted lines are linear fits through all data, and the
solid lines are obtained by including only compounds which were measured with a comparability of 10% (solid
squares and triangle).

intercept of the regression line for 80 and 100 min (Table 2) is pounds. Local emissions and the background of SF, (4 ppt
a factor of 2 lower than that obtained from the SF, experiment  [Geller et al., 1997]) are negligibly small compared to the ob-
(V.,/V,, = 10 [Kalthoff et al., this issue]. This difference canbe  served SF, mixing ratios in the plume (>1 ppb). The influence
explained either by emissions of the compounds between the of mixing can be investigated from independent information
two measuring sites or by admixture of background air that about the concentrations of the VOCs and NQO, in the back-
contains significant concentrations of the respective com- ground air above the valley. This information can be obtained
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Table 1. Mixing Ratios of NO, and Selected VOCs
Measured at the Surface Sites and Aboard the Aircraft
Above Kappel as Used for Estimation of the OH
Concentration

t,, Kappel, t,, Kappel, t,, Schauinsland,

Compound Surface, ppt 1200 m, ppt pPpt
2-Methylbutane 3,321 223 343
n-Pentane 2,111 240 322
2-Methylpentane 1,495 120 255
Benzene 1,775 206 415
Toluene 2,339 214 284
n-Octane 131 8 16
Ethylbenzene 458 33 70
m/p-Xylene 1,283 60 92
o-Xylene 661 96 42
NO, 29,000 3,000 3,700

either from the nighttime concentrations measured at Schauin-
sland, as it was done by Kramp and Volz-Thomas [1997], or
from aircraft measurements. During the 1992 experiment, air-
craft measurements were not available. The nighttime concen-
trations at Schauinsland were less than 10% of the concentra-
tions at Schauinsland during arrival of the plume and were
neglected in the analysis. Because of the lower NO, and VOC
concentrations within the plume during SLOPE96, the night-
time concentrations at Schauinsland were, on average, 35% of
the concentrations measured during the arrival of the plume at
1130 LT. The concentrations measured by the aircraft at 0950
LT in the background air above Kappel (see Table 1) were a
factor of 2 higher than the nighttime concentrations measured
at Schauinsland. Thus the influence of mixing with air from
aloft was more pronounced during SLOPE96 than during the
1992 experiment.

With the information about the chemical composition of the
background air and the dilution factor, (1) can be expanded,
using a simple mixing scheme:

[X.]s = ([X]if + [X]of") exp (—kou[ OH]AY)
[XI]S

In (f[x,]K + X5

where [X,]s, [X,]x, and [X,]p are the mixing ratios as mea-
sured at Schauinsland (¢,), at Kappel (¢,), and above Kappel
(t,), as listed in Table 1, At = 100 min is the transport time
between Kappel (¢,) and Schauinsland (z,), andf = V,/V =

2

or

) = —kou[ OH]A?
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0.1 is the reciprocal dilution factor. Both quantities are taken
from the SF, experiment. Here f' = (1 — f) is the fraction at
which the background air is admixed to the plume. Equation
(2) assumes instantaneous mixing. The results of the tracer
experiment indeed show that mixing is completed during the
first hour of transport. '
The NO, mixing ratio in the background air above Kappel
was calculated with the photostationary state relation [Leigh-
ton, 1961] from the mixing ratios of O; and NO, measured
aboard the aircraft and the Jyo, data from Schauinsland.

0,

[ 03] k 03,NO

Neglection of the oxidation of NO by peroxy radicals in (3)
leads to a slight (10%) overestimation of [NO,] .

