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Measurements of trace gases and photolysis frequencies 
during SLOPE96 and a coarse estimate of the local 
OH concentration from HNO3 formation 
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Abstract. The Schauinsland Ozone Precursor Experiment (SLOPE96) campaign was 
conducted in June 1996 to study the physicochemical transformation of pollutants and the 
production of photooxidants during transport from the city of Freiburg to the 
Schauinsland mountain. For this purpose, chemical surface measurements were made at 
the entrance of the valley Groges Tal, and close to the Schauinsland summit, at 1200 m 
altitude on a saddle at the end of the valley. In addition, measurements of ozone, NO2, 
and meteorological parameters were made on two tethered balloons and aboard a small 
aircraft. This paper describes the experimental setup and the measurements of ozone, 
odd-nitrogen compounds, carbonyl compounds, CO, and photolysis frequencies made 
during SLOPE96. The various instruments used on the different platforms were 
harmonized on the basis of intercomparison experiments in order to achieve a consistent 
picture. Large precursor concentrations from the nearby city of Freiburg are transported 
to Schauinsland in a valley wind system during stagnant high-pressure conditions. These 
conditions occurred only on 2 days of the campaign, and only 1 day (June 5) was 
predictable enough to allow for deployment of the aircraft and the balloons. An OH 
concentration of 8-10 x 106 cm -3 is derived from the rate of change of HNO3 and NO2 
on June 5 at Schauinsland (1.5-3 ppb NO2; Jo•o • 2 x 10 -•s s-q), assuming quasi 
steady state and a homogeneous air mass. The ozone production rate as determined from 
the photostationary state of NO, at Schauinsland reached maximum daily values between 
15 and 60 ppb h • around noontime. On average, P(O3) comprised about 30% of the 
photolysis rate of NO2. Similar to earlier observations at Schauinsland, a good correlation 
between P(O3) and the product of UV radiation and precursor concentrations was found. 

1. Introduction 

The Schauinsland Ozone Precursor Experiment (SLOPE96) 
campaign was conducted in June 1996 to study the transfor- 
mation of trace gases in the plume of the city of Freiburg 
during transport to the Schauinsland mountain. The idea for 
SLOPE96 came from the long-term measurements of pho- 
tooxidants and precursors that were made at Schauinsland 
within the framework of the former European Experiment on 
Transport and Transformation of Environmentally Relevant 
Trace Constituents in the Troposphere Over Europe (EURO- 
TRAC) subproject Tropospheric Ozone Research (TOR) 
[Kley et al., 1997]. From the long-term observations of ozone, 
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peroxides, odd-nitrogen compounds, etc. it was found that the 
Schauinsland frequently received polluted air from the Upper 
Rhine Valley and the nearby city of Freiburg via a thermally 
driven valley wind system. SF 6 transport experiments subse- 
quently showed that the dominant portion of the pollution is 
advected through the valley named Groges Tal. 

The necessary meteorological situation for the valley wind 
system to be established is a high-pressure system over central 
Europe with weak easterly geostrophic flow over southern 
Germany. Because of the orographic structure of the steep and 
narrow valley Groges Tal, its rather thin population, and the 
absence of transit traffic, it is well suited for studying the 
dynamics of dispersion and chemical transformation during 
transport of an urban air mass into rural environments. 

A first experiment was carried out in September 1992, with 
chemical measurements made at the entrance of the valley, in 
addition to those at Schauinsland. The results were used to 

derive the time-integrated OH concentration by simulta- 
neously solving the continuity equation for a family of reactive 
hydrocarbons that had been measured at both sites [Kramp and 
l/olz-Thomas, 1997]. The estimated OH concentration (5-8 x 
10 •' cm -3) was relatively high in view of the accompanying NO:• 
mixing ratio (16-70 ppb), and the radical budget could not be 
closed on the basis of the known sources and sinks. Tracer 

experiments with SF 6 were made in the subsequent years in 
order to study the transport and dispersion. On the basis of 
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Table 1. Field Sites in SLOPE96 and Institutions Responsible for the Measurements 

Position in Abbreviation 

Figure 1 in Text Institution Acronym 
Height, 

Measuring System m asl 

A SL Forschungszentrum Jtilich-ICG2 ICG2 

E MH 

F RE IMK 

G RE MIF 

H MS MIF 

I K2 IVD 

J K2 IVD 

B Uni Paderborn UPb 

C Uni Paderborn UPb 

D KG Forschungszentrum Geesthacht GKSS 
D KG Forschungszentrum Karlsruhe-Institut ffir IMK 

Meteorologie und Klimaforschung 
Fraunhoferinstitut ffir Atmosphiirische IFU 

Umweltforschung 
Forschungszentrum Karlsruhe-Institut ffir 

Meteorologie und Klimaforschung 
Uni Freiburg Geologisches Institut 
Uni Freiburg Geologisches Institut 
Uni Stuttgart-Institut ffir Statik und 

Dynamik der Luft- und Raumfahrt 
Uni Stuttgart-Institut ffir 

Verfahrenstechnik und 

Dampfkesselwesen 
K K1 Forschungszentrum Jtilich-ICG2 ICG2 
K K1 Forschungszentrum Jtilich-ASS ASS 
K K1 Max-Planck-Institut Hamburg MPI HH 
K K1 Uni K61n Meteorologisches Institut MIK 
L WW Uni Freiburg Geologisches Institut MIF 
M WW Forschungszentrum Karlsruhe-Institut ffir IMK 

Meteorologie und Klimaforschung 
Forschungszentrum Jtilich-ASS ASS 
Forschungszentrum Jtilich-ASS ASS 

TOR station Schauinsland chemical 1230 
measurements 

meteorological tower 1060 
meteorological tower 980 
ozone LIDAR, SODAR 830 
tethered balloon 830 

IFU container 630 

SODAR 980 

meteorological tower 995 
tethered balloon 495 

launch site of airship 392 

tethered balloon 385 

mobile laboratory chemical measurements 354 
meteorological tower 354 
ozone LIDAR 354 

SODAR 354 

SODAR 330 

radio sonde 327 

release sites for SF 6 
sampling sites for SF 6 

these experiments the SLOPE96 campaign was planned. A 
large number of groups contributed chemical and meteorolog- 
ical measurements at several surface sites, on tethered bal- 
loons, a small airship, and a small aircraft (see Table 1). Cal- 
ibration standards were regularly exchanged between different 
groups, and a comprehensive intercomparison was made after 
the campaign. The meteorological measurements are dis- 
cussed in detail by Kalthoff et al. [this issue], and the measure- 
ments of volatile organic compounds (VOC) are described by 
B. Kolahgar et al. (unpublished manuscript, 1999). This paper 
describes the chemical measurements made during SLOPE96 
at the two surface sites, on two tethered balloons, and aboard 
the aircraft, and provides a first analysis of NOx and ozone 
chemistry. 

2. Experiment 
A map of the Schauinsland region which includes the dif- 

ferent measurement sites is shown in Figure 1. Detailed chem- 
ical measurements were made at two surface sites: in Kappel 
(KI), a small village at the entrance to the valley, and at the 
TOR station Schauinsland (SL), near the top of the mountain. 
Vertical soundings with tethered balloons were made at four 
locations: 03, NO2, and meteorological parameters were mea- 
sured by the Institut ffir Verfahrenstechnik und Dampfkessel- 
wesen (IVD) at Kappel (K2), about 800 m south of the mobile 
laboratory; 03 and meteorological parameters were measured 
by the Institut fiir Meteorologie und Klimaforschung (IMK) at 
Kohlengrund (KG), and meteorological parameters were mea- 
sured at Rappeneck (RE) and at Molzhof (MS). 

2.1. Surface Sites (SL and K1) 

The analytical techniques used for the determination of 
trace gases and photolysis rates at the two surface sites 

Schauinsland and Kappel are summarized in Table 2. At the 
TOR station Schauinsland the analytical instruments were in- 
stalled in an air-conditioned laboratory located on the upper 
floor of a three-storied building. The inlets were mounted 2 m 
above the roof of the building, 12 m aboveground. They were 
connected to the instruments via 5 m of 1/4 inch OD perflu- 
oroalkoxy (PFA) tubing. At Kappel the equipment was in- 
stalled in the air-conditioned mobile laboratory of Forschungs- 
zentrum Jiilich (FZJ). The inlets and meteorological 
instruments were 10 m above the surface on a pneumatic mast. 

2.1.1. 03. Ozone was measured at both sites with UV 
absorption instruments (Thermo Environmental Instruments 
Inc., Model TE 49). PTFE filters (Millipore, type HA, 0.45 btm 
pore size) were installed in the inlets and exchanged every 
week. The comparability of the two ozone monitors was 
checked before the campaign using the transfer standard de- 
scribed below. The agreement was better than 2%. 

2.1.2. CO. Carbon monoxide (CO) was measured at both 
sites by infrared filter correlation instruments (Thermo Envi- 
ronmental Instruments Inc., Model TE 48). In order to reduce 
the interference by atmospheric water vapor, Nation driers 
were used in the inlet lines. The instrument's zero was deter- 

mined every hour by passing the sample air through a hopcalite 
scrubber. Calibration was done with standard mixtures of 300 

and 1010 ppb CO in air, respectively. The standards had been 
compared before the campaign with a certified National Insti- 
tute of Standards and Technology (NIST) standard (1 ppm). 
The NIST standard was found to agree within 2% with stan- 
dards of the National Center for Atmospheric Research [Get- 
big et al., 1996] and the National Oceanic and Atmospheric 
Administration (NOAA) Aeronomy Laboratory (J. S. Hollo- 
way et al., Airborne intercomparison of vacuum ultraviolet 
fluorescence and tunable diode laser absorption measurements 
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Figure 1. Map of the area between Freiburg and Schauinsland with the locations of the measurement sites 
in the Zarten Basin and the valley Groges Tal (see Table 1 for explanation). The Schauinsland summit is 
marked by a triangle. The chemical surface sites were located at point A (Schauinsland) and point K (Kappel). 

of tropospheric carbon monoxide, submitted to Journal of Geo- 
physical Research, 1999, hereinafter referred to as Holloway et 
al., submitted manuscript, 1999). 

