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Abstract. We present simultaneous field measurements of NO 3 and peroxy radicals made at night in a 
forested area (Schauinsland, Black Forest, 48 ° N, 8 ° N, 1150 ASL), together with measurements of 
CO, 03, NOx, NOy, and hydrocarbons, as welt as meteorological parameters. NO 2, NO3, HO2, and 
E(RO2) radicals are detected with matrix isolation/electron spin resonance (MIESR). NO 3 and HO 2 
were found to be present in the range of 0-10 ppt, whilst organic peroxy radicals reached concentra- 
tions of 40 ppt. NO3, RO2, and HO 2 exhibited strong variations, in contrast to the almost constant 
values of the longer lived trace gases. The data suggest anticorrelation between NO 3 and RO 2 radical 
concentrations at night. 

The measured trace gas set allows the calculation of NO 3 and peroxy radical concentrations, using 
a chemical box model. From these simulations, it is concluded that the observed anthropogenic hydro- 
carbons are not sufficient to explain the observed RO 2 concentrations. The chemical budget of both 
NO 3 and RO2 radicals can be understood if emissions of monoterpenes are included. The measured 
HO2 can only be explained by the model, when NO concentrations at night of around 5 ppt are 
assumed to be present. The presence of HO 2 radicals implies the presence of hydroxyl radicals at night 
in concentrations of up to 105 cm 3. 

Key words. HO2-, RO?-, and NO3-radicals , tropospheric measurements, matrix isolation/electron spin 
resonance, nighttime chemistry. 

1. Introduction 

Organic peroxy radicals are the most important chain carriers in the oxidation of 
hydrocarbons. Besides their formation through reactions of hydrocarbons and CO 
with hydroxyl radicals during daytime, these radicals may also be formed at night, 
through reactions of hydrocarbons with NO 3 radicals and from the metabolism of 
Criegee intermediate upon reaction of alkenes with ozone (Atkinson and Lloyd, 
1984; Atkinson, 1990). 

A schematic diagram of the nighttime chemistry involving NO 3 is shown in 
Figure 1. NO 3 radicals are produced by reaction of ozone with NO 2. A fast equi- 
librium is established between N O 3 ,  N O 2 ,  and N20 s. Both N O  3 and N205 can be 
removed by reactions with hydrometeors, which lead to formation of dissolved 
NO~, a process which provides a nighttime sink for atmospheric NO x (Heikes and 
Thompson, 1983) and, implicitly, 03 (Volz et aL, 1989). In addition, the NO 3 radi- 
cal reacts with atmospheric hydrocarbons. Whilst its reaction with alkanes is rather 
slow, the addition to the double bond of alkenes followed by reaction with 02 to 
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l Hydr°mete°r~m._ 
I NO2 I 0 ~ N~O, 

H\/ c 

Fig. 1. Simplified scheme of nighttime chemistry of NOy species. 

yield fi-nitrato alkylperoxy radicals (Atkinson, 1991 and references therein) pro- 
ceeds fast enough to make it a potentially important source of RO 2 radicals at 
night. In particular, the reaction of NO 3 with terpenes is rather fast (rate coeffi- 
cients of >~10 -12 cm 3 molec -~ see -~, Atkinson et al., 1991). NO 3 also reacts with 
aldehydes to yield RO 2 radicals and nitric acid (Morris and Niki, 1974; Cantrell et 
al., 1985). As was recently pointed out by Mellouki et al. (1988), Hjorth et al., 

(1990), and Platt et al. (1990), reactions of RO2 with NO3 lead to the formation of 
alkoxy radicals (1). Hence, the NO 3 radical can play a similar role as does NO 
during daytime, namely by initiating chain reactions that lead to the formation of 
HO z and OH radicals at night (2), (3a). 

RO2 + NO 3 ~ RO + NO 2 + 02 
RO + 02 -~ R i C H O  + HO 2 

HO 2 + NO 3 --* OH + NO 2 + 02 
--, HNO 3 + 02 

(1) 
(2) 

80% (3a) 
20% (3b) 

Another path for the production of alkoxy radicals and, thus, HO2 is via permuta- 
tion reactions of RO: radicals (Madronich et al., 1990). 

A few rate constants have been reported for reactions (3) (Mellouki et al., 1988) 
and (1) (Hjorth et al., 1990; Crowley et al., 1990a, 1990b). They range from 3.6 x 
10 -12 cm 3 molec -I sec -~ for HO 2 to 10 -~3 cm 3 molec -1 sec -J for C2HsO 2. There- 
fore, the quantitative description of radical chemistry at night is still subject of large 
uncertainty. There exist a few nighttime measurements of RO2 radical concentra- 
tions at Deuselbach a rural site in Germany (Mihelcic et al., 1985). We report here 
the results of simultaneous measurements of NO3, HO z, and organic peroxy radi- 
cals, together with measurements of a number of long-lived trace gases, and 
meteorological parameters. A time-dependent box model was used to understand 
the behaviour of RO 2 and NO~ during that night. 
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2. Experimental 

The measurements were made in the night of 24 and 25 August 1990, during a 
field campaign at our field station Schauinsland, a mountain located in Southern 
Germany, about 10 km SSE of the city of Freiburg (48 ° N, 8 ° E, 1150 m ASL). The 
station is operated in the context of the EUROTRAC subproject TOR. The con- 
tinuous measurements include NO, NOx, NOy, 03, CO, H202, aerosol concentra- 
tion, J(NO2) and meteorological parameters (Volz-Thomas et al., 1990, 1991). 
Measurements of C2--C s hydrocarbons and alkylnitrates are made at -- 3 hourly 
intervals by means of an automated GC (Rudolph et al., 1990; Flocke et al., 1988, 
1991). 