The results of the analysis according to (2) are shown in
Figure 3 for a transport time of 100 min. When including all
VOCs in the analysis, the OH concentration is 10 + 4 X 10°
cm > (R? = 0.52), similar to that obtained from (1). The
slope of the regression line is significantly effected by o-xylene,
for which a significant memory was found in the airborne GC
(see B. Kolahgar et al., unpublished manuscript, 1999). If the
analysis is constrained to NO, and those VOCs that were
measured with all three Airmotec GCs with sufficient compa-
rability (squares), the slope of the regression line is 30%
smaller, yielding [OH] = 7 = 4 X 10 cm™2 (R? = 0.62). The
smaller correlation coefficients are due to the fact that mea-
surement errors of three GCs enter in the analysis. As before,
exclusion of compounds that are measured with a lower pre-
cision improves the correlation. The same analysis for Az = 80
min (not shown) gives [OH] = 10 = 3 X 10° cm® (R? =
0.83).

Figure 4 shows the mass balance of the trace gases at
Schauinsland. The concentrations [X,]s. are calculated with
(2) from the concentrations measured at Kappel (0950 LT)
and in the air above Kappel (0950 LT), after being aged during
transport to Schauinsland. The thus calculated mixing ratios
are compared to those measured at 1130 LT at Schauinsland
([X:]s), which are set equal to 100%. With an average OH
concentration of 7 X 10° cm ™2 the mass balance of the com-
pounds shown with squares in Figure 3 can be closed to 95%.
The contribution of the surface air as measured at Kappel is
50-60%. The residual deviations from 100% may be due to
errors in the GC analysis or could be indicative of minor
emissions in the valley. As stated before, emissions of the
compounds between Kappel and Schauinsland would lead to
an underestimation of the real OH concentration. In conclu-

[NO,] = ( + 1) [NO,] 3)

Table 2. Average OH Concentration, Dilution Rate Coefficient, Volumetric Dilution Factor, and Correlation Coefficient
Obtained From the Linear Regressions in Figure 2 for Different Transport Times

[OH] X 1078, k, x 104,
At, min t,, CET t,, CET cm™? st Vol Ve R?
All Data
80 0950 1110 14+5 37x04 5.8 0.55
100 0950 1130 11+3 26*+02 4.8 0.71
120 0950 1150 8+3 19*02 39 0.59
Compounds Shown as Squares Only

80 0950 1110 152 3.6 04 5.5 0.97
100 0950 1130 10+2 25+02 4.5 0.94
120 0950 1150 7+2 1.9=+02 39 0.88

CET, central European time.
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Figure 3. Semilogarithmic plot of hydrocarbon ratios measured at 0950 LT at Kappel and at 1130 LT at
Schauinsland according to equation (2) versus the respective OH rate coefficients (k,). Background concen-
trations were measured at 0950 LT above Kappel (1230 m). Symbols and lines are as in Figure 2.

sion, when using all the available experimental information in
a simple model that allows mixing of the air measured at
Kappel with air from aloft, an average OH concentration of
7-10 X 10° cm 2 is derived for the time interval 0950-1130 LT
on June 5, 1996.

3. Discussion

Several authors reported on the estimation of OH concen-
trations from the degradation of hydrocarbons [e.g., Calvert,
1976; Singh et al., 1981; Roberts et al., 1984; Satsumabayashi et
al., 1992; Blake et al., 1993; McKenna et al., 1995]. When taking
into account the different atmospheric conditions and that
some of the estimates were diurnal averages, the estimated OH
concentrations are comparable to those obtained in this study.
The highest OH concentrations (20 X 10° cm™>) were derived
from the decay of olefinic hydrocarbons during transport from
a highly polluted coastal site in Japan to the inland in the
presence of about 50 ppb NO, [Satsumabayashi et al., 1992).

In many of the investigations, uncertainties are associated
with the estimation of the transport time of the air masses from
the source region to the measuring site. Large errors can also
arise from the assumed emission patterns, when measurements

120
£ from background
100 - O from Kappel
£ 80
-l
=
§, 60
o
X, 40 - @ © ® o x
c c c c 8
ol f] [ o
8 & S z
2012 2 S &
< 3 z E
N ®
0

Figure 4. Mass balance between Kappel and Schauinsland
calculated according to equation (2) with an average OH con-
centration of 7 X 10° cm™? and a dilution factor (V,,/V,;) of
10. The measured concentrations at Schauinsland are set equal
to 100%.