2.1.3. NOx and NOy. NO and NO 2 were measured at 
Schauinsland with two chemiluminescence detectors (CLDs) 
(ECO-Physics CLD 770 A1 ppt) in combination with a photo- 
lytic converter (PLC) (ECO-Physics PLC 760). The instru- 
ments, which were developed and produced under license of 

FZJ, were improved by implementing a gold-plated reaction 
chamber. In order to avoid interferences from thermal decom- 

position of PAN, HO2NO2, etc., the power supply was re- 
moved from the housing of the PLC, and the photolysis cell 
was cooled by forced air. 

NOy was converted to NO on a gold tube (AuC) at 300øC in 
the presence of 0.1% CO [Fahey et al., 1985] and measured by 
another CLD (same model). The converter was situated di- 
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Table 2. Instrumentation of the Chemical Surface Sites Schauinsland (SL) and Kappel (K1) 

Parameter Schauinsland. (SL) 

Time 

Resolution, 
min Kappel (K1) 

Time 

Resolution, 
min 

Nitrogen monoxide (NO) 
NO + NO 2 (NOx) 

Odd nitrogen (NOy) 

Water insoluble NOy (NOy.) 

Ozone (03) 
Carbon monoxide (CO) 
Hydrocarbons (C2-C6) 

Hydrocarbons (C6-C7) 
Biogenic hydrocarbons 

Peroxiacetylnitrate (PAN) 
Formaldehyde (HCHO) 
Aldehydes (C1-C5) 
NO2 photolysis frequency (JN02) 

03 photolysis frequency (JO•D) 

Global radiation 
Condensation nuclei 

Temperature 
Wet temperature 
Wind direction and speed 

CLD770AL ppt (Eco Physics) 
CLD770AL ppt (Eco Physics) with 

photolytic converter (PLC 760) 

CLD770AL ppt (Eco Physics) with 
gold converter 

CLD770AL ppt (Eco Physics) with 
wet denuder and gold converter 

TE 49 (Thermo Instruments) 
TE 48 (Thermo Instruments) 
Sichromat 2-8 (Siemens) with 

cryogenic enrichment 
HC1010 (Airmotec) 
GC-MS, Varian (Star 3400 Cx, 

Saturn 4D) 
PAN-GC (Meteorologie Consult) 
AL4001 (Aerolaser) 
DNPH and HPLC 

filter radiometer (Meteorologie 
Consult) 

spectral radiometer (Meteorologie 
Consult) 

Pyranometer (Kipp&Zonen) 
TSI model 3022 

PT100 (Thies) 
PT100 (Thies) 
wind vane (Thies) 

1 

1 

1 

1 

90 

20 

180 

10 

1 

30 

1 

4 

1 

1 

1 

1 

1 

TE 42S (Thermo Environmental 
Instruments Inc.) with wet denuder 
and Mo converter 

TE 42S (Thermo Env. Instr. Inc.) with 
gold converter 

TE 49 (Thermo Env. Instr. Inc.) 
TE 48 (Thermo Env. Instr. Inc.) 
HP5890 (Hewlett-Packard) with 

cryogenic enrichment 
HC1010 (Airmotec) 
GC-MS, Varian (Star 3400 Cx, Saturn 

4D) 
PAN-GC (Meteorologie Consult) 
TDL 

DNPH and HPLC 

filter radiometer (Meteorologie Consult) 

1 

1 

9o 

2O 

180 

10 

1-2 

30 

1 

PT100 (Thies) 1 
PT100 (Thies) 1 
ultrasonic anemometer 1 

rectly at the manifold. Another AuC/CLD combination was 
operated with a wetted denuder for the measurement of the 
unsaluble NOy compounds (henceforth denoted NOy,). The 
denuder consisted of a stripping coil (2 mm ID, 2 m long), 
similar to those used for H20 2 analysis [Lazrus et al., 1986], 
which was fed with a flow of 0.03 mL/min of pure H20 from a 
Milli-Q system and was kept at 10øC to avoid condensation of 
water vapor in the tubing behind the denuder. The use of four 
individual CLDs in combination with the different converters 

provided simultaneous measurements of NO, NOx, NOy, and 
NOyu. 

At Kappel, NO, NOx and NOy were measured with two 
commercial CLDs (Therma Environmental Instruments Inc., 
Model TE 42S). The NOy instrument was fitted with a self- 
built gold converter, which was installed at the inlet. For the 
measurement of NOx the built-in Ma converter (MAC) of the 
TE-42S was used. The MaC is known to convert other NOy 
compounds in addition to NO 2 [cf. Fehsenfeld et al., 1987]. The 
major interference in the polluted planetary boundary layer 
(PBL) is peraxyacetic nitric anhydride (PAN), which is quan- 
titatively converted to NO, and HNO3, an unknown fraction of 
which is converted by the MaC. Therefore a bubbler filled with 
pure water was installed in the inlet line, in order to quantita- 
tively remove HNO 3 (and other soluble NOy compounds) be- 
fore the sample entered the MaC of the NOx instrument. PAN, 
which was measured separately (see below), was subtracted 
during data reduction. 

At both sites the CLDs were calibrated daily by adding a 
small, known flow of a calibration gas (nominally 10 ppm NO 
in N2, British Oxygen Corp.) into the ambient airstream at the 
inlet. The dilution factor was derived from the measured flow 

rates. The resulting NO mixing ratios in the sampled air were 
of the order of 10-50 ppb. The NO mixing ratio in the cali- 

bration gas was determined by gas phase titration with 03 and 
can be traced to a calibrated 0 3 monitor. A comparison with 
the NO standard of the NOAA Aeranamy Laboratory showed 
deviations of <2% [Gerbig et al., 1996]. Losses of NO in the 
inlet system due to reaction with ambient 03 (4% for 100 ppb 
03) were quantified by comparison with additional calibrations 
using synthetic air as dilutant. 

The conversion efficiencies of the PLC and the AuC for NO 2 
were determined on a daily basis with NO 2 obtained by gas 
phase titration of the NO standard. The NO calibration gas 
was mixed with 0 3 produced by irradiation of 02 at 185 nm 
(Hg lamp) in a flow of 20 mL/min and passed through a glass 
volume large enough that the 0 3 was quantitatively converted 
(>99.5%). The Hg lamp was adjusted such that 70-80% of the 
NO were converted to NO 2. Calibrations with zero air were 
made every day for determination of the instruments' back- 
ground, which was <10 ppt for NO and NO2, 300 __. 100 ppt for 
NOy, and 150 +_ 80 ppt for NOyu. The NOy and NOyu data 
were corrected accordingly. 

The conversion efficiency of the PLC depends on the ambi- 
ent concentrations of 03 and NOx. This is taken into account 
by solving numerically a simple time-dependent photochemical 
model of the PLC (reactions (R1) and (R2)). 

(R1) NO2 + h v + 02 -• NO + 03 

(R2) NO + O3 --> NO2 + 02 

Under the assumption of mass conservation the three equations 

d[NO]/dt = d[ O3]/dt = -d[NO2]/dt 

= [NO2] x Jko• - [NO] x [O31 x k2 (1) 

are integrated over the residence time of the air in the pho- 
tolysis cell, t• = 10 s. Here k 2 is the rate coefficient for the 
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reaction of NO with 03 (reaction (R2), with k 2 = 2.0 x 
10-12 exp(- 1400/T) [DeMote et al., 1997]), and Jko2 is the 
photolysis frequency of NO 2 in the photolysis cell, which is 
determined during calibration (see below). The initial condi- 
tions [NO]o and [03]0, that is, the ambient NO and 03 con- 
centrations, are taken from the simultaneous measurements. 
The third initial condition, the unknown ambient NO 2 concen- 
tration [NO21o, is found in an iterative procedure: The first 
guess for [NO2] o is based upon Leighton's ratio [Leighton, 
1961]; that is, [NO2] o = [NO]o x [03]0 x k2/J•o2. Equation 
(1) is then integrated and yields a value for [NO]tR = [NO]o + 
• (d[NO]/dt) dt, the expected NO concentration downstream 
of the photolysis cell. Subsequently, the value for [NO2] o is 
altered until the deviation of the calculated [NOir R from the 
measured NO concernration behind the PLC becomes smaiier 

than 0.1%. 

A similar numerical model is used to evaluate the calibration 

data. The value for the photolysis frequency of NO 2 in the 
photolysis cell (J•o2) is altered until the model calculates the 
correct value for [NO]t R from the known initial concentrations 
[NO]o, [03]0, and [NO21o. 