The concentrations of RO2, NO3, and NO 2 radicals were measured by using 
matrix isolation and electron spin resonance spectroscopy (MIESR), which has 
been described previously (Mihelcic et al., 1985, 1990). Briefly, the radicals are 
trapped from ambient air in a polycrystalline D20 matrix at a temperature of 77 K. 
The sampling interval is approximately 30 min (8 1 STP of ambient air). The 
sampling efficiency is/>95%. Both speciation and quantification is achieved after 
the samples have been brought to the laboratory by electron spin resonance 
spectroscopy on a Varian-E Line spectrometer with a 12 inch magnet and a V4535 
cavity. The ESR spectra are analyzed with a recently developed numerical proce- 
dure which was demonstrated to allow speciation of NO 2, NO 3, HO2, 
CH3C(O)O2, and the sum of the alkylperoxy radicals (Mihelcic et al., 1990). The 
detection limit is 5 ppt for HO2, RO2, and NO2 and 3 ppt for NO3, due to its 
narrower ESR line width. The accuracy of the whole procedure, as estimated from 
absolute calibration, is _+ 5%. 

The MIESR samples were collected 15 m above ground, the height where the 
inlets for the continuous measurements are located, in order to avoid direct 
influence of the surface. For this purpose, the cryosampler was mounted on a pneu- 
matic mast. A ballbearing and a wind vane served to always point the inlet orifice 
into the wind to avoid contaminations by the sampler itself or the exhaust from the 
tq.N 2 reservoir. A detailed description of the instrumentation and experimental 
parameters for the additional measurements performed at Schauinland will be 
published elsewhere. 

Figure 2 gives a typical example of an ESR spectrum recorded from a sample 
collected during the night of 24 and 25 August 1990. It shows the relative signal 
intensity (first derivative of ESR absorption spectrum) as a function of magnetic 
field. The uppermost trace is the original spectrum of the air sample. It is domi- 
nated by NO2, as is evident from comparison with the NO2 reference spectrum 
(trace B). The NO 2 concentration in that sample was 0.65 ppbv. Subtraction of 
NO 2 yields the residual spectrum shown in trace C. It closely matches the hyperfine 
structure of the NO 3 reference spectrum (trace D). A simultaneous fit of the refer- 
ence spectra of NO 3, HO 2, CH3C(O)O2, CH302, C2H502, and C3H702  retrieved 
concentrations of 9.5 ppt NO 3, whereas the mixing ratios of the different peroxy 
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Fig. 2. (A) ESR spectrum of a sample collected on 25 August 1990 at 3:30-4:00 (CET). It was 
measured at 77 K, with a 2 Gauss modulation amplitude, 200 Gauss scan range, and 60 scan averaged. 
(B) NO z reference spectrum in pure D20 matrix measured at 77 K, with a modulation amplitude of 2 
Gauss, 200 Gauss scan range, and 18 scans averaged. (C) Difference (A-B), magnified by 5. (D) NO 3 
reference spectrum in D20 matrix as retrieved by the fit (magnified by 5). (E) Residuals after subtrac- 
tion of (D) from (C). 

radicals were found to be less than 1 ppt. The relative error of the fit was 30% and 
the correlation coefficient was 0.96. Trace E shows the residuals after subtraction 
of the fitted reference spectra. 

The spectrum of another sample, which was collected between 22:10 and 22:40 
hr, is shown in Figure 3. It is again dominated by NO 2 (0.68 ppb), however, the 
residual spectrum (trace C) differs significantly from that in Figure 2. Comparison 
with the reference spectra (trace E(NO3), F(HO2), and G(ZRO2)) clearly indicates 
that the residual spectral signature in the atmospheric sample is governed by N O  3 

and HO2. The fit retrieved 5 ppt NO3, 10 ppt HO2, and 5 ppt of alkytperoxy radi- 
cals with a relative error of 40% and a correlation coefficient of 0.92. 

3. Results 

Figure 4 shows the concentrations of CO, 03, NOy, NO2, NO3, HO2, Y.RO2, and 
particles, together with temperature, relative humidity, wind direction, and wind 
speed during the night from 24 to 25 August 1990. The concentrations of C2--C 5 
hydrocarbons are listed in Table I. 
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Fig. 3. (A) ESR spectrum of a sample collected on 24 August 1990 at 22:10-22:40 (CET). It was 
measured at 77 K, with a 2 Gauss modulation amplitude, 200 Gauss scan range, and 60 scans aver- 
aged. (B) NO 2 reference spectrum as in Figure 2B. (C) Difference (A-B), magnified by 5. (D) Sum of 
NO 3 (5.2 ppt), HO 2 (10 ppt), alkyl peroxy radicals (5 ppt) as retrieved by the fit (magnified by 5). (E), 
(F), (G) Portions of NO3, HO2, and ZRO 2 (all magnified by 5), as retrieved by multiple fit. (H) 
Residuals after subtraction of (D) from (C). 

As is seen from the sharp drop of the concentrations of aerosols, NOy, and NO2, 
an inversion below the site established in the late afternoon around 19:00 hr, which 
shielded the Schauinsland from the pollution sources in the Rhine Valley under- 
neath. This situation is typical for the Schauinsland during the persistence of a high 
pressure system (GeiB et aL, 1992). Winds were from SW with wind speeds slowly 
increasing from 2 to 4 m sec '~ and the temperature slowly decreasing from 20.7 to 
18.5 °C. Relative humidity (RH) increased from 48 to 56% during the time when 
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Fig. 4. Night time variation of CO, 03, NOy, relative humidity, temperature, aerosol concentration 
(CN), wind speed (WS), wind direction (WD), NO 2 (chemiluminescence; solid line), NO 2 (MIESR; 30 
rain averaging), NO3, HO2 and Z(RO2) on 24/25 August 1990, at Schauinsland, Black Forest, 48 ° N, 
8 ° E, l150m ASL. The lines shown in the two lower panels represent linear interpolations through the 
NO3, no2, and N(RO2) data ignoring possible variations in the time periods between measured 
values. The symbols with arrows denote concentrations below the detection limit. 
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the MIESR samples were collected. The ratio of NOy to NO2 was almost 10, which 
is an indication that photochemically aged air masses were encountered during that 
night. During the second half of the night, simultaneous variations in CO, 03, NOy, 
NO2, T, and RH were observed indicating small changes in the air masses arriving 
at the site. It is noteworthy that both techniques used (e.g. MIESR and photolytic 
conversion/chemiluminescence) showed a close agreement in the NO2 data. 