from only one location are used. Finally, emissions during
transport and admixture of significant background concentra-
tions constitute a large source of uncertainty [McKeen et al.,
1996; McKenna, 1997, Schmitt and Volz-Thomas, 1997; Ehhalt
et al., 1998]. The effect of mixing was often assumed to cancel
by using hydrocarbon ratios. McKeen et al. [1996] compared
results from a three-dimensional model with the hydrocarbon
measurements made during the Pacific Exploratory Mission-
West A (PEM-West A). The model-predicted photochemical
decay (with a diurnally averaged OH concentration of 2 X 10°
cm %) was reproduced by the measured hydrocarbon ratios
only when an appropriate background was subtracted from the
reference compound.

In SLOPE the VOC measurements were made at two loca-
tions within a relatively short distance. Therefore no assump-
tions about the VOC concentrations in the source region were
necessary. Transport time, dilution factor, and chemical com-
position of the background air were derived from independent
measurements. Most important, the narrow valley which chan-
nels the plume from Kappel to Schauinsland greatly reduces
the effect of dilution processes. As a consequence, the air mass
measured at Schauinsland contains more chemical information
of the air mass measured at Kappel. Last but not least, anthro-
pogenic sources in the valley between Kappel and Schauins-
land are rather small, as is confirmed by CO/SF, ratios (M.
Mollmann-Coers et al., unpublished manuscript, 1999). The
ideal nature of the measurement site and the comprehensive
set of measurements made during SLOPE96 give a relatively
high level of confidence in the OH concentration obtained.

Unfortunately, the meteorological situation on June 5, 1996,
was less favorable than during the previous experiment on
September 17, 1992, when the valley wind system persisted
until 1600 LT and transported extremely polluted air to
Schauinsland [Kramp and Volz-Thomas, 1997). Table 3 shows
that during SLOPE96 the estimate of At from the SFq exper-
iment is in good agreement with that from wind speed, whereas
the NO, peak occurred much later (see above). During the
1992 experiment, however, the arrival of the NO, plume at
Schauinsland was in good agreement with the transport time
calculated from wind speed (130 min). The tracer experiments
performed in SLOPE96 thus confirm the estimate of the trans-
port time in 1992.

The dilution factors derived from the intercept of the re-
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Table 3. Different Estimates for the Transport Time
Between Kappel and Schauinsland During SLOPE96 and
1992

At, min At, min
Method SLOPE96 SLOPE92°
Wind speed and distance 80 130
SF¢ experiment 90 =x5 not available
Time lag between NO, peaks 200 120-180
From R? of regression 80-100 150 and 180
Used for OH estimation 80 and 100 150 and 180

2Kramp and Volz-Thomas [1997).

gression line during the 1992 experiment are a factor of 2 lower
than that calculated during SLOPE96. The likely reason for
this difference is the difference in meteorological conditions
between the two experiments, such as the mixed layer growth.
This assumption is supported by the fact that in 1992 the
concentrations in the background air, as measured during the
early morning hours at Schauinsland, were approximately an
order of magnitude smaller than those found at Schauinsland
after the onset of the upvalley flow [Kramp and Volz-Thomas,
1997]. Owing to the high concentrations in the transported
plume, the influence of mixing on the estimated OH concen-
trations during the 1992 experiment was of much lesser impor-
tance than in 1996.

3.1. Comparison With Direct Observations

In Figure 5 the OH concentrations dertved from SLOPE96
and in 1992 are compared with direct measurements of OH
from two field campaigns in 1993 and 1994 at Fritz Peak,
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Colorado [Eisele et al., 1994; Mount and Williams, 1997, mea-
surements made in 1984 at Schauinsland [Platt et al., 1988] and
from the Photochemistry of Plant-Emitted Compounds and
OH Radicals in Northeastern Germany (POPCORN) cam-
paign 1994 in northeast Germany [Holland et al., 1998; Bran-
denburger et al., 1998; Rohrer et al., 1998]. In order to put the
data into perspective, [OH] is plotted as a function of the
prevailing NO, concentration, and the data are selected for
similar values of the OH production rate from ozone photol-
ysis. The values for J,, range from 2.2 to 3 X 107° 57, the
O, mixing ratios range from 50 to 70 ppb, and the H,O mixing
ratios range from 1 to 1.5%. The lower H,O concentrations at
the mountain sites are roughly compensated by the larger
values for Jo1p-