The conversion efficiency of the NOy converters was deter- 
mined at random intervals with HNO 3 from permeation tubes, 
in addition to the daily calibration with NO 2. The permeation 
tubes consisted of a 1/16 inch OD PFA tubes immersed into a 

mixture of concentrated H2SO 4 (65%) and HNO3 (35%). The 
solution was thermostatted at 30øC, and the PFA tube was 
continuously purged with zero air at a flow rate of 10 mL/min. 
The permeation rate was determined as follows: After each 
calibration, the HNO3 was quantitatively (>99%) absorbed in 
a known amount of water, and the resulting NOj concentra- 
tion in the samples was measured after the campaign at the 
central analytical laboratory of Forschungszentrum Jtilich 
(FZJ) by ion chromatography versus a NaNO 3 standard solu- 
tion. From measurements behind the denuder used for absorp- 
tion of the HNO3 and by measurements with Luminol chemi- 
luminescence (LMA-3, Scintrex), it was shown that the HNO 3 
permeation tube produces only a small fraction of odd nitro- 
gen in the form of NOx (NO < 1% and NO2 < 5% of HNO3). 
Interference tests that were made prior to SLOPE96 showed 
that the gold converter did not significantly convert acetonitrile 
under the operating conditions employed. 

At SL the detection limit (2 sigma) for an integration time of 
10 min was 20 parts per trillion by volume (pptv) for NO, 40 
pptv for NO2, 200 ppt for NOy, and 100 pptv for NOyu. The 
precision (1 sigma at 20 ppb) as estimated from the reproduc- 
ibility of the calibrations was 2% (NO), 4% (NO2) , and 3% 
(NOy and NOyu), respectively. At K1 the precision was similar, 
and the detection limit was 150 ppt for NO, 180 ppt for NO2, 
and 200 ppt for NOy. For the accuracy of the measurements, 
another 5% uncertainty associated with the NO calibration gas 
must be added. 

2.1.4. PAN. Peroxyacetic nitric anhydride (PAN) was 
measured at both sites with automatic capillary gas chromato- 
graphs (GCs) (Meteorologieconsult GmbH, PAN-Analyzer) 
equipped with electron capture detectors. The systems had a 
detection limit (2 sigma) of 50 ppt and provided a measure- 
ment every 10 min. Calibration of the PAN-GCs was made by 
generating PAN in situ from the NO calibration gas via pho- 
tolysis of acetone. The NO calibration gas is mixed with a flow 
of zero air containing several 100 ppm of acetone, which is 
added to the airflow by means of a permeation device. The 
mixture is then irradiated at 250 nm in a photolysis cell (resi- 

dence time 5 min). The acetylperoxy radicals from the photol- 
ysis of acetone first oxidize the NO to NO 2 and then combine 
with the NO 2 to form PAN. According to model simulations of 
the system, methyl nitrate is the only significant by-product 
(<5% of PAN). It is formed from the CH 3 radicals formed in 
the photolysis of acetone. During extensive tests of the cali- 
bration unit that were carried out by us as part of the quality 
assurance program of the German Tropospheric Research Fo- 
cus (TFS), the calibration unit was found to convert NO to 
PAN with a stoichiometry of 90 +_ 5% (2 sigma) with 
CH3ONO 2 being the only significant by-product (for more 
details, see Volz-Thomas et al. [1998]). A comparison of the 
two PAN calibration units during SLOPE96 showed agree- 
ment within 1%. 

2.i.5. Carbonyi compounds. Measurements of formalde- 
hyde (HCHO) were performed during the intensive observa- 
tional periods (IOP) of SLOPE96, using three different tech- 
niques. In situ measurements were made at K1 with a home- 
built Tunable Diode Laser Absorption Spectrometer 
(TDLAS) [Klemp et al., 1994; Kern et al., 1996] and at SL with 
a commercial Hantzsch monitor (Aero-Laser, AL 4001). Dis- 
continuous analyses of HCHO and other carbonyl compounds 
(CH3CHO, CH3COCH3, and higher homologues) were made 
at both sites with the dinitro phenylhydrazine (DNPH) method 
[Slemr et al., 1996]. In addition, a large number of higher 
carbonyl compounds were identified and quantified in samples 
analyzed for volatile organic compounds by GC-MS (see B. 
Kolahgar et al., unpublished manuscript, 1999). 

The DNPH method utilizes sampling/derivatization on silica 
gel cartridges coated with dinitro phenylhydrazine (DNPH), 
followed by HPLC analysis of the hydrazones after elution 
from the cartridges. Sampling occurred for 40 min at a con- 
stant flow rate of 2 L/min. A potassium iodide filter upstream 
of the DNPH cartridge was used to destroy ozone during 
sampling. Determination of artifacts was done via blank sam- 
ples which were handled as the air samples. The HPLC analysis 
was performed immediately after the IOPs. The reproducibil- 
ity of the HPLC analysis was about _+3%. Calibration was 
performed by adding an internal standard to each sample (re- 
producibility _+3%), and the sampling efficiency was deter- 
mined as >96% using certified permeation sources [Slemr, 
1991]. Including uncertainties in the sample volume (_+5%), 
the overall uncertainty of the technique is estimated to be less 
than 15% under laboratory conditions [Slemr et al., 1996]. The 
detection limit for formaldehyde was 0.25 ppb, mainly caused 
by the magnitude of the blank. 

The TDLAS detects HCHO by its absorption at about 1700 
cm -• in a 1 m multipath absorption cell (total light path: 
100 m). The diode laser (Laser Photonics, 3256-09, liquid ni- 
trogen cooled) is scanned over one rotational line of HCHO at 
a frequency of 15 Hz, and 900 scans are averaged for calculat- 
ing 60 s averages (2-f-detection technique, modulation fre- 
quency 12.5 kHz). The pressure in the absorption cell is 50 
mbar, and the flow rate of the sampled air is 6.6 L min -• 
(STP). Before the campaign, the instrument was tested for 
interference from other species on the selected absorption line. 
The instrumental background was determined every 10 min by 
adding N: to the inlet instead of ambient air. Calibrations were 
made every 30 min by adding a reproducible flow of HCHO 
from a thermostatted permeation device to the N 2 flow at the 
inlet. Absolute calibration of the permeation device was per- 
formed both gravimetrically and colorimetrically using the 
chromotropic acid method [Harris et al., 1989]. The detection 
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Table 3. Spectroscopic Data Used for the Calculation of Photolysis Frequencies 

J,•: Process O'i(/• ) 4)i(/• ) 

JNO2 NO2 + h•' --> NO + O(3p) Davidson et al. [1988] Gardner et al. [1987] 
Jo•r• 03 + h•, -• 02 + O(•D) Molina and Molina [1986] Michelsen et al. [1994] 
JH202 H202 + h •' -• 2OH DeMote et al. [1994] yield = 1 
JHONO HONO + h v -• OH + NO DeMote et al. [1994] yield = 1 
JHCHO_a HCHO + hv -• H + HCO Moortgart et al. [1983] Moortgart et al. [1983] 
Ji-ici-io_b HCHO + hv -• H 2 + CO Moortgart et al. [1983] Moortgart et al. [1983] 
JNO3_ a NO 3 + h v -• NO + 02 DeMore et al. [1994] yield = 1 
JNo3-b NO3 + h•, -• NO 2 + O(3p) DeMote et al. [1994] yield = 1 

limit, as estimated periodically from the differences between 
successive background spectra, was 0.25-0.3 ppb for a sam- 
pling interval of 1 min. It is limited by slow changes in the 
background spectra, mainly due to thermally induced changes 
in the laser alignment. An overall uncertainty of 15-20% is 
estimated from the uncertainties in the mass flows, the output 
of the permeation device, the errors due to fluctuations in laser 
intensity, and the errors introduced by the fit routine [Kern et 
al., 1995]. 

The Aero Laser instrument is based on the Hantzsch reac- 

tion, that is, detection of the fluorescence (excitation 400 nm, 
fluorescence around 510 nm) of 3,5 diacetyl-l,4-dihydro- 
lutudin which is formed in the reaction of formaldehyde with 
acetylacetone and NH 3 [Dasgupta et al., 1988]. Quantitative 
transfer of HCHO into the liquid phase is achieved in a strip- 
ping coil. During SLOPE96 the instrument's background was 
determined 4-5 times per day by passing the ambient air over 
a hopcalite scrubber. The stability of the calibration was 
checked regularly by adding the internal permeation device to 
the zero gas stream. Absolute calibration was performed every 
day with a series of liquid standards ((2 x 10 -s - 5 x 10 -7) 
M), which were connected instead of the stripping solution. 
The detection limit was about 0.2 ppb. At concentrations > 1 
ppb the precision of the whole system as estimated from the 
calibrations was better than 15%. 

2.1.6. Photolysis frequencies. The photolysis frequency 
of NO 2 (JNo2) was quantified in Kappel and at Schauinsland 
by measuring the UV actinic flux with two (upward and down- 
ward facing) 2rr steradian filter radiometers (Meteorologie 
Consult GmbH). An assessment of the instrument and the 
measurement uncertainties is given by Volz-Thomas et al. 
[1996]. The radiometers were calibrated for JNO2 with a chem- 
ical actinometer in J/ilich (estimated accuracy 5% [Volz- 
Thomas et al., 1996]). A recent comparison with the chemical 
actinometer of F. Rohrer and D. Br/ining (manuscript in prep- 
aration, 1999) showed agreement within 4%. 

During the IOPs a spectroradiometer (Meteorologie Con- 
sult GmbH, Glash/itten, hereinafter denoted SR) was de- 
ployed at Schauinsland for the measurement of photolysis fre- 
quencies. The instrument uses the same 2rr steradian 
scattering head as the JNO2 sensors. The scattering head is 
coupled to a scanning double monochromator (CVI Laser 
Corp., Model CMl12, 2400 lines/mm grating, resolution: 1.0 
nm) by means of a multimode quartz fiber bundle. Light de- 
tection occurs by a photomultiplier (Hamamatsu, R 759). 
Monochromator and photomultiplier tube (PMT) are 
mounted in a hermetically sealed and thermostatted housing, 
which is pressurized with N 2. The spectra are scanned at a rate 
of 0.5 to 1.4 nm/s, thus providing one scan every 113 s. The raw 
signals are stored on disc for further processing. 