The NO 3 levels were rather low, e.g. <10 ppt, given the relatively high tempera- 
tures and 03 concentrations that favoured a fast production from reaction (4). The 
NO 3 mixing ratio exhibited a more pronounced variation than its longer lived pre- 
cursors, in particular, during the second half of the night. The concentrations of 
peroxy radicals varied between almost 40 ppt and values below the detection limit 
of 5 ppt. As is depicted by the lower panels in Figure 4, most of the peroxy radicals 
are found in the fraction of alkylperoxy. The HO 2 concentration was most of the 
time below or at the detection limit, except for one sample collected around 22:30 
hr, where HO 2 accounted for 70% of the total peroxy radical concentration. The 
concentrations of peroxyacyl radicals were always below the detection limit. 

An important feature depicted by the data, besides the spectroscopic evidence 
for the existence of HO 2 radicals at night, was the anticorrelation between NO3 and 
RO 2. For the two samples that showed the highest RO 2 concentrations, NO 3 was 
found to be below its detection limit of 3 ppt. 

4. Discussion 

During daytime, NO 3 radical concentrations remain well below one ppt, because of 
rapid photolysis and the fast reaction with NO. After sunset, however, they can 
reach levels of up to a few hundred ppt (Platt et al., 1980, 1981, 1984; Noxon et al., 
1978, 1980, 1983; Brauers et al., 1990). 

It was argued that the NO 3 concentration at night approaches a steady state, 
such that production from reaction (4), 

NO~ + 0 3 --" NO 3 + 0 2 (4) 

is matched by losses of both NO 3 and N20 5. ~I~e latter losses are effective, because 
thermodynamic equilibrium between NO2, NO3, and N20 s (5a, b), 

NO B + NO 2 + M ~ N205 + M (5a, b) 

is established within tess than one minute at temperatures around 20 °C. The 
steady state NO 3 concentration is given by Equation (6), (Platt et al., 1984), where 
the denominator is the effective pseudo first-order loss coefficient of NO 3. Under 
conditions, where the permanent losses of N20 s, e.g. ~-i are slow compared to (N~%), 
reaction (5b) the term (1 + 5b (N205)~ is approximately 1 and the expression for 
NO 3 can be simplified, e.g. second half of Equation (6). Under the conditions of 
our measurements k;;o ~ r~-~2o, varied between 0.15 and 1.5. The effective lifetime of ( ) 
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N O  3 can  be determined experimentally from the simultaneous concentrations of 
NO3, NO2, and 03 (Equation 7; Platt et aL, 1984), 

[NO2] [O31 k4 
[NO3] = -1 

[NO2] K5 ~Cm;o,) -t 
- - - - ~  + rCNO3) 
1 + ksbZ'(N2Os) 

[NO2] [03] k4 
= [NO2IK s -1 -1 (6) "F(N20~) + T(NO:0 

_~ [NO~] [03] k~ 
T eft [NO3 ] (7) 

r[N~o~) and ~: 1 (N20~) are the first-order loss constants that arise from the different loss 
processes for N205 and NO 3, respectively. We have calculated the effective lifetime 
of NO3, reff, from Equation (7) for each of our measurements (Table I). It ranged 
from <70 sec for those samples, where only upper limits of the NO 3 concentration 
were obtained, to a maximum value of 300 sec at the end of the night. 

In the following, we shall discuss the potential contributions of the different loss 
processes to the budget of NO3 on 24 and 25 August at Schauinsland. 

4.1. Inorganic Losses 

Table II gives the different atmospheric lifetimes of N O  3 that result from the indi- 
vidual homogeneous reactions with inorganic species. Reactions of NO 3 with itself 
or with NO 2 are by far to slow to be of importance. Johnston etaL (1986) had pro- 
posed that unimolecular decomposition of NO 3 (8), 

NO 3 + M --, NO + 02 + M (8) 
could be the missing process needed to explain the atmospheric observations by 
Noxon et aL (1978, 1980). The rate coefficient for this reaction was recently deter- 
mined by Davidson et aL, 1990 in a laboratory study. The resulting lifetime is 450 
see at 293 K, a factor of 1.5 longer than the longest lifetime observed by us. Hence, 

Table It. Effective lifetime of NO~ according to some inorganic reaction 

React ion  Rate  constant  Species Concent ra t ion  rNO3 
(cm 3 molec -I sec - l )  (cm -3) (sec) 

NO 3 + N O  ~ NO2 + NO 2 

NO 3 + NO 2 ~ NO + NO 2 + 02 
NO3 + NO 3 ~ NO 2 + NO 2 + 02 
N O 3 + M  ~ N O + O 2 + M  

N 2 0 5 + H 2 0  --~ H N O  3 + H N O  3 

2.8 x 10 -Ij NO 2.23 x l 0  s t 6 0  

5.3 x 10 -~r' NO a 2.23 x 10 "~ 8 N 104 
3 X 10 -16 NO 3 2.23 x l 0  s 1 x 107 
1 x 10 -22 M 2.23 x 1019 450 

<2 x 10 21 H 2 0  5.00 x 1017 1000 

React ion rates are for 880 mb and T = 293 K, as observed at nightt ime in Schauinsland, August, 
24 /25 .  
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from our measurements alone, we cannot exclude reaction (8) to provide a signifi- 
cant sink for NO 3. Platt et al. (1984) on the other hand, observed NO 3 lifetimes in 
the atmosphere of up to 1 hr (see Figure 5) at an ambient temperature at 291 K. 
The corresponding lifetime due to (8) would be 507 sec. The results of Platt thus 
clearly contradict the results of Davidson et al. 

If the longest atmospheric lifetime observed by Platt et al. is interpreted as an 
atmospheric measurement of the unimolecutar decay of NO3, the rate coefficient 
k 8 would be at least seven times smaller than that determined in the laboratory. 