Qualitatively, the data exhibit the expected dependence on
the NO, mixing ratios with maximum concentrations occurring
at mixing ratios around 1-2 ppb, which was first pointed out by
Hameed et al. [1979] and Logan et al. [1981]. The enhanced
recycling of HO, by reaction with NO serves to increase [OH]
with increasing [NO,] until the increasing influence of OH
losses by reaction with NO, serve to reduce [OH] [e.g., Eisele
et al., 1994, 1997]. The earlier data from Fritz Peak seem to
give somewhat lower OH concentrations than the other data
sets. The data from SLOPE96 and from 1992 [Kramp and
Volz-Thomas, 1997] qualitatively exhibit the predicted falloff in
the high NO, regime.

Figure 5 also shows the results of photochemical model
simulations made for the conditions of SLOPE9 with the
chemical box model EURO-RADM [Stockwell and Kley, 1994],
which is based upon the Second Generation Regional Acid
Deposition Model (RADM?2) chemistry [Stockwell et al., 1990]

10 POPCORN94 | .. ... .. ... o . .| .. ......
' SLOPE96
R b D SLOPE92
E Schau- Z N
o h .
© insland .
25| 84 E
T Fritz ¢ LIN o
2 Peak 93 / o e . ‘Model
d ‘\ h
1 I ?‘ Ay -
/ -
0 L 1 1 1
0.1 1 10 100

NO, mixing ratio (ppb)

Figure 5. Comparison of the OH concentrations determined from SLOPE96 (this paper) and SLOPE92
[Kramp and Volz-Thomas, 1997} with direct spectroscopic measurements made at different locations as a
function of the prevailing NO, mixing ratio: Fritz Peak 91 [Eisele et al., 1994]; Fritz Peak 93 [Mount et al.,
1997]; Schauinsland 84 [Platt et al., 1988]; POPCORN 94 [Brandenburger et al., 1998; Holland et al., 1998;

Rohrer et al., 1998] (data selection for maximum Jg,,).

The dashed line shows the results of simulations with

the photochemical box model EURO-RADM that was constrained by the ancillary measurements made

during SLOPE96 (see text).
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Table 4. OH Concentrations Calculated With the Chemical
Box Model EURO-RADM, Initialized With Parameters as
Measured at Kappel and at Schauinsland

Case 2
Kappel Case 3
Case 1 With 70% Case 4
Kappel HONO Kappel Schauinsland
Time, CET 1020 1020 1020 1200
NO,, ppb 15 15 9 2.5
VOC/NO,, ppb C/ppb 7 7 7 14
HONO, ppb 0 1 1 0
[OH] X 1075, em™3 2 25 3 5

but includes more details for several chemical species, in par-
ticular organic nitrates. For our simulations the rate coefficient
in the model for the reaction of NO, with OH was updated
according to Donahue et al. [1997]. The rate coefficient for the
reaction of HO, with NO was revised to 9.7 X 10~ "? ¢cm® s ™!
based on the new measurements made by Bohn and Zetsch
[1997]. The photolysis rates were set to the values measured at
Schauinsland [see Ptz et al., this issue].