The photolysis frequency Jik for a certain photolytic reaction 
k occurring upon absorption of a photon by a molecule i is 
calculated from the actinic flux and the spectroscopic data 
(absorption cross section rri(X) and quantum yield (I)/,(X)) 
according to [cf. Madronich, 1987] 

Jik = f (F,(X) x rr,(X) x (I)k(X)) dX (2) 

The references for the molecular absorption spectra and quan- 
tum yields used in this study are summarized in Table 3. Cal- 
ibration of the SR is performed in two steps: First, the relative 
spectral sensitivity of the instrument is calibrated with a certi- 
fied Tungsten lamp (Osram, Model 64632, 100 W), which is 
placed in front of the 2rr scattering dome. Then we integrate 
the normalized SR signal over the actinic interval of NO 2 and 
apply the JNO2 value that is concurrently measured by the filter 
radiometer as a calibration factor. Subsequently, calibration 
factors were averaged over i day. Relative calibration was 
checked every day. At the same time, the calibration of the 
wavelength scale of the monochromator was calibrated using 
three lines of a low-pressure Hg lamp (296.5, 365.5, and 404.7 
nm; accuracy _+0.1 nm), in addition to regular wavelength 
calibrations using Fraunhofer lines. The accuracy of the actinic 
flux measurement with the SR as estimated from the accuracy 
of the relative calibration (<4% over the wavelength range 
used) and the JNO2 measurement (7%) is better than 10%. 

With a stronger light source the tungsten lamp can be used 
to derive absolute calibration factors with an accuracy of 6% 
[Hofzumahaus et al., 1999]. However, the procedure requires a 
stronger lamp and is technically difficult to conduct in the field 
with a 2rr scattering dome, as the lamp must be placed very 
accurately at two distances. 

2.1.7. Meteorological data. In addition to the extensive 
meteorological measurements described by Kalthoff et al. [this 
issue], wind speed and direction were measured by two- 
dimensional (2-D) ultrasonic anemometer (Siggelkow, ULLA) 
in Kappel and with a standard wind vane/three-cup anemom- 
eter at the TOR station. Pressure, temperature, and relative 
humidity were determined with Thies pressure sensors and 
aspirated psychrometers. The meteorological instruments and 
the radiometers were mounted at the same height as the inlets 
for the chemical measurements. The data of all instruments 

were recorded at a frequency of 1 Hz and then averaged over 
1 min. 

2.2. Airborne Measurements 

Airborne measurements were made by MetAir with a self- 
launching motor glider (Stemme S10; wing span 23 m; maxi- 
mum takeoff weight 980 kg; payload 310 kg; speed 120-180 



P•TZ ET AL.: TRACE GAS MEASUREMENTS DURING SLOPE96 1569 

Tablb 4. Instrumentation of the Aircraft 

Parameter Instrument/Method 
Range Resolution Precision/ Calibration or 

From... To Parameter/Time Accuracy Checks 

Air temperature 
Dew point 
Five pressures (one 

absolute, four 
different) 

Flow angles 

Thermocouple (Meteolabor) 
dew point mirror (Meteolab) 
capacitive sensors (Keller 

Druckmesstechnik) 

differences of pairs 
(left/right, top/bottom) 

calculated (p, T, u) 
integrated (p, T, u) 
GPS (Trimble TANS Vector) 

-50... 50øC 
-50... 50øC 

300... 1300; 
0... 50 hPa 

- 20... 20øC 

0.1øC/10 Hz 
0.1øC/4 s 
0.02 hPa/10 Hz 

10... 70 m/s 
0... 7000 m msl 

worldwide 
worldwide 
worldwide 

0.1ø/0.1 s 

True airspeed and 
Pressure altitude 

Position (x, y, z) 
Ground speed (vx, vy) 
Attitude angles (azimuth, 

pitch, and roll) 
3-d-wind (x, y, z) postflight processing from 0.5 ... 30 m/s 0.5 m/s/3 Hz 

parameters above 
NO2 Luminol chemiluminescence 0.1... 200 ppb 0.01 ppb/1 s 

(Scintrex LMA-3) 
03 (slow) UV absorption (PSI) 2 ppb... 1 ppm 1 ppb/4 s 
03 (fast)• Eosin-Y chemiluminescence 1 ppb... 1 ppm 0.1 ppb/10 Hz 

(Scintrex, LOZ) 
Speciated hydrocarbons gaschromatograph (Airmotec 10 ppt... 10 ppb 10 ppt/10 min 

(C4... C10 ) HC-1010) 

0.1 m/s/10 Hz 
1 m/4 s 
7 m/1 s 
0.1 m/s/1 Hz 
0.1ø/3... 10 Hz 

0.1/0.5øC ice water/mercury 
0.1/0.5øC psychrometer 
0.1/0.5 hPa factory-calibrated 

0.1ø/0.5 ø wind residuals 

0.2/0.5 m/s wind residuals 

3/10 m mountain tops 
20/100 m* fix points from map 
0.1/0.5 m/s statically at ground 
0.1/0.5 ø statically at ground 

0.5/1.0 m/s wind during maneuvers 

0.1/1.0 ppb calibration gas? 

1/2 ppb calibration gas? 
10 ppb against UV photometer 

10 ppt/50 ppt calibration gas 
or 20% 

*Depending on operation mode of the U.S. military navigation satellites. 
?Low-ppb calibration equipment of PSI, scanning an array of NO2/O3 concentrations to calibrate also the interference with ozone. 
•The signals of the two monitors are combined to get both fast and stable measurements, overlapping in the range between about 30 and 600 s 

(see text above). 

km/h; and up to 5 hours endurance). The instruments are 
carried below the wings in specially designed compartments. 
The details of the instrumentation are listed in Table 4. More 

details about the aircraft and its present instrumentation are 
given by Neininger et al. [1999]. 

O3 was measured redundantly by UV absorption and by 
chemilumincscence with eosin-y (Scintrex, LOZ-3). The UV 
instrument being rather slow (precision of I ppb reached in 
30 s) provides an accurate, temperature- and pressure- 
corrected measurement, whereas the chemiluminescence in- 
strument provides a fast time response but is subject to rela- 
tively large drifts. During data reduction the fast signal is 
quasi-continuously tied to the UV measurement, whereby an 
accurate and fast (4 s) ozone measurement is obtained. The 
UV photometer is calibrated against a NIST standard photom- 
eter at the Paul Scherrer Institut (PSI). 

NO2 was measured by chemiluminescence with luminol 
(Scintrex LMA-3). The instrument was calibrated before and 
after the campaign at PSI using gas phase titration of NO with 
03. The calibration procedure produces a two-dimensional 
array of NO2 (0-10 ppb) and 03 (0-150 ppb) mixing ratios and 
is also used to establish the necessary corrections for nonlin- 
earity, pressure, temperature, and 03 interference. 

High-resolution wind measurements were obtained by using 
the Global Positioning System (GPS) for determination of the 
attitude angles (orientation of the aircraft along three axes) in 
combination with a five-hole pressure probe for measurement 
of the flow angles. Additional parameters are listed in Table 4. 
The in situ measurements of speciated hydrocarbons are de- 
scribed by B. Kolahgar et al. (unpublished manuscript, 1999). 

2.3. Balloon Soundings 

For the vertical soundings at Kohlengrund (KG) by IMK, 
the tethersonde (AIR, Model TS-3A-SPH) was used. The max- 
imum height for the system is 1000 m above the surface. Dry 

and wet bulb temperatures are measured by two carefully 
matched thermistors mounted inside a radiation shield, similar 

to an Assmann psychrometer. Aspiration occurred by a small 
fan. Precision for both temperatures is 0.5 K. Pressure, which 
is used for calculation of the balloon's altitude, is measured by 
a capacitive sensor (AIR). Wind speed is measured by a three- 
cup anemometer, and wind direction is derived from a small 
electronically controlled compass (precision 5ø), with the as- 
sumption that the aerodynamic balloon serves as a wind vane, 
which orients the sonde. 

For ozone the fast surface chemiluminescence sonde 

(GFAS, Model OS-B-2) developed by Gasten et al. [1992] was 
used. It utilizes the chemiluminescent reaction of ozone with 

coumarin 47. The system is lightweight and provides a fast time 
response. The accuracy of the measurement relies on frequent 
calibrations against a reference instrument such as a UV pho- 
tometer (Environment, Model 03 41M 1). Calibrations of the 
sonde are carried out before and after each sounding. 

The tethered balloon system used by IVD for the measure- 
ments at K2 consists of a 85 m 3 tethered balloon equipped with 
instruments for meteorological parameters (wind speed, wind 
direction, dry temperature, humidity, pressure) and for the 
concentrations of O3 and NO2. The parameters are transferred 
every 10 s to a ground station via a telemetry system. A com- 
plete description of the balloon system and the instrumenta- 
tion is given by Bautnbach et al. [1993]. 

The sensors for the measurement of meteorological param- 
eters are similar to those used by IMK at KG. 03 was mea- 
sured with a modified ozone sonde AIR-OZ-3A-T, which is 

calibrated against a UV photometer (Dasibi 1008) before and 
after each sounding. NO• was measured with a Scintrex LMA3. 
Normally, the LMA3 is calibrated by diluting NO• calibration 
gases with zero air. The absolute NO• concentration in the 
calibration mixtures is determined by the Saltzman method 
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Figure 2. Intercalibration of 03, NO, NO2, and HCHO with reference gases (for acronyms, see Table 1). 