Therefore, reaction (8) seems unlikely to be of importance for the atmospheric 
NO 3 budget at Schauinsland. As was discussed by Heikes and Thomson (1983), 
and by Russel et al. (1985, 1986), in their interpretation of the data measured by 
Platt et al. (1980, 1984), the greatest uncertainty in the nocturnal NO 3 balance 
arises from reaction (9). 

NO 3 + NO --' NO 2 + NO 2. (9) 

The chemiluminescence detector used by us for NO measurements at Schauinsland 
has a detection limit of about 20 ppt for an integration time of 30 rain, mostly 
because of the potential existence of a spurious signal, the so-called fake NO. Aver- 
aged over the whole sampling period the measured NO corresponds to a mixing 
ratio of 7 + 10 ppt. Although this spurious signal might, at least partially, be caused 
by an instrumental artifact, we cannot exclude the presence of NO at mixing ratios 
of up to 20 ppt. The resulting lower limit on the NO 3 lifetime is 80 Sec, which is 
very close to the maximum lifetime calculated for those samples, where NO 3 was 
below our detection limit. From the NO measurements alone, we thus cannot 
exclude reaction (9) to be the predominating NO3 loss. We shall address this point 
below in the context of model simulations that we have performed. 

The homogeneous reaction of NO3 with H20  is endothermic. For the respective 
reaction of N205, 

N 2 0  5 + H 2 0  "-* H N O  3 + HNO3 (10) 

a relatively high upper limit of kl0 < 2 x 10 -2~ cm 3 rnolec -1 sec -I is still recom- 
mended (Atkinson et al., 1989), although Sverdrup et al. (1987) have determined a 
much lower value of kl0 ~ 3 x 10 -22 c m  3 molec -~ sec -~, which is in much better 
agreement with the atmospheric observations (Platt et al., 1984). ff the latter value 
is adopted, a corresponding NO3 lifetime around 104 sec is derived. Even with the 
upper limit recommended by Atkinson et al. (1989), the homogeneous reaction of 
N205 with H~O would be unimportant for the budget of NO3 under the conditions 
of our measurements. 

4.2. Heterogeneous Losses  

Heterogeneous losses of NzO s and NO 3 on liquid water surfaces of aerosol par- 
ticles can provide an efficient sink for atmospheric NO3. The rate of removal 
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depends on the surface area and size of the aerosols, the sticking coefficient of the 
substance at the surface, the solubility of the compound to be absorbed, and the 
availability of chemicals in the solution, that serve to irreversibly remove the dis- 
solved trace gas. The sticking coefficients of both N O  3 and N205 at aqueous sur- 
faces are reasonably large, e.g. y(NO3)> 2.5 x 10 .3 (Thomas et al., 1989) and 
y(N2Os) > 10 -2 (Mozurkewich and Calvert, 1988; Kirchner et al., 1990). The solu- 
bility of N205 is, because of its fast hydrolysis, generally assumed to be infinite. The 
Henry coefficient of NO 3 has been determined experimentally to  K / _ / ( N O 3 ) =  

(1.8 + 1.5) mole 1-1 atm -I (Thomas, 1992). Dissolved N O  3 radicals are known to 
undergo fast reactions with HSO 3 and C1- ions (Neta and Huie, 1986; Herrmann 
et at., 1992), which can greatly enhance its heterogeneous removal despite its rela- 
tively low solubility. As stated above, N205 and NO 3 concentration are calculated 
to be about equal. Hence, heterogeneous losses of either species would have had a 
similar impact on the NO 3 budget at Schauinsland. 

An important finding of Plattet  al. (1984) was that the atmospheric lifetime of 
NO 3 decreased sharply under conditions where the relative humidity increased 
above 45%. They attributed this to an increasing efficiency of the heterogeneous 
removal processes, because aerosols are known to grow considerably by incorpora- 
tion of water, when the relative humidity exceeds the deliquescence point, which 
for several salts is in the range of 50% (Mozurkewich and Calvert, 1988 and refer- 
ences therein). In Figure 5, we have reproduced the graph of Plattet al. (1984) and 
included the N O  3 lifetimes calculated from our measurements. They are consistent 
with the lifetimes of < 10 min that were observed by Platt et al. at humidities around 
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and above 50%. For this reason, we cannot exclude that the short lifetimes of NO 3 
observed by us were mainly caused by heterogeneous losses, although the particle 
concentrations at Schauinsland were quite low during that night, namely around 
2500 cm -3 (see Figure 4). 

There are several arguments that point against heterogeneous losses as the only 
important sink of NO3 during that night. Firstly, the NO3 concentration showed a 
strong variation, whereas the aerosol concentration was rather constant, except for 
a few short spikes. Secondly, the continuous increase in relative humidity during 
the night was not reflected in a corresponding decrease in the NO 3 lifetime. The 
highest relative humidity was observed during the time when the last sample was 
collected. In this sample we found the highest NO 3 concentration (9.5 ppt) and no 
peroxy radicals (<5 ppt). Therefore, we can use this sample to calculate an upper 
limit of the effective pseudo-first-order rate coefficient for heterogeneous removal 
of <3 x 10 -3 sec -1. 

4.3. Organic Losses 

The most important observation was the presence of significant amounts of peroxy 
radicals and the pronounced anticorrelation between RO2 and NO3 concentra- 
tions. This finding strongly suggests the importance of reactions with organic mole- 
cules. In order to explore the role of these reactions for the nocturnal radical bud- 
get, we have simulated our observations with a chemical box model. The reaction 
scheme included homogeneous reactions with inorganic and organic species as well 
as heterogeneous losses of both N O  3 and N205 (for the details, see the appendix). 
Temperature, pressure and the concentrations of NO2, 03, H202, CO, and C2--C 5 
hydrocarbons were fixed to the measured values and C H  4 w a s  fixed at 1.7 ppm. 
Since only four hydrocarbon measurements fell into the time interval, where the 
MIESR samples were collected, the respective concentrations at each sampling 
time were calculated by linear interpolation, which is justified because of the fairly 
constant values observed for all of the long-lived trace gases during the night. 