Several model simulations were performed with initializa-
tions for the chemical parameters adopted from the measure-
ments made on June 5 in the Freiburg plume at 0950 LT at
Kappel (cases 1-3, Table 4) and at 1130 LT at Schauinsland
(case 4, Table 4). The VOC concentrations (C,-C,5) were
assimilated from all available measurements, that is, from two
in situ GCs at each site and from the samples analyzed by
GC/MS (see B. Kolahgar et al., unpublished manuscript, 1999).
Averages were formed for those compounds which were mea-
sured by more than one instrument. The >C5; VOCs were
lumped on the basis of similarities in functional groups and
reactivity. The average OH rate coefficient of each group
(kon) was calculated from the relative contributions of the
individual compounds to the group:

_ Skou[VOC]

o4 = TSIVOC] )

The different scenarios are listed in Table 4. In cases 1 and 2
the model was initialized with the trace gas concentrations
measured at Kappel, case 4 was initialized with the data from
Schauinsland, and case 3 represents a mix in between. The OH
concentrations calculated by the model range from 2 X 10°
cm~? (conditions at Kappel without HONO) to 5 X 10° cm™3
for the conditions at Schauinsland around noontime.

Whereas the model simulations exhibit a similar dependence
of [OH] on NO, as the measurements (Figure 5), the absolute
values of [OH] are approximately a factor of 2 smaller. This
result is potentially important for ozone predictions made with
models based upon RADM, as the photochemical ozone for-
mation rate in the model shows a quite similar dependence on
NO, as [OH]. A likely reason for the underprediction of OH by
the model is the inadequate treatment of ozonolysis. More
detailed modeling is necessary in order to see if the higher OH
concentrations can be adequately simulated when ozonolysis
and photolysis of higher carbonyl compounds is correctly in-
cluded in the model or if there is something fundamental
missing in our understanding of the photochemistry in the
high-NO, regime.

Comparison of cases 1 and 2 shows the potential influence of
nitrous acid (HONO) on the OH concentrations. HONO is
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thought to be an important source of OH in polluted environ-
ment [e.g., Kessler and Platt, 1984). Harrison et al. [1996] report
on OH production rates from the photolysis of HONO which,
at the highest HONO concentrations observed during daytime
(2 ppb), were more than 10 times larger than those from the
photolysis of ozone. In our simulation, HONO was initialized
as 5% of the NO, concentration. This fraction was reported by
Kessler and Plart [1984] from concurrent measurements of
HONO and NO, in vehicle exhaust and in the vicinity of strong
anthropogenic sources. For the conditions during SLOPE96
the photolysis lifetime of HONO was about 10 min, as calcu-
lated from the photolysis frequency measured at Schauinsland
(1-2 X 1072 s [Pitz et al., this issue]). Thus OH production
from HONO photolysis is most important during the first
10-20 min of transport to Schauinsland.

Additional model runs (not shown) with the previously ac-
cepted rate coefficient for the reaction of NO, with OH gave
10-30% lower OH concentrations. For the Schauinsland mix
the results are similar to those obtained by Kohlmann et al.
[1999], who found about 15% larger OH concentrations with
the new rate coefficient for simulations of rural air. The model
studies for the Kappel mix highlight the particular importance
of this recent finding for the radical balance and photooxidant
formation in polluted environments, where the modeled OH is
30% larger with the revised rate coefficient.

3.2. Potential Influence of Other Oxidants

The essential assumption of our approach is that the OH
radical is the most important oxidant for the compounds uti-
lized in (1) and (2). Other potential oxidants are O;, NO5, and
halogen atoms. For the VOCs in Figures 2 and 3 the O,
concentration of 50 ppb corresponds to an equivalent OH
concentration of <50 cm 3. When assuming quasi steady state
between production due to reaction of NO, with O; and deg-
radation due to reaction with NO, and by photolysis, an NO,
concentration of 4 X 10° cm ™3 is calculated, which again cor-
responds to a very low equivalent OH concentration of <300
cm >,

The rate coefficients for most of the VOCs utilized in Fig-
ures 2 and 3 with Cl or Br are not known. However, even with
fairly large rate coefficients (107 ecm® s for Cl [Atkinson
and Aschmann, 1985] and 10~'* cm® s for Br [Bierbach et al.,
1996]), Cl- and Br-atom concentrations of >10° cm™> and
>10° cm~* would be required in order to compete with OH at
Schauinsland. These concentrations are larger than the highest
concentrations derived from VOC degradation during spring
in the arctic planetary boundary layer (PBL) [Jobson et al.,
1994; Solberg et al., 1996; Ramacher, 1997]. Cl concentrations
in the marine boundary layer were estimated to be <5 X 10?
cm~? [Singh et al., 1996; Rudolph et al., 1997]. On the basis of
the available evidence and barring unexpected urban sources
of halogen atoms, it is thus unlikely that the VOC-derived OH
concentration is significantly influenced by other oxidants.