[l/erein Deutscher Ingenieure (I/DI), 1990]. During SLOPE96 
the calibration system was found to be out of order. Therefore 
a standard mixture and dilution system of ICG2 was used 
during the campaign. Unfortunately, this system which had 
been designed for large concentrations and flow rates intro- 
duced significant errors in the lower ppb range, as is discussed 
below. For mixing ratios of several tens of ppb the dilution 
system of ICG2 was found to differ by less than 1% from the 
Saltzman method. 

2.4. Instrument Comparison 

An instrument comparison was organized in order to obtain 
information on the comparability of the different instruments 
deployed at the different field sites. The comparison was con- 
ducted in two steps: (1) a comparison of the calibration gases 
and calibration procedures was conducted before the cam- 
paign, and (2) concurrent measurements in ambient air were 
made after the first lOP. The comparison of the VOC mea- 
surements is discussed by B. Kolahgar et al. (unpublished 
manuscript, 1999). 

For NO and NO2, calibration gases from BOC (10 and 5 
ppm, respectively) were diluted with zero air (Messer 
Griesheim) using a self-built multicapillary dilution unit. The 
flows were measured several times before, during, and after the 
experiments with an automatic soap film flowmeter (Gillian, 
Gillibrator). The uncertainty of the dilution factors, including 
possible errors in the humidity correction, was better than 
-+ 1%. The NO calibration gas was compared with the primary 
standard of ICG2, which had been compared to the standard 
used at the NOAA Aeronomy Laboratory (agreement better 
than 2% [Getbig et al., 1996]). For the comparison of 0 3 a 
standard calibrator (TE 49PS) was used. The calibration gases 

were successively supplied to the inlets of the different instru- 
ments at ambient pressure and at excess flow. The comparison 
and data collection were conducted in a blind fashion by a 
person (A. Lerner) who was not otherwise involved in the 
campaign. The results were only revealed to the participants 
after all data had been supplied in final form. 

The results of the comparison are shown in Figure 2 in the 
form of scatterplots of the measured values as reported by the 
different participants versus the theoretical concentrations, 
that is, those given by the calibrator in the case of 03 and those 
calculated from the concentration in the calibration standards 

and the dilution factors in the cases of NO and NO2. 
In general, the agreement was within _+5%, except for the 

low-sensitivity commercial NOx monitors of IMK and MIF 
(-15%, not shown), the data of which are not used in this 
paper because of the very large deviations found in ambient 
air. The LMA-3 of MetAir was in excellent agreement up to 
NO2 mixing ratios of 10 ppb (i.e., the range over which it was 
calibrated). At higher mixing ratios the instrument tends to 
underpredict the NO2 concentration (6% at 20 ppb and 10% at 
40 ppb). The agreement of the instruments at the TOR station 
was within _+ 1%. The NO2 calibration gas was also sampled 
and analyzed by IVD using the Saltzman method [I/D/, 1990]. 
The results agreed with the predicted value within <1%. 

For ozone the instruments agreed with the standard within 
__+3% (mostly within 2%), except for the highest value (120 
ppb) where the deviation of the MetAir instrument was 5%. 
The UV absorption instrument (Dasibi 1008) used by IVD for 
calibration of their balloon sonde showed significantly lower 
values (- 13%). 

An independent HNO3 permeation device was used for test- 
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ing of the conversion efficiency of the different converters 50 
employed for the measurement of NOy. The HNO3 source was 
characterized during the OA experiments by quantitative ab- 40 
sorption of the effluent in water and quantification of the 
absorbed HNO3 by measurement of the pH (in situ) and of the 30 
NO•- concentration (off-line by ion chromatography using a 
weighed NaNO3 standard as reference). Both methods were • 20 
found in agreement within 10%. The tests with the permeation z 
tube showed that the gold converters used by ICG2 at SL and 10 
K1 converted HNO 3 with a conversion efficiency of >97%. 
Furthermore, it was shown that the bubbler used in front of the 
NO x instrument in K1 indeed retained HNO 3 by >98%. 

For the comparison in ambient air the instruments were 
gathered on June 7 at the mobile laboratory of ICG2 in K1. In 
%_/1 uvl [•./ 1 u•,•,111 [u [v [11v UlllVl vii [ 111o [1 UlllVll [o [•,.J 111vuo ul v [11v 

same air and to allow the possibility of spiking the ambient air 
with calibration gases, all NOx instruments were connected to 
a common inlet that was put together from 1/2 inch OD PFA 
tubing. The ozone sondes being very sensitive to pressure N 

changes were not connected to the common inlet line but were o 60 
placed on the roof of the mobile laboratory with their inlets 
very close to the common inlet. The ozone sonde of IMK and 
the TE-49 of the TOR station SL, which had been compared 
before the campaign with the TE-49 of ICG2 in Kappel (agree- 
ment within 2%), did not participate in the comparison. 

The results of the comparison are shown in Figure 3 as time 
series and in Figure 4 as scatterplots, using the instruments of 
the mobile lab as the reference. All three instruments repro- 
duce the increase of 03 between 2200 and 2300 hours, and 
most of the fine structure. The correlation between MIF and • 2 
ICG2(K1) scatters around the 1:1 line with a standard devia- 
tion of + 1.3 ppb ( + 1.8%). The UV photometer of MetAir has 
a constant offset of about 3 ppb with respect to the TE-49 of 
ICG2. The ozone sonde of IVD gives systematically 15% lower 
values, quite similar to the findings with the calibration source. 
In order to harmonize all O_• data obtained in SLOPE96 the 
results of IVD and MetAir were corrected on the basis of the 

results of the ambient comparison 

IVD 

MA 

[O;] .... = [O.•]x 1.2- 5.9 

[O,•]cor- [O,•] x 1.02 - 4.9 

(3) 

The comparison for NO and NO: is also shown in Figures 3 
and 4. In order to increase the dynamic range of the test and 
to obtain information on the time response of the instruments, 
the inlet line was spiked three times with NO: and twice with 
NO calibration gas, respectively. Because of the relatively long 
residence time in the common inlet line, a significant fraction 
of the NO was converted to NO: by reaction with ambient 03. 
Because of the different residence times of the air in the inlet 

line for the different instruments, only the NO: spikes can be 
used reliably. The LMA-3 of MetAir gives systematically lower 
NO: concentrations than the TE-42S of ICG2 (-30% on av- 
erage). A parabolic fit provides the best description of all data. 
The curvature is consistent with the results in Figure 2, where 
a similar underprediction is observed for the higher concen- 
trations. The offset of -0.2 ppb is not significant. Good agree- 
ment over the range of ambient NO: (9-15 ppb) would be 
obtained when multiplying the MetAir data by a factor of 1.35. 
The reason for this large difference in response of the MetAir 
LMA-3 as compared to the results in Figure 4 was not resolved 
during SLOPE96. Recalibration of the instrument after the 
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• NO 2 spikes MA•,.orr.) 

...... o 
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Figure 3. Time series of NO: and 03 during the ambient 
instrument comparison on June 7. The inlet was spiked three 
times with NO: and two times with NO calibration gas. The 
lowest panel shows the HCHO measurements by the Hantzsch 
technique (A14001) and TDLAS during the comparison on 
May 22. For acronyms, see Table 1. 

campaign at PSI gave the same calibration coefficients as be- 
fore. The most likely explanation was the temperature of the 
instrument housing exceeding 35øC during the ambient com- 
parison. Although the housing was protected from direct inso- 
lation, it was not ventilated as it would be during flights, and 
the place on the roof of the mobile laboratory of ICG2 was hot. 
The known temperature dependence of the luminol chemilu- 
minescence is electronically compensated in the LMA-3 and is 
further corrected during data reduction. However, this proce- 
dure is only reliable for temperatures below 30øC. Laboratory 
tests have shown that the degradation of the sensitivity esca- 
lates above 30øC. Since the recorded instrument temperature 
was always below 27øC during airborne operation and because 
of the good agreement found with the measurements made at 
Schauinsland (see below), we refrained from correcting the 
NO: data of MA. 

The agreement between IVD and ICG2 is within 10% for 
both ambient concentrations and NO 2 spikes (average slope of 
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Figure 4. Scatterplots of the ambient measurements in Fig- 
ure 3 (for acronyms, see Table 1). The NO spikes have been 
removed from the data. 

all data 0.96), although the slope of the correlation for the 
ambient data seems to be significantly below unity (IVD/ 
ICG2 = 0.9). A parabolic fit (dashed line) provides a better 
description of the entire data set but extrapolates to an offset 
of 3.7 ppb. After the campaign, it was found that significant 
NO 2 losses occurred in the dilution system of ICG2 that was 
used during SLOPE96 for calibration of the LMA3 of IVD. 
The relative losses increased with decreasing NO 2 concentra- 
tion (<5% at 10 ppb and almost 100% below 0.5 ppb at a total 
flow of 2 SL min-•). 

In order to investigate the apparent discrepancies in the 
different NO 2 measurements the NO 2 data of MetAir were 
compared during the campaign with those from the surface 
station SL and from the tethered balloon of IVD, respectively. 
In situations when the aircraft flew within a box of _+500 x 

500 x 50 m 3 (x, y, z) centered at SL, good agreement (within 
+_0.2 ppb) was obtained for NO 2 mixing ratios in the range of 
1-3 ppb. For ozone an offset of 3 ppb was found for the 
uncorrected data, slightly less than that observed during the 
instrument comparison (Figure 4). 