The heterogeneous loss rate was adjusted such that the model correctly repro- 
duced the NO3 concentration of the last sample (3 x 10 -3 sec 1), for which the 
longest lifetime was determined experimentally (Equation (7)). The same hetero- 
geneous loss rate was then used in the model simulations of the other seven 
samples. 

The results of the base run are compared with the N O  3 and RO2 measurements 
in Figure 6. It is obvious that the measured anthropogenic hydrocarbons are not 
sufficient to explain the observed RO2 concentrations. In particular, the RO2 con- 
centrations around 40 ppt found in samples 1 and 7 are underestimated in the 
model by more than an order of magnitude. Also, the model significantly overesti- 
mated the NO 3 concentrations in these samples. In Table III we have listed the 
pseudo-first-order rate coefficients that are calculated in the model for the different 
reactions with organic and inorganic species. The most important sink for N O  3 is 
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the above-defined Theft = 3 X 10 -3 sec -1 which accounts for approximately 90% of 
the NO 3 losses. In addition, significant losses arise from reaction with H202, 
because of the fairly high concentrations (up to 4 ppb) observed during that night. 
Reactions with hydrocarbons are not of importance for the N O  3 budget. In total, 
they provide a first-order loss coefficient of 1.2 x 10 -4 sec  1. The most important 
individual organic species are acetaldehyde and methane. 
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Although the analysis of hydrocarbons >C 5 has not been finalized, it is clear 
from the chromatograms that their concentrations decreased substantially with 
chain-length. This is in accordance with the large NOy/NO x ratio found in this air- 
masses indicating that the short-lived species have already been depleted. Hence, 
the higher alkanes cannot have contributed much to NO 3 removal nor to RO2 pro- 
duction because of their stow reaction with NO 3. Formaldehyde concentrations 
were set equal to 1 ppb, a value representative of measurements performed under 
similar conditions during a field campaign in 1989 (Klemp, 1992). Even the maxi- 
mum concentration of 5 ppb that was observed in 1989 during a photochemical 
episode, when polluted air from the Rhine valley was encountered, would not make 
H C H O  to a significant sink for NO3. Likewise, the measured alkenes do have an 
insignificant impact on the radical budget of that night. They provide a first-order 
NO 3 loss of only 2.5 x 10 -5 sec -I. Since higher alkenes than 1-butene were not 
observed and because the reactions of NO 3 with aromatics are rather slow, we con- 
clude that the anthropogenic hydrocarbons present in the aged air masses traced by 
our measurements did not have a large impact on the NO 3 budget. In particular, 
their concentrations were insufficient to explain the observed peroxy radical con- 
centrations. The same holds for isoprene, the only natural hydrocarbon that was 
measured at Schauinsland. Its concentration was <5 ppt and its contribution to the 
NO 3 losses was only 6 x 10 _5 sec 1. 

4.4. The Potential Role  o f  Monoterpenes  

Monoterpenes are known to react extremely rapidly with NO 3 (cf. table 4; Atkin- 
son, 1990 and references therein). They have been found to be present over for- 
ested areas at concentrations up to several hundred ppt. The major compounds 
identified were a-  and fl-pinene, camphene, d-limonene, A3-carene, a-  and v-ter- 
pinene (Arnts et al., 1982; Yokouchi et al., 1983; Isidorov et al., 1985; Roberts et 
al., 1985; Anastasi et al., 1991). They are thus likely candidates for explaining both 
the low NO 3 concentrations and the high RO2 concentrations found in sample 
Nos. 1 and 7. Measurements of terpenes had not been made at Schauinsland during 
this campaign. We investigated their potential impact by including a-pinene in the 
model as a surrogate and have than used the model to find the concentration of 
a-pinene necessary to explain both, the NO 3 and RO2 concentrations found in 
samples 1 and 7. The results are also shown in Figure 6. It is seen that about 100 
ppt a-pinene are required to explain the highest RO 2 concentrations observed. At 
the same time, the model predicted correctly the low NO 3 concentrations in these 
samples. In Table IV, the production rates for RO 2 radicals from the different pro- 
cesses are listed. They were calculated for the assumption of an RO2 yield of 100% 
and for the yields estimated for ozonolysis for the different olefins (Atkinson and 
Lloyd, 1984), respectively. RO~ radicals are predominantly due to the reaction of 
a-pinene with NO3. Clearly, the other samples require only 10-20% of the terpene 
concentrations to explain the RO 2 and NO 3 concentrations. The strong fluctua- 
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Table IV. Comparison of rate constant and production rates of peroxy radicals for selected hydrocar- 
bons in the presence of 80 ppb of 03 and 10 ppt of NO 3 radicals 

Species Mixing Rate constant Production Rate constant Production 
ratio (ko~) rate (kNo3) rate 
(ppt) (cm 3. molec -I (molec cm -3 (cm 3- molec -~ (molec cm -3 

sec -1) sec -1) sec i) sec-') 

C2H 4 160 1.5 × 10 -Is 1 x l03~ 1.8 x 10 -16 1.4 x 102 
C3H 6 80 1 x 10 17 1.3 x 104~ 9.4 x 10 -~,~ 3.7 x 103 
1-C4H 8 20 1 x 10 -17 3.2 x 103 a 1.3 x 10 14 1.3 x 103 
Isoprene 5 1.4 x 10 -17 2.8 x 103 b 5.5 X 10 -13 1.5 X 104 
a-Pinene 100 8 x 10 -~7 3.2 X l0 b b 5.7 × 10  -12 2.8 X 106 
a-Terpinene 4 8.8 × 10  -14 1.4 x 107 b 1.8 X 10 -1~ 3.6 X 106 

Reaction rates are for 880 mb and T = 293 K, as observed at nighttime in Schauinsland, 24/25 

August. 
'~ Production rate includes the fraction of peroxy radical formation (Atkinson and Lloyd, 1984). 
b Under assumption of 100% yield of peroxy radicals formed. 

tions of radical species are in contrast to the small variability of the longer-lived 
trace gases. They are most likely caused by small-scale turbulence changing the 
composition of the air mass with respect to the natural hydrocarbons and, possibly, 

NO (see below). 
The yield of peroxy radicals from the ozonolysis of a-pinene is not accurately 

known. However, even under the assumption that all the Criegee biradicals initially 
formed would lead to peroxy radical formation, only 10% of the total RO 2 produc- 
tion would come from the reaction with 03 and 90% from that with NO 3. The 
measured alkenes ethene, propene,  1-butene, and isoprene account for less than 

3% of the RO 2 radicals. 
In another simulation we replaced a-pinene by one of the most reactive natural 

hydrocarbons, namely a-terpinene. The respective concentration required to 
explain the observed NO 3 and RO 2 concentrations was only 4 ppt. 