The situation is similar for NO,. Reactions of NO, with O,
and NOj; do not lead to NO, losses because of the photolysis
of NO, and the thermal decomposition of N,Os. Losses of
NO, due to formation of peroxyacetyl nitrate (PAN) are rather
small since the mixing ratio of PAN at Schauinsland increased
only slightly from the background concentration of 0.6 to 1 ppb
at 1130 LT [Pdtz et al., this issue]. As pointed out above,
however, dry deposition, which is assumed to be of minor
importance for the VOCs, cannot be neglected for NO,..
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3.3. Budget of OH and HO,

Table 5 summarizes the budget of OH and HO, radicals on
the basis of the measurements. The concentrations of the re-
actants (e.g., NO,, CO, and VOCs) were averaged over the
results obtained at Kappel (0950 LT) and Schauinsland (1150
LT). The VOC concentrations from different instruments were
assimilated as for the model calculations. Methane was in-
cluded with a mixing ratio of 1.7 ppm. The rate coefficient for
the reaction of NO, with OH was adopted from Donahue et al.
[1997].

The total accountable OH losses sum up to 72 X 10° cm
s~'; reaction with VOCs represents the major fraction (60%).
The OH production rate due to photolysis of O, as calculated
froin the measured J, o1D and water Vapor Concentr auuu, is5 X
10° em 2 s, This source balances only a small fraction (7%)
of the total loss rate. A similar average production rate could
be provided by the photolysis of HONO, if an upper limit of
5% of NO, is assumed for the initial HONO mixing ratio. As
stated above, the largest contribution of HONO photolysis to
OH production is during the first 10 min of transport. During
this time it could balance up to 60% of the total OH loss and
hence could well serve as the starter of the photochemical
system. When adopting a typical peroxide mixing ratio of 1 ppb
in the background air as measured earlier at Schauinsland in
the early morning and late afternoon [Gilge et al., 1994; Kramp
and Volz-Thomas, 1997], photolysis of H,O, and organic per-
oxides should contribute 2 X 10° cm™ s~! to OH production.

Only the reaction of OH with NO, constitutes a loss of HO,,
whereas reactions of OH with CO and VOC:s circulate OH to
HO,. Thus the primary sources potentially balance up to 70%
of the HO, losses. As was noted by Kramp and Volz-Thomas
[1997], the ozonolysis of alkenes represents another potentially
important source of OH and HO,, [e.g., Paulson and Orlando,
1996} that had not been included in the budget for 1992.
Although some doubts had been raised about the mechanism
[Schafer et al., 1997], the production of OH and HO, is now

-3

Table 5. Budget of OH and HO, Between Kappel and
Schauinsland

d[OHYdt,  d[HO,J/dt,

Process 10°cm™3s™? 10°cm 35!
NO, + OH — HNO, —17° —17
CO + OH + 0, — HO, -12° +0
VOC + OH — RO, - — HO, —43 +3b
HO, + NO — OH + NO, +59° +0
o('D) + H,0 — 20H +52 +50
H,0, + hv — 20H +2° +2°
HONO + hAv — OH + NO +59 +5¢
R-C=C—-R +0,—0H + +12 +2?
HO,
Gross 72 17
Net *0° +0°

[OH]: 7 % 106 cm?; [HONOJ: 1.1 ppb (5% of NO,); J(HONO):
1.6 x 1073 s~ CH,: 17 ppm; [NO,],,: 29 ppb; [NO,],»: 3.7 ppb;
knozomt 9 >< 10712 cm? 7! [Donahue et al., 1997]; [NOZ],1 12 18/3
ppb; TCOl,,: 386 ppb; [COl,: 256 ppb; kcoou 21 X 1073 cm? s~
[Atkmson et al., 1997] [03],1 37 ppb; [O4},2: 53 ppb; [H,0]: 3 x 10V

; M: 2.46 x 101 % for Kappel and 225 X 10" ecm™ for
Schauinsland.