The NO 2 mixing ratios by IVD were much larger than those 
measured by MetAir (up to a factor of 1.6 for NO 2 mixing 
ratios below 5 ppb). On the other hand, the data from IVD 
collected when the balloon was near the surface agreed fairly 
well (within 10%) with the measurement of the ground station 
in K1 during homogeneous situations with NO 2 mixing ratios 
around or greater than 10 ppb. These findings are in accor- 
dance with the erroneous behavior of the NO 2 calibration 

system used for IVD. Consequently, the IVD data were cor- 
rected according to 

[NO2]co r -- [NO2] x {1 -- exp (-[NO2]/3.5)} (4) 

The magnitude of the correction decreases exponentially from 
-100% at 0 ppb to -10% at 10 ppb. The correction largely 
removes the slight curvature of the IVD/ICG2 correlation in 
Figure 4 and greatly reduces the discrepancies between IVD 
and MetAir, without changing the good agreement between 
IVD and ICG2 for the higher NO 2 mixing ratios. 

In conclusion, the data from the ICG2 sites at Schauinsland 
and Kappel and the data from the aircraft and the tethered 
balloon agree within 10% or +_0.2 ppb after correction of the 
IVD data for calibration errors in the lower ppb range. Below 
3 ppb the NO 2 data of IVD have a large uncertainty and should 
only be regarded as semiquantitative information. Above 6 ppb 
the data are comparable to the rest of the data set within 
10-20%. 

The last panel in Figure 2 shows the results of the HCHO 
measurements by TDLAS and the Hantzsch monitor at a cal- 
ibration system consisting of a permeation source and a dilu- 
tion unit (Kin-Tek). Both instruments had been calibrated 
before with their own calibration procedures as described 
above. Linear regressions for the two instruments give slopes 
and offsets of 1.0; 50 ppt for TDLAS and 0.93; 90 ppt for the 
AL4001. The maximum deviations for the different concentra- 

tions are <5%. The DNPH method did not participate in the 
intercomparison. 

A comparison for HCHO in ambient air was conducted on 
May 22, a cloudy day with little photochemical activity. The 
results are shown in Figure 3. According to the Hantzsch 
monitor (A14001), HCHO mixing ratios scattered around a 
mean value of 1.5 ppb for the first hour of the comparison and 
increased slightly to about 2 ppb thereafter. The two instru- 
ments were in reasonable agreement, with an average differ- 
ence (A14001-TDLAS) of 0.22 ppb. 

The two filter radiometers for the measurement OfJNo 2 were 
operated side by side at Schauinsland before the campaign. The 
agreement was better than 5%, similar to what was found 
during the calibration of the two sensors in August 1996 at JQlich. 

3. Results 

Figure 5 shows the concentrations of O3, NOy, CO, and 
meteorological parameters measured at SL for the entire pe- 
riod of the campaign. The SLOPE96 IOPs are marked with 
windows. As is described by Volz-Thomas et al. [this issue], the 
major goal of SLOPE96 was to study the chemical degradation 
of anthropogenic precursors and photooxidant formation in 
the plume of Freiburg during transport through the valley 
GroBes Tal to Schauinsland. The long-term observations at 
Schauinsland had shown that the thermally driven wind system 
in the valley is established only at wind speeds <3 m/s. The 
most favorable meteorological condition is an anticyclone over 
Europe associated with weak southeasterly geostrophic flow 
over southwest Germany. On average, this situation occurs on 
about 30% of the days in summer [Volz-Thomas et al., this 
issue]. The ideal situation is depicted by three features: Owing 
to the onset of the valley wind system, wind direction at SL 
changes in the morning from east or southeast to northwest, 
and wind speed remains below 3 m/s; the anthropogenic pre- 
cursors, such as CO and NOy, show a sharp increase and stay 
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Figure 5. Mixing ratios of selected trace gases and meteorological parameters measured at the TOR station 
Schauinsland in June 1996. The boxes denote the intensive observational periods (lOP). The upper panel gives 
the ozone production rate as derived from PSS. 

high for several hours; temperature and ozone increase to- 
gether and reach their maximum values in the afternoon. 

The meteorological situation during June 1996 was some- 
what atypical with long periods of relatively strong northwest- 
erly winds. Periods with fair weather were observed between 
June 4-6 and June 13-19 (see JNO2 data in Figure 5). The 
valley wind system is seen in both periods. The first period was 
clearly identified in the forecast, and the first IOP was con- 
ducted between June 4 and 6. It will be discussed in more detail 

below. As is depicted by the wind data and the chemical species 
in Figure 5, June 13 would have been rather ideal with peak 
NOy mixing ratios of 15 ppb. However, the necessary change in 
general circulation, as depicted by the change in wind direction 
to east, was very difficult to forecast and did not occur before 

the early morning of June 14, after a longer period of persis- 
tent northwesterly winds and after the passage of a front on the 
day before. Although the valley wind system is seen on the 
following 3 days in the wind data, the precursor concentrations 
remain rather low (CO hardly exceeds 250 ppb), and little 
ozone increase is observed over the period. The increase in tem- 
perature is also much less pronounced than during the first lOP. 

The rest of the month was predominantly cloudy. A second 
IOP was called for June 27 and 28, the last 2 days of the fixed 
time window of SLOPE96. As the meteorological situation was 
less favorable than expected from the forecast and did not lead 
to a situation useful for studying photochemistry in the city 
plume of Freiburg, the campaign was ended on the evening of 
the June 27. 
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Figure 6. Mixing ratios of trace gases, JNO2, and meteorological parameters at SL and at K1 during the first 
IOP (June 4-6, 1996). 

3.1. Ground-Based Measurements 

Figure 6 shows the concentrations of all trace gases mea- 
sured at K1 and at SL during the first IOP (June 4 to 6). The 
situation was dominated by easterly geostrophic winds, gradu- 
ally changing from NE on June 4 to more southerly directions 

on the following days. From the wind data at K1 the valley 
wind system in the Groges Tal began to establish between 0700 
and 0800 central European time (CET) and lasted until 1700 
to 1800. In the data from SL the valley wind system is marked 
by the change to northerly directions. At Kappel the transport 
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Figure 7. Photolysis frequencies of selected trace gases during the first IOP from the measurements with the 
spectroradiometer at Schauinsland (symbols). The gap in the afternoon of June 5 is due to a failure of the data 
recording system of the SR. The solid lines are model calculations with a discrete ordinate model (clear sky, 
300 DU, 1250 m asl, surface at 1200 m asl). 

of polluted air is seen on the first 2 days of the IOP. At 
Schauinsland, however, the advection of polluted air is most 
pronounced on June 5. 

On June 4 the presence of scattered clouds is evident from 
the JNo 2 data. The concentrations of the anthropogenic pre- 
cursors remained relatively low, and ozone mixing ratios did 
not exceed 60 ppb on that day. On June 5 the valley wind 
system was fully established at 0730 CET. The maximum mix- 
ing ratios of anthropogenic precursors (40 ppb for NOx) are 
reached around 0930 CET at Kappel. The small maxima at 
0500 and 0800 CET are due to advection from the Zarten 

Basin [see Kalthoff et al., this issue], although contributions 
from local traffic during this period cannot be ruled out com- 
pletely. At Schauinsland the maximum mixing ratio of NOx (7 
ppb) is reached at 1230 CET. However, as is discussed in more 
detail by Kalthoff et al. [this issue] and Fiedler et al. [this issue], 

the wind at Schauinsland had already turned toward more 
westerly directions, due to heating of the slopes of the Rhine 
valley. The valley wind system in the GroBes Tal was only 
responsible for the first small maximum (4 ppb) in NOx ob- 
served around 1120 CET at SL. This is also seen in the NO 2 
data from the tethered balloon (Figure 8) and from the aircraft 
(Figure 10). On June 6, relatively low precursor concentrations 
are observed at Kappel. A possible explanation is that due to 
the bank holiday, the emissions occurred later in the day when 
vertical mixing was already more pronounced. 

HCHO and the other carbonyl compounds are shown in the 
lowest panels of Figure 6. The DNPH method gives similar 
HCHO concentrations at both sites with maximum concentra- 

tions around 4 ppb. At SL the DNPH measurements are in 
reasonable agreement with the HCHO measurement by the 
Hantzsch technique, whereas the TDLAS at K1 measured al- 
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Figure 8. Vertical profiles of 03, T, NO2, and wind direction on June 5 at K2. The beginning of a sounding (CET) is denoted 
above the panels. 

most a factor of 2 lower HCHO concentrations than the 

DNPH method. Obviously, HCHO is either underestimated by 
TDLAS, or interferences must exist with the other two tech- 

niques. This is puzzling because of the good agreement be- 
tween TDLAS and Hantzsch monitor during the intercompari- 
son and because a negative interference with TDLAS, a highly 
specific spectroscopic method, is difficult to imagine. The rel- 
atively good agreement observed during the instrument com- 
parison in ambient air under cloudy conditions (<0.3 ppb, 
Figure 3) would suggest a potential interference being caused 
by a photochemically produced compound. Similar results 
were obtained during a field comparison in 1998, with rela- 
tively good agreement between AL4001 and TDLAS under 
cloudy conditions and a factor of 2 difference between the 
A14001 and TDLAS, when polluted air was analyzed during 
intensive insolation (D. Klemp et al., manuscript in prepara- 
tion, 1999). Until clarification is obtained, the HCHO mixing 
ratios measured at Schauinsland must be regarded as upper 
limits, and the TDLAS data from K1 must be regarded as 
lower limits. 