These simulations demonstrate that the short lifetimes of NO 3 for samples 1 and 
7 of less than 70 sec and the simultaneously observed large concentrations of 
peroxy radicals strongly suggest the presence of monoterpenes  at individual con- 
centrations in the range of 1-100 ppt. Such concentrations are not  inconceivable in 
view of the existing measurements, in particular at the high temperature of that 
night. 

A few measurements of monoterpenes were made at Schauinsland during a field 
campaign in 1984 (Platt et al., 1988). The maximum concentrations then found for 
the monoterpenes  a-pinene (80 ppt), terpinene (52 ppt), and limonene (57 ppt) 
would be sufficient to explain the RO 2 concentrations measured by us. It is empha- 
sized that the need for monoterpenes comes exclusively from the RO 2 measure- 
ments, whereas the short lifetimes of NO 3 alone could be explained on the basis of 
other processes, for example heterogeneous losses or reaction with NO. 

Another  important information in our measurements is the presence of H O  2 
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radicals at night. H O  2 w a s  positively identified in three samples, although only in 
one sample (No. 3, 10 ppt H 0 2 )  was its concentration significantly above the detec- 
tion limit (see Figure 2). HO2 radicals are produced in the metabolism of RO2 radi- 
cals via reaction of alkoxy radicals with oxygen. The most important initial reac- 
tions are those of RO2 with NO and NO3, whereas the R O z - - R O  2 permutation 
reactions are too slow in order to produce large amounts of HO2 (see Appendix). 
Of course, NO and NO 3 also serve to remove HO 2. However, at the high CO con- 
centrations observed at Schauinsland (250 ppb), recycling of the HOz radicals 
from the OH thus formed is rather efficient. 

Our model simulations show that NO3 concentrations are too small to provide a 
fast enough production of HO e under the conditions of our measurements, as is 
exhibited by Figure 6. We have thus investigated the potential influence of higher 
NO concentrations on the budgets of NO 3, RO 2, and HO 2 radicals. For this pur- 
pose, we used the model with a-pinene (100 ppt) and increased the NO concentra- 
tion to 5 and 10 ppt, respectively. The most important implication is that a steady- 
state NO concentration of 5 ppt implies a flux of NO into the box of about 3 x 10 6 

molec cm 3 sec ~, whereas the removal rate for N O  2 due to reaction with 03 is only 
0.8 X 10 6 molec cm -3 sec -~ at the measured concentrations. In steady state, the 
coexistence of 5 ppt of NO, 80 ppb of 03 and 0.7 ppb NO2 implies an additional 
N O  2 sink of 2.2 x 106 molec cm -3 sec -1. The required removal process could be 
provided either by dry deposition or by dispersion. 

In order to calculate the corresponding flux, the height of the nocturnal near- 
surface inversion would have to be known. The balloon soundings we have made 
during the campaign showed such inversions to be present 150 m above the 
ground. The lower bound for such an inversion would be the height, where our 
measurements were made, e.g. 15 m. The corresponding deposition velocity at an 
NO 2 concentration of 0.65 ppb would be 0.25 cm sec -1, which is in agreement with 
values determined by field experiments (Hanson and Lindberg, 1991). Of course, 
at least the same deposition velocity would have to be included for NO 3 and N205. 
It would correspond to an effective lifetime for NO 3 of 3000 sec. Even a four times 
faster deposition velocity of 1 cm sec -~, which is more likely for compounds that 
are highly soluble or undergo chemical reactions (Hanson and Lindberg, 1991, and 
references therein), does not have a substantial effect on the NO 3 budget. 

The NO flux from the surface required to balance its removal by 03, again 
assuming a scale-height of 15 m, is about 5 x 109 molec cm -2 sec -I, which is again 
not inconceivable in the light of the existing measurements of soil emissions (Slemr 
and Seiler, 1984; Anderson and Levine, 1987; Parish et aL, 1987; Williams et al., 

1987, 1988). Assuming a larger scale-height would increase both, the required flux 
of NO and the deposition velocity of NO 2. Besides dry deposition, the required 
NO 2 loss could also be provided by vertical exchange. Since we have no informa- 
tion on the vertical gradient of either species, we cannot distinguish between these 
two processes. 

The concentration of a-pinene required to produce RO 2 concentrations of 40 
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ppt in the presence of 5 ppt of NO is 0.6 ppb, which is very close to the nocturnal 
concentrations of terpenes measured at Niwot Ridge (Roberts et  al., 1985) or day- 
time concentrations measured at Schauinsland (Platt et al., 1988). The correspond- 
ing flux of monoterpenes into a 15 m box required to balance the losses by reaction 
with NO 3 and 0 3 is about 4 x 109 molec cm -2 sec -l. Anastasi et  al. (1990) have 
calculated terpene emission for the South of the U.K. which are, on the average, 2 x 
10" molec cm -2 sec i. At a temperature of 20 °C, the flux could be even larger 
(Lamb et al., 1987; Yokouchi et al., 1983). Hence, the concentrations of both NO 
and monoterpenes required to explain the observed concentrations of RO 2 and 
HO2 radicals are consistent with the existing information on the respective emis- 
sions in forested areas. 