*Derived from measurements.

®Inferred to close budget (required amplification factor: 1.1).

°Estimated from measurements made during SLOPE92.

@Upper limit due to assumed HONO concentration.

°Quasi steady state assumption.
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confirmed by spectroscopic measurements [Donahue et al.,
1998; Miheicic et al., 1999]. The HO, yield from the ozonolysis
of olefins ranges from 60% for the ozonolysis of ethene [Mi-
helcic et al., 1999] to 106% for the ozonolysis of 3-carene
[Atkinson et al., 1992].

The average reactivity of the measured alkenes toward O,
(Z[VOC;]ko3) at Kappel in the morning and at Schauinsland
at noontime was 2 X 107% s~ . Assuming a HO, yield of 100%
for the ozonolysis of all measured olefinic compounds, the
resulting OH production rate could be as large as 2 X 10% cm ™3
s~!, that is, 40% of the primary OH production by photolysis
of ozone. When including this radical source, approximately
90% of the HO, losses can be balanced, and the hypothetical
amplification factor required to close the budget is 1.1. It is
defined by (5), where L o, and 2L, are the rates at which
OH radicals react with NO, and VOCs and P, is the total
primary production rate of HO,.

L NO: + 3L voc P
ST &)
voc

The intrinsic radical amplification potential of the VOC oxi-
dation mechanism in the presence of high NO, concentrations
is the photolysis of the carbonyl compounds that are formed in
the reaction of RO with O,. Photolysis of formaldehyde
(HCHO) leads to the formation of H-atoms and HCO-radicals
(branching ratio 30-45% [Moortgat et al., 1980; Rodgers,
1990]), which are immediately converted to HO, by reaction
with O,, thus providing a total HO, yield of 60-90%. Photol-
ysis of higher carbonyl compounds can lead to fragmentation
yielding shorter alkyl peroxy radicals [Atkinson, 1995], which
are then converted to HO, by reaction with NO.

During SLOPEY6, formaldehyde (HCHO) was measured at
Kappel and at Schauinsland using tunable diode laser spec-
troscopy and a commercial monitor based upon the Hantzsch
reaction [Ptz et al., this issue]. In addition, a large number of
carbonyl compounds were identified and quantified at both
sites in samples that were analyzed by high-performance liquid
chromatography (HPLC) [Pitz et al., this issue] and by GC/MS
(B. Kolahgar et al., unpublished manuscript, 1999). The latter
included compounds up to C,,, partially of biogenic origin.
The total amount of carbon confined in the identified carbonyl
compounds was approximately 20 ppb C.

The photolysis rates of the C,—C, compounds were calcu-
lated following the method described by Jenkin et al. [1997].
The photolysis rate of hexanal (5 X 107 s~ ') was calculated by
Heiden [1998] from unpublished data. This value was adopted
for all >C aldehydes. For >C ketones the photolysis rate of
propanone was adopted as an upper limit. When adopting the
radical yield of HCHO for all measured carbonyl compounds,
the photolysis of these compounds would contribute to HO,
production at a rate of 1.5-2.5 X 10° cm > s~ and would then
indeed put the HO, budget into balance. The large uncertainty
is due to the fact that the HCHO concentration at Schauins-
land could be overestimated by as much as a factor of 2 [Patz
et al., this issue], besides the large errors in the estimated
photolysis rates and quantum yields for the higher carbonyl
compounds. It should be noted, however, that photolysis of
HCHO made by far the largest contribution (~70%).