Figure 7 shows the photolysis frequencies of different mol- 
ecules as obtained from the spectroradiometer. Also shown are 
model calculations with the radiative transfer model of Mad- 

ronich (discrete ordinate scheme of Stamnes et al. [1988]) for 
clear-sky conditions, using the same spectroscopic data as for 
the SR. The model predicts 5-10% lower values for JNO2, with 
which the SR is calibrated, except for the first day which was 

partially cloudy. The discrepancy is similar to the results ob- 
tained by Volz-Thomas et al. [1996] and within the uncertainty 
of the measurement. While the agreement is similar or better 
for HCHO, H202, and HONO, the model overestimates JO1D 
by 15-20% with respect to the SR. This discrepancy is larger 
than the uncertainty in the relative spectral sensitivity of the 
SR (4%). As the ozone column used in the model (300 Dobson 
units (DU)) is in agreement with data from the Global Ozone 
Monitoring Experiment (GOME) instrument on ERS2 [Bur- 
rows et al., 1999] for the period of the first IOP of SLOPE, we 
have no clue on the source for the discrepancy. 

3.2. Balloon Soundings 
The balloon data from K2 show results similar to the 

ground-based measurements at K1. On June 4 the northerly 
valley wind extended to approximately 200 m aboveground. 
Above, the wind direction changed to east. This situation 
lasted until the late afternoon. The balloon measurements 

indicated that no relevant transport of polluted air along the 
valley occurred. 

Also on June 6 the valley wind system was unstable accord- 
ing to the measurements made by the tethered balloon at K2. 
In the morning hours the magnitude of the valley wind regime 
exhibited relatively large fluctuations between zero and about 
400 m aboveground. 

Figure 8 displays the results from vertical soundings made 
on June 5 at K2. Each row shows the vertical profiles of tem- 
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Figure 9. Vertical profiles of 03, T, wind speed, and wind direction on June 5 at KG. The beginning of a sounding (CET) is 
denoted above the panels. 

perature, ozone concentration, NO2 concentration, and wind 
direction. It should be noted that the time required for a full 
ascent and descent is about 1 hour. Only the ascents are shown 
for clarity. During the first sounding (0822 hours), turbulent 
conditions prevailed near ground, whereas the geostrophic 
wind from easterly directions was observed at higher altitudes. 
In the sounding starting at 1033 hours the (northerly) valley 
wind is observed up to approximately 250 m aboveground. 
With increasing height the wind direction changes to east, 
indicating that the geostrophic wind is still dominant in levels 
of 500 m aboveground (900 m mean sea level (msl)) and 
higher. The northerly flow of the valley wind system is capped 
by an inversion layer, which efficiently inhibits vertical trans- 
port of air pollutants emitted near ground. NO2, which char- 
acterizes the loading of the air mass with primary pollutants, 
shows a significant decrease from almost 10 ppb to about 3.5 
ppb at 250 m aboveground, whereas 0 3 increases by approxi- 
mately 5 ppb. These profiles clearly show the transport of 
polluted air through the valley Groges Tal. 

In the next sounding at 1213 hours the capping inversion has 
already climbed to 650 m (1050 m msl). The pollution is still 
trapped underneath, as can be seen from the strong gradient in 
the NO2 mixing ratio at the altitude of the temperature inver- 
sion. In the subsequent soundings the capping inversion is not 
seen anymore and must therefore be above 1200 m (the max- 
imum height of the balloon allowed at this site for air traffic 
security reasons). In the afternoon the profiles of the chemical 

species show little vertical gradients, indicating well mixed con- 
ditions in the boundary layer. The northerly flow persists only 
near the surface, whereas westerly winds are now observed at 
higher levels. 

The later profiles exhibit the development of the nocturnal 
surface inversion. The wind direction at the surface has 

changed to south due to the mountain wind in the valley. The 
lack of increased NO2 mixing ratios underneath the surface 
inversion proves the absence of significant nighttime pollution 
sources in the valley. 

Figure 9 shows the vertical profiles of temperature T, ozone, 
wind speed, and wind direction obtained at Kohlengrund 
(KG). A shallow surface inversion of about 50 m thickness was 
still detectable at 0759 CET. Within this layer a weak southerly 
mountain wind of-1 m s -• existed. However, the surface 
observations indicated that shortly after 0800 CET the valley 
winds, that is, northerly winds, were established at KG 
[Kalthoff et al., this issue]. 

By 0931 CET an unstable surface layer had developed, and 
the valley wind had extended up to - 1050 msl. The wind speed 
of the valley wind was at 4 to 5 m s -• and dropped to around 
2 m s- • at the top of the valley wind regime. Ninety minutes 
later the top of the valley wind layer had risen to a height 1150 
msl. At this altitude a slight turning of the wind from northerly 
to northeasterly directions was detected while the wind speed 
was still at 4 m s-•. On the upper levels the valley wind system 
was later disturbed by regional-scale westerly winds. These 
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Figure 10. Concentrations of NO 2 on June 5 along the flight 
pattern of the motor glider: (a) displayed horizontally on a 
map and (b) displayed as vertical cross section along the valley 
axis. The diameters of the "bubbles" are proportional to the 
NO 2 mixing ratio. The ground-based sites are shown according 
to the notation in Table 1. 

westerly winds result from the arrival of the slope wind system 
which developed at the slopes of the Rhine valley in the morn- 
ing and propagated eastward [Fiedler et al., this issue], sup- 
ported by the heating of the elevated mountain sites of the 
Black Forest mountains [Kalthoff et al., this issue]. After 1130 
CET, the air mass seen at SL was not advected from the valley 
anymore but directly from the Rhine valley. Ozone at KG is 
rather constant throughout the mixed valley wind layer and 
increased gradually from profile to profile. The influence of air 
advected from the Rhine valley is seen in the relatively strong 
increase of ozone over the three profiles collected between 
1231 and 1431 CET. Only a shallow layer at the surface re- 
mained at lower mixing ratios. This vertical ozone gradient 
increased in the evening when the surface layer became stably 
stratified again. At 1802 CET, ozone was approximately 80 ppb 
at 850 msl but only 60 ppb at the ground. At this time the 
southerly winds in the lowest levels indicated the onset of the 
nocturnal mountain winds. 

3.3. Airborne Measurements 

The onset and duration of the valley wind system on the 
June 5 is also seen in the data from the aircraft. Figure 10 
presents the NO2 mixing ratios measured between 0900 and 
1540 CET and plotted along the flight tracks in the valley. 
Enhanced NO2 mixing ratios (up to 10 ppb) are found in the 
first flight over the Zarten Basin and at the entrance to the 
valley. The sequence of flights along the valley clearly docu- 
ments the transport and dilution of the polluted air in the 
morning. The meandering shape of the flight patterns within 
the valley was necessary for ascending the relatively steep val- 
ley and in order to allow for the sampling time of 10 min for 
the in situ measurements of VOCs (see B. Kolahgar et al., 
unpublished manuscript, 1999). 

Only a relatively small fraction of the total data set obtained 
by the aircraft is presented here. The full flight patterns in- 
cluded a vertical sounding near K2, horizontal transects at 
altitude, and excursions to the Rhine Valley, where the air- 
plane was stationed. The highest ozone mixing ratios (up to 
110 ppb) were observed in the Rhine valley. This supports the 
conclusion from the vertical soundings that the enhanced 
ozone levels observed in the afternoon at Schauinsland were 

advected from the Rhine valley. 

4. Discussion 

Figure 5 reveals the good correlation between ozone and 
temperature that also has been observed at many monitoring 
stations. At Schauinsland the correlation is good on longer 
timescales, that is, periods of a week or so. A rather simple 
explanation is that both ozone and temperature are the result 
of radiation (photochemistry and heating, respectively). In ad- 
dition, temperature influences precursor emissions (in partic- 
ular biogenic VOCs) and rate coefficients. Weak winds and 
stable stratification also tend to enhance both temperature and 
photooxidant formation. On a diurnal scale the largest ozone 
increase is seen on days with both strong insolation and high 
precursor concentrations. This provides strong evidence for 
the small-scale nature of the high ozone levels observed at 
Schauinsland in such situations. 

4.1. Partitioning of NOy at Schauinsland 
The diurnal variation of the mixing ratios of different NOy 

components: NOx, NOy, NOj (= NOy - NOx), HNO3, and 
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Figure 11. Mixing ratios of odd-nitrogen compounds on 
June 5 at SL. 

PAN, as well as the concentration ratio NOy/NO•c at Schauin- 
sland, is shown in Figure 11. The mixing ratios of all NOy 
components increase shortly before noon due to the arrival of 
polluted air to the site. After this time, the NOy/NOx ratio 
increases strongly due to chemical aging of the air mass: The 
mixing ratio of NOx decreases rapidly, whereas the photo- 
chemical products of NOx, that is, NOz, HNO3, and PAN, 
continue to increase. The HNO3 concentration is derived in- 
directly from the difference of the NOy measurements with 
and without the denuder and thus may contain small contri- 
butions from other soluble NOy compounds, for example, hy- 
droxy-substituted organic nitrates. Contributions from NO3 
and N20 5 should be insignificant during daytime. During or 
immediately after rainfall the two NOy channels agree within 
___0.3 ppb lending confidence to the measurement of insoluble 
NOy. 

The mixing ratio of insoluble NOy (NOyu) is about 1 ppb 
larger than the sum of NOx and PAN. The missing fraction of 
NOyu (second panel in Figure 11) is likely due to organic 
nitrates other than PAN, which were not measured in 
SLOPE96. Flocke et al. [1998] found C1-C8 alkyl nitrates at 
mixing ratios up to 600 ppt during long-term measurements 
between 1990 and 1992 at Schauinsland. On average, alkyl 
nitrates comprised approximately 3% of NOy with little sea- 
sonal variation. For the air mass encountered during early 
afternoon, alkyl nitrates would be expected to explain about 

30% of the missing NOyu. During the Southern Oxidant Study 
(SOS), mixing ratios of peroxypropionic nitric anhydride 
(PPN) and peroxymethacrylic nitric anhydride (MPAN) were 
observed to reach about 450 and 300 ppt in the presence of 3 
ppb PAN [Williams et al., 1997]. When assuming similar ratios 
for Schauinsland, the missing NOyu could be entirely explained 
by PAN homologues and alkyl nitrates. 