Recently Atkinson et  aL (1992) reported the formation yields of OH radicals in 
the ozonolysis of a series of terpenes. We have performed additional model simula- 
tions with a-pinene, including this process. The results indicate that the direct pro- 
duction of OH and, consequently HO 2, in the reaction of 03 with a-pinene, is not 
sufficient to explain the measured HO2 and RO2 concentrations in the absence of 
NO. However, the required NO concentration is reduced, by - 30%. 

5. Conclusions 

We have presented experimental data on the near-surface concentrations of NO 3 
and peroxy radicals at night in a forested area, together with measurements of the 
concentrations of CO, 03, NOx, NOy, and hydrocarbons as well as meteorological 
parameters. 

The chemical budgets of both radical species can be understood on the basis of 
box model simulations, if emissions of monoterpenes are included. The measured 
HO2 levels could only be explained by the model, when NO concentrations around 
5 ppt were assumed to be present. The fluxes of NO and monoterpenes required in 
the model to describe the observations, are consistent with existing measurements. 
From our analysis it is clear, that two samples (No. 1 and 7) require the recent input 
of monoterpenes, whereas sample No. 3 suggest that the RO2 radicals have already 
been converted to HO2, which is still present in the air parcel, most likely due to 
recycling within the HO x family. 

The major losses for HOx in the model are reactions of OH with NO2 and 
hydrocarbons, which than leads back to RO 2 formation. The presence of HO 2 radi- 
cals in concentrations up to 10 ppt also implies the presence of hydroxyl radicals at 
night in concentrations of up to 105 molec cm -3, as was recently suggested by Platt 
et al. (1990). 

It is clear that not all the observed features can be understood with the simple 
steady-state approach used in this study. The strong variations observed in NO 3, 
RO 2, and HO 2 concentrations are in contrast to the almost constant values of the 
longer-lived species. This behaviour clearly indicates the influence of small-scale 
turbulence and interactions with the surface or the canopy. 
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A full explanation would require statistical treatment of the surface layer in com- 
bination with additional measurements of the natural hydrocarbons and additional 
micro-meteorological parameters to quantify the turbulent exchange. 
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Appendix 

Reaction processes  and their rate parameters used in the present simulations 

No.  Reaction Rate constant" 

R1 N O 2  + 0 3  M NO~ + O 2 k = 2.8 x 10  -17 

R 2  N O 3  - l - N O  2 ~ N 2 0 5  K = 5 . 1 7 x  10  ~1 

R 3  N O  3 + N O  3 - ~  N O  2 + N O  2 + 0 2  k = 2 x 10  16 

R 4  N O  3 - - ~  N O + 0 2  k ~ 2 . 3 x  10 -3 

R 5  N O  3 + N O  ~ N O  2 + N O  2 k = 2  x 10  i1 

R 6  N O 3  + N O 2  -- , -  N O ~  + N O  + 0 2  k = 5 .7  x 10 - l '  

R 7  N O 3  + C O  ~ C O 2 + O  2 k < 4 x  10  -19 

R 8  N O a  + CI-I 4 °-2~ C ] t 3 0 2  + I~fNO 3 k < 4 x 10 -~9 
" O ,  " " 

R 9  N O  3 + C H 2 0  -="  H O  2 + t - INO 3 + C O  k = 5 .8  x 10 -J6 

R 1 0  N O  3 + C H 3 C H O  ~ C H : ~ C O O  2 + H N O  3 k = 2.1 × 10  -15 

R 1 1  N O 3  + H 2 0 2  0-77 H O 2  + H N O 3  k < 2 × 10 -~5 
R 1 2  N O 3  + C 2 H 4  o,  C 2 H 4 0 3 N O 2  k ~ 2 × 10 -16 

R 1 3  N O ~  + C~H~ - ' ~  C : ~ H ~ O 3 N O  2 k ~ 9 .4  x 10 l.s 

R 1 4  N O  3 + C I H a  --a- C 4 H ~ O ~ N O 2  k ~ 1.3 x 10 -14 

R 1 5  N O  3 + H O  2 ~ O H  + N O  2 + 0 2  k =  3 .6  x t 0  -~z 

R 1 6  N O 3  + H O  2 - ' - "  H N O 3  + O 2 k ~ 9 . 2  × 10  -13 
O~ 

R 1 7  N O 3  + C H 3 0 2  ~:~ H O ~  + C H 2 0  + N O  2 k ~  2 .3  × 10  -~2 
R I 8  N O  3 + C z H 4 0 3 N O 2  - - ~  p r o d u c t s  k = 2 .6  x 10  -13 

R I 9  N O  3 + C 3 H 6 0 3 N O  2 ~ p r o d u c t s  k = 2 . 6  × 1 0  ~3 

R 2 0  N O ~  -t- C4[-~I803NO 2 ~ p r o d u c t s  k ~ 2 .6  × 1 0  ~~ 

R 2 1  N O  3 + Particles ~ products k = 1.3 x 10  ~ 

R 2 2  N 2 0 5  + P a r t i c l e s  ~ p r o d u c t s  k = 1.3 x 1 0  .3 

R 2 3  N 2 0 5  + H : O  -'- '- 2 • H O N O  2 k < 3 x 1 0  .22 

R 2 4  0 3  + N O  - ' ~  O~, + N O a  k = 1.7 × t 0  -~4 

R 2 5  0 3  + C2I-I4 " ' +  C H 2 0  + 0 . 4 "  C H 2 0 2  k = 1.7 × 1 0  - i s  

0 . 4 .  C O  + 0.1 • H O  2 
R 2 6  O~ + C 3 H  6 - ~  0 ,5  " C H 2 0  + 0 .5  • C H 3 C H O  k = 1.1 x 10 -~7 

- ' ~  0 ,2  • C H 2 0 2  + 0 , 2 -  C H 3 C H O  2 

---~ 0 , 3 .  C O  + 0 ,2  • H O  2 

- - ~  0.1 • O H  + 0 .2  • CH.~O 2 

Reaction rates are for 8 8 0  mb and 7 ' =  2 9 3  K,  as observed at nighttime in Schauinsland, 2 4 / 2 5  
August. 
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N o .  R e a c t i o n  R a t e  c o n s t a n t  a 