In conclusion, when considering all the possible processes of
radical production and recreation, it seems possible to close
the HO, budget for [OH] = 7 X 10° cm® within the error
margins atising from the uncertainties in the rate coefficients
and in the measurements. The latter include uncertainties in

(P_
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the calibration and in the representatives of the measurements.
In particular, measurements of carbonyl compounds and alk-
enes were only made at the surface sites. Because of the rela-
tively short chemical lifetime of some of these compounds, the
surface data may overestimate their overall contribution to the
radical budget. A more detailed analysis can only be accom-
plished with a high-resolution three-dimensional model that is
capable of treating the transport and dispersion in the valley
and includes a rather detailed chemical scheme. The first step
in this direction is described by Fiedler et al. [this issue], who
demonstrate the capability of the Karlsruhe Atmospheric Me-
soscale Model (KAMM) to describe the transport and disper-
sion of the tracer in the valley.

The budget for the 1992 experiment required an amplifica-
tion factor (equation (5)) of almost 2 for an OH concentration
of 7 X 10° cm 2 at an average NO, level of 40 ppb [Kramp and
Volz-Thomas, 1997]. With the revised rate coefficient for the
reaction of NO, with OH [Donahue et al., 1997], the amplifi-
cation factor decreases to 1.5, and inclusion of HO, production
from H,0, photolysis and smaller carbonyl compounds would
bring the factor down to 1.4, still significantly larger than the
amplification factor determined from the budget for
SLOPE96. Judging from the data collected in SLOPED96, it is
unlikely that the missing biogenic VOCs (photolysis of car-
bonyl compounds, ozonolysis of biogenic alkenes, and in-
creased recycling of OH) would sufficiently reduce the ampli-
fication factor because of the much higher NO, concentrations
in 1992. Therefore the possibility remains that the methodol-
ogy produces too high [OH], even in a rather ideal setup.
Alternatively the results suggest that there are fundamental
problems with our understanding of HO, chemistry in the
high-NO, regime. The easiest way to close the HO, budget
would be by assuming a lower value for the rate coefficient for
NO, + OH. As is noted by Donahue et al. [1997] and Dransfield
et al. [1999], the value at STP has a large uncertainty, and the
data shown by Donahue et al. [1997] would indeed extrapolate
to a lower value of approximately 7 X 107" cm™3 s™* at 300
K and 1 atm.

4. Conclusions

A time-averaged OH concentration of (7-10) X 10% cm™
was estimated in a quasi-Lagrangian experiment from the de-
cay of NO, and selected VOCs in the city plume of Freiburg
during transport to Schauinsland. The ideal nature of the site
and the comprehensive set of measurements made during
SLOPE%6 gives a relatively high level of confidence in the
estimated OH concentration. The meteorological situation
during SLOPE96 was not as favorable as in 1992, when the first
experiment was conducted with much less supporting measure-
ments. However, the results of SLOPEY6 largely confirm the
assumptions made in the analysis of the 1992 campaign. The
relatively large OH concentrations derived from the two cam-
paigns in the presence of high NO, mixing ratios are in rea-
sonable agreement with results from other studies, when the
prevailing conditions and the dependence of [OH] on the NO,
mixing ratio is taken into account.

Calculations made with a slightly revised version of RADM?2
give approximately 2 times lower OH concentrations. Possible
reasons are the underestimation of radical production by ozo-
nolysis or incomplete treatment of the chemistry of the higher
VOCs and an even lower value for the rate coefficient for
NO, + OH. While these possibilities remain to be investigated
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in detailed modeling studies, our results provide experimental
evidence that currently used photochemical models may tend
to underestimate the OH concentration in the high-NO, re-
gime. It is interesting to note in this context that Satsumaba-
yashi et al. [1992] found extremely high OH concentrations
(20 X 10° cm?) in an extremely polluted air mass (50 ppb
NO, ) over Japan. Since the rate of ozone formation is closely
linked to [OH], our finding would also suggest that ozone
predictions made on the basis of such model simulations tend
to underestimate the rate at which ozone and other photooxi-
dants are formed in the high-NO, regime, that is, in the out-
flow of pollution sources. Future work will include an assess-
ment of the approach of VOC-derived OH concentrations by
comparison with direct measurements during an experiment
made in 1998 in the plume of Berlin.
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