4.2. Estimation of [OH] From HNO3 
Formation at Schauinsland 

Reaction of NO 2 with OH (R3) represents the major loss 
process for NOx and the major source of HNO 3 in the sunlit 
atmosphere. 

(R3) NO2 + OH + (M)--• HNO3 + (M) 

Under the assumption that the rate of change of [NO2] is 
exclusively due to local photochemistry (i.e., homogeneous and 
quasi-stationary conditions), equation (5), where k 3 is the rate 
coefficient for reaction (R3), can be used to obtain an estimate 
of the OH concentration from the observed changes in HNO 3 
and NO 2. 

d[HNO3] 
dt = [NO2] X [OH] x k3 (5) 

The assumption implies that the NOy mixing ratio should re- 
main constant. However, NOy decreases from 9.2 to 7.8 ppb in 
the time interval between 0130 and 0300 CET, whereas PAN 
remains constant. Possible explanations are mixing of air 
masses with different chemical composition or NOy losses due 
to dry deposition of HNO3. The first explanation would pre- 
clude information about the "true" OH concentration in the 

air mass, as the measured decrease in NO 2 and the simulta- 
neous increase in HNO 3 could be the result of admixture of 
photochemically aged air with a larger HNO3 to NO 2 ratio, for 
example, from aloft. The estimate would then simply give an 
upper limit for [OH]. 

The potential influence of HNO3 deposition is examined 
with a simple model solving the balance equations for all mea- 
sured NOy species (equation (6)). A first-order loss term 
is included to account for the deposition of HNO3. The model 
is constrained by observed values for PAN and the NO/NO2 
ratio (smoothed by fitting second-order polynomials). A con- 
stant mixing ratio of 1 ppb (about 10% of NOy) is included to 
account for the missing NOy, compounds as described above. 
The OH concentration and the deposition coefficient in the 
model are then varied in order to find the best description of 
the measured time dependence of the NO2 and HNO3 mixing 
ratio. 

d[HNO3] 
dt = [NO2] x [OH] x k3- [HNO3] x kD 

d[NO2] 
dt --= -[NO2] x [OH] x k•- 

d[PAN] 
dt 

d[PAN] 
dt 

(from fit to measurements) (6) 

d[NOy] d[HNO3] d[NO2] d[NO] dIPAN] 
-- +__+ + 

dt dt dt dt dt 

ß (with NO/NO2 ratio from measurements) 

d[NO] d[NO2] [NO] 
dt dt [NO2] 
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Figure 12. Comparison of model results (solid lines) with the data for NO 2 (open circles), HNO 3 (open 
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triangles), and NOy (open squares) from June 5 at Schauinsland. Model parameters: k3:9 x 10- cm s- , 
kz>(HNO3) = 9 x 10 -5 s -1, [OH] = 1.1 x 107 3 cm- . [PAN] (downward pointing triangles) is not calculated 
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The model results are displayed in Figure 12 together with the 
measurements. With the recently revised value for k 3 (9 X 
10 -12 cm 3 s -1 at 1 bar [Donahue et al., 1997]), an OH concen- 
tration of 1.1 x 10 7 cm -3 is required to describe the temporal 
change of NO 2. Without deposition (dashed line), HNO 3 in- 
creases too rapidly in the model. The measured change of both 
HNO 3 and NOy is best described with a first-order deposition 
coefficient for HNO 3 of k D = 9 x 10 -5 s -1. With a scale 
height of about 350 m as estimated from the vertical soundings 
at KG, this corresponds to a deposition velocity for HNO 3 of 
approximately 3 cm s-1, which is within the range of measured 
values [Huebert, 1980; Munger et al., 1996]. The OH concen- 
tration is somewhat smaller than what would be obtained by 
simply solving equation (5) because some of the NO 2 losses go 
into the formation of PAN. When including dry deposition of 
NO2 with a relatively high deposition velocity of 0.5 cm s-1 [cf. 
Munger et al., 1996, Figure 10], the resulting OH concentration 
decreases to slightly less than 10 7 cm -3. Adopting the same 
deposition velocity for PAN, [OH] is further reduced to 8 x 
10 6 cm -3, and the deposition velocity required to match the 
observed HNO 3 concentrations decreases to about 2.5 cm s -1. 

Although we should like to reemphasize the indirect nature 
of our estimate, the analysis reveals a consistent picture of the 
NOy partitioning. The OH concentration is similar to that 
derived from the degradation of VOCs and NOx during trans- 
port between Kappel and Schauinsland [Volz-Thomas and Ko- 
lahgar, this issue]. These authors obtain [OH] = 7 x 10 6 cm -3 
for the time interval 0930-1130 CET in the presence of similar 
values for Join (see Figure 7) and in the presence of NO 2 
mixing ratios between 3 and 15 ppb. They also compare their 
results with other measurements and discuss the radical bud- 

get. 

4.3. Photostationary State (PSS) of NOx at Schauinsland 
In several studies the local ozone formation rate was esti- 

mated from the photostationary state of NOx, that is, from the 

reaction cycle below under the assumption that quasi steady 
state is established and that (R4) and (R5) are the rate-limiting 
steps in the formation of ozone [cf. Canttell et al., 1993; Kelly et 
al., 1980; Kleinman et al., 1995; Parrish et al., 1986; Ridley et al., 
1992; Volz et al., 1988; Volz-Thomas et al., 1997]. 

(R1) NO2 + h v + 0 2 • NO + O3 

(R2) NO + 03--> NO2 + 02 

(R4) NO + RO2--> NO2 + RO 

(R5) NO + HO2 --> NO2 + OH 

The approach neglects the formation of alkyl nitrates (usually 
a small term) and assumes that all of the NO oxidation that 
does not occur via reaction with 03 gives rise to ozone forma- 
tion. In this sense, P(O3) as calculated from (7) is an upper 
limit of the photochemical ozone formation rate. 

P(O3) = JNO2 X [NO2] -- [NO] x [03] x k2 (7) 

As is seen from Figure 5, P(O3) as calculated from (7) exhibits 
a pronounced diurnal cycle with maximum values around 
noontime. The highest production rates of about 60 ppb/h 
occur at times when high precursor concentrations coincide 
with large values of the actinic flux (i.e., JNO2)' This behavior is 
highlighted in Figure 13, where the NOx mixing ratio and JNo2, 
which are both available at high time resolution, are used as 
proxy for these quantities. P(O3) increases linearly with JNo2 X 
[NOx], with a slope of approximately 0.25 (ppb h -1 per ppb 
h-l). This value is consistent with earlier observations at 
Schauinsland and at the TOR stations RCrvik and Izafia [Volz- 
Thomas et al., 1997]. For the highest NOx mixing ratios, P(O3) 
tends to level off due to the transition from NOx-limited to 
NOx-saturated conditions. 

In earlier studies [Volz-Thomas et al., 1997] the ozone for- 
mation rate obtained from (7) at SL was found to be about a 
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Figure 13. Ozone formation rate as estimated from PSS (equation (7)) as a function of the product OfJNo 2 
and NOx mixing ratio. The slope of 850 ppb h- • per ppb s- • is similar to that reported earlier for Schauinsland 
and for other TOR sites [Volz-Thomas et al., 1997]. 

factor of 3 higher than that calculated from the concentrations 
of NO and of peroxy radicals measured by Matrix Isolation and 
Electron Spin Resonance (MIESR) [Mihelcic et al., 1990]. On 
the other hand, relatively good agreement between the two 
methods was observed in relatively clean air at Izafia, that is, at 
NOx concentrations below 2 ppb [Volz-Thomas et al., 1997]. A 
comparison of PSS-derived peroxy radical concentrations with 
measurements made by chemical amplification during the 
ROSE study [Canttell et al., 1993] revealed relatively good 
agreement on 1 day, whereas a similar difference as at 
Schauinsland was observed on another day. P(O3) from PSS 
reached noontime values of about 10 ppb/h in the presence of 
1 ppb of NOx, giving a similar ratio of about 0.25-0.3 (ppb h- • 
per ppb h -x) as found at Izafia and SL. The reason for the 
large discrepancy between PSS-derived peroxy radicals and 
direct measurements at Schauinsland, which seems to increase 
with increasing NO• mixing ratio, is at present unclear and will 
be subject to further investigations. 

5. Conclusions 

During SLOPE96, measurements of chemical trace constit- 
uents were made at ground-based sites, on tethered balloons, 
and aboard a small aircraft. Intercomparison experiments 
helped to remedy a few calibration problems and ensured the 
consistency of the data set. 

A valley wind system that was sufficient to transport pollutants 
from Freiburg and the Rhine valley to the Schauinsland was in 
effect only on 1 day, June 5. The polluted air mass was clearly 
identified by all measurement platforms. The large number of 
measurements provided a clear picture of the situation. 

An OH concentration of 8 x 106 cm -3 is estimated from the 

local NO 2 decay and HNO3 formation at Schauinsland under 
the assumption of stationary conditions, similar to that derived 
from the degradation of hydrocarbons during transport from 
Kappel to Schauinsland in the morning of the same day. The 

local ozone production rate as derived from PSS reached max- 
imum values of 60 ppb/h and showed a good correlation with 
the product of JNO 2 and NO•, similar to earlier observations at 
Schauinsland and at other sites. 
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