R 2 7  0 3  + C 4 H 8  ~ 0 . 5 -  C H ; O  + 0 .5  • C H 3 C H O  k = 1.1 x 10  -j7 

- ' ~  0 .2  " C H 2 0 2  + 0 ,2  " C 2 H s C H O  2 
---,- 0 ,3  • C O  + 0 .3  • C O  2 q- 0 .2  " H O :  

-",-  0.1 • O H  + 0 .2  • C 2 H 5 0 2  

R 2 8  O 3 + H O  2 ~ O H +  2 . O 2  k = 6 , 5  x 10  14 

R 2 9  O 3 + O H  - - ~  [ 1 0 2  + 0 2  k = 2 x 10  -15 

R 3 0  O H  + N O  2 _M H N O 3  k = 1.2 x 1 0 -  ~ 
R 3 1  O H  + C O  -q~ H O  2 + C O  2 k = 1.5 x 1 0  -13 

x (1 + 0 .6  

p ( a t m ) )  

R 3 2  O H  + H O  2 -~"  H 2 0  + O2 k = (7 + 4 p ( a t m ) )  
x 1 0  -l~ 

R 3 3  O H  + H 2 0 2  o-77, H O 2  + H 2 0  k = 1,6 x 10  -~2 
R 3 4  O H  + C H  4 0-'7~ C H 3 0 2  + H 2 0  k = 7 x 10 - '5  

R 3 5  O H  + C z H  4 ~ C e H a O H O  2 k = 8 .2  x 10  12 
O, 

R 3 6  O H  + C 3 H  6 ~ C 3 H 6 O H O  2 k = 2 .6  x 10 -11 
O, 

R 3 7  O H  + C 4 H  8 ~ C 4 H a O H O 2  k = 3 .4  x 1 0  -II 
O, 

R 3 8  O H  + C H 2 0  ~ H 2 0  + HO:2 + C O  k = 1 x 10  - j l  
O, 

R 3 9  O H  + C H 3 C H O  ~ C H 3 C O O  2 + H 2 0  k = 2 . l  x 10  -t5 

R 4 0  H O 2  + H O 2  ~ H 2 0 2  + 0 2  k = 1.6 x 10  -11 

R 4 1  H O  2 + N O  2 M~ H O z N O 2  K = 3 x 1 0  -Lj 

R 4 2  H O  2 + N O  - - "  O H  + N O 2  k = 8 .4  × 1 0  -~2 

R 4 3  H O  2 + C H 3 0 2  ~ C H 3 O O H  + 0 2  k = 5 x 1 0  -~2 

R 4 4  H O 2  + C H 3 C O O 2  o-7, C H 3 C O O H  + O2 k = 5 x 1 0  12 

R 4 5  C H 3 0 2  + N O  ~ C H 2 0  + H O  2 + N O  2 k = 7 .8  x l 0 -~2 

R 4 6  C I ~ 3 0 2  + C H 3 0 2  ---'" 2 "  C H 2 0  + 2 "  H O  2 k = 1.4 x 10  -13 

R 4 7  C H 3 0 2  + C H 3 0 2  --M + C H 2 0  + C H B O H  + 0 2  k = 2 .5  x 10 -I3 

R 4 8  C H 3 C O O 2  + N O 2  o,  P A N  K = 2 .9  x 10 -a 
R 4 9  C H 3 C O O  z + N O  - -~  C H 3 0 2  + N O  2 + C O  2 k = 2.1 x 10  - l l  

O, 
R 5 0  C 2 H 4 0 3 N O 2  + N O  - -~  p r o d u c t s  k = 7 ,8  x 10  -~2 

o,  
R 5 1  C 3 H 6 0 3 N O  2 + N O  --'-- p r o d u c t s  k = 7 .8  x 1 0  - lz  

O, 
R 5 2  C 4 H s O 3 N O  2 + N O  - ~  p r o d u c t s  k = 7 .8  x 10 -12 

R 5 3  C H 2 0 2  + N O  ~ C H 2 0  + N O  2 k = 7 x 10 -12 

R 5 4  C H 2 0 2  + N O  2 - - "  C H 2 0  + N O  3 k = 7 x 10 -13 

R 5 5  C H = O  2 + H 2 0  ~ C H 2 0  + H 2 0 2  k = 3 .3  X 10 - ~  
R 5 6  C H 3 C H O  2 + N O  - - +  C H 3 C H O  + N O  2 k = 7 x 10  -12 

R 5 7  C H 3 C H O  ~ + N O ;  ---,- C H 3 C H O  + N O  3 k = 7 x 10  - .3 

R 5 8  C H 3 C H O  2 + H 2 0  . . . .  C H 3 C H O  + H 2 0 2  k = 3 .3  x 10  - la  

R 5 9  C z H s C H O  2 + N O  ~ C 2 H s C H O  + N O  2 k = 7 x 10  -12 

R 6 0  C 2 H s C H O  2 + N O 2  ---,- C z H s C H O  2 + N O  3 k = 7 x 10  - t3 

R 6 1  C z H s C H O 2  + H 2 0  ~ C 2 H , ~ C H O  2 + H 2 0 2  k = 3 .3  x 1 0  - t s  
R 6 2  R t t  + N O  3 o ~  R H O 3 N O  2 k = 5 x 10  -12 

R 6 3  R H O 3 N O  ~ + N O  02,. N O 3 R O  + N O  2 + H O  z k = 7 x 10  -~2 
O, 

R 6 4  R H  + O H  - ~  r ~ t O H O ~  k = 6 x 1 0  -11 
O, 

R 6 5  R H O H O  2 + N O  ~ R O H O  + N O  2 + HOp. k = 7 x 10  -t2 

R e a c t i o n  r a t e s  a r e  f o r  8 8 0  m b  a n d  T = 2 9 3  K,  as  o b s e r v e d  a t  n i g h t t i m e  in S c h a u i n s l a n d ,  2 4 / 2 5  

A u g u s t .  
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