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Abstract. The free radicals OH, HO2, RO2, and NO3 are known to be the driving force for most
chemical processes in the atmosphere. Since the low concentration of the above radicals makes
measurements particularly difficult, only relatively few direct measurements of free radical con-
centrations have been reported to date. We present a comprehensive set of simultaneous radical
measurements performed by Laser Induced Fluorescence (LIF), Matrix Isolation – Electron spin
Resonance (MI-ESR), Peroxy Radical Chemical Amplification (PERCA), and Differential Optical
Absorption Spectroscopy (DOAS) during the BERLIner OZonexperiment (BERLIOZ) during July
and August of 1998 near Berlin, Germany. Most of the above radical species were measured by more
than one technique and an intercomparison gave good agreement. This data set offered the possibility
to study and quantify the role of each radical at a rural, semi-polluted site in the continental boundary
layer and to investigate interconnections and dependencies among these free radicals. In general
(box) modelled diurnal profiles of the different radicals reproduced the measurements quite well,
however measured absolute levels are frequently lower than model predictions. These discrepancies
point to disturbing deficiencies in our understanding of the chemical system in urban air masses. In
addition considerable night-time peroxy radical production related to VOC reactions with NO3 and
O3 could be quantified.

Key words: free radicals, photochemistry, hydroxyl radical, nitrate radical, peroxy radical, spec-
troscopy, modelling.

1. Introduction

Free radicals are known to be the driving force for most chemical processes in
the atmosphere. Since the pioneering work of Weinstock (1969) and Levy (1971)
photochemically generated radical families HOX (= OH and HO2) and ROX (= HO2

+ RO2, where RO2 summarises organic peroxy radicals with R denoting an organic
group, e.g., CH3) are thought to play a key role in tropospheric chemistry. For
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instance OH radicals initiate the degradation of most air pollutants and ROX radi-
cals catalyse ozone formation in the troposphere (e.g., Crutzen, 1974). In addition
recent investigations indicate a possibly important influence of several other rad-
icals including NO3 and halogen oxides (Platt, 1997). In particular reactions of
the nitrate radical (NO3) can be an important (predominantly night-time) sink of
organic species (e.g., Geyer et al., 2001a). Products of these reactions of NO3 with
organic species can be a night-time source of peroxy radicals (like HO2 or CH3O2)

and even OH radicals (Platt et al., 1990; Mihelcic et al., 1993, 2000; Carslaw et
al., 1997; Geyer et al., 2001b).

Obviously, the knowledge of the concentration and chemical cycles of these
species in the atmosphere is essential for the understanding of atmospheric chem-
istry. Unfortunately the low concentration of free radicals makes measurements
particularly difficult, therefore only relatively few direct measurements of free radi-
cal concentrations – in particular of comprehensive sets of radical species described
above – have been reported to date.

Here we present a set of simultaneous radical measurements performed during
the BERLIner OZonexperiment (BERLIOZ) during July and August of 1998 near
Berlin, Germany. Most free radical species were measured simultaneously (at least
during part of the campaign) by more than one technique. The good agreement of
the results gives us considerable confidence in the reliability of the data, despite
the difficulties in measuring free radicals. This comprehensive data set offered
the possibility to study and quantify the role of each radical at a typical semi-
polluted site in the continental boundary layer and to investigate interconnections
and dependencies among these free radicals.

The following free radical measurements were performed during BERLIOZ:

• OH and HO2 by Laser Induced Fluorescence (LIF);
• HO2- and RO2 by Matrix Isolation – Electron Spin Resonance (MI-ESR);
• The ROX (i.e., HO2 + RO2) by chemical amplification (ROX-BOX);
• NO3 by Differential Optical Absorption Spectroscopy (DOAS) and MI-ESR.

2. Chemistry and Cycles of Free Radicals in the Troposphere

In the following we discuss the central aspects of the reaction cycles of the OH-
HO2-, RO2-, and NO3 free radicals. Table I summarises the relevant species and
gives some indication about their role in atmospheric chemistry.

2.1. HYDROGEN- AND PEROXY RADICALS (OH, HO2, RO2)

Figure 1 shows a simplified outline of the HOX (= OH + HO2) and RO2 (ROX)

cycles. In urban areas formation of HOX is dominated by mechanisms:
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Figure 1. A simplified outline of the HOX- (= OH + HO2) and RO2- cycles.

(1) The reaction sequence initiated by UV photolysis of ozone

O3 + hν (λ < 320 nm) → O(1D) + O2(
1�) , (R1)

O(1D) + H2O → OH + OH . (R2)

(2) The photolysis of formaldehyde (and higher aldehydes)

HCHO + hν → H + HCO , (R3)

followed by

H + O2 + M → HO2 + M , (R4)

HCO + O2 → HO2 + CO . (R5)
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Table I. Free radical cycles pertinent to tropospheric chemistry and key
processes influenced or driven by reaction of these radicals

Species Significance

HOX and RO2 cycle

OH Degradation of most Volatile Organic Compounds (VOC)

Intermediate in O3 formation

NOX ⇒ NOY conversion

HO2 Intermediate in O3 formation

Intermediate in H2O2 formation

RO2 Intermediate in ROOR′ formation

Aldehyde – precursor

PAN – precursor

Intermediate in O3 formation

NO3 cycle

NO3 Degradation of certain VOC (olefins, aromatics, DMS, etc.)

NOX ⇒ NOY conversion (via N2O5 or DMS-reactions)

RO2 – precursor (night-time radical formation)

(3) The photolysis of nitrous acid (HONO)

HONO + hν → OH + NO . (R6)

(4) The ozonolysis of alkenes (terpenes) can also lead to OH formation (e.g., Paul-
son et al., 1999) and the reaction of nitrate radicals with (unsaturated) organic
species can produce HOX radicals (e.g., Platt et al., 1990; Geyer et al., 2001b).

The reactive OH then attacks most oxidiseable species (e.g., CO, hydrocarbons).
Typical OH-lifetimes are below 1 s, consequently noontime concentrations only
reach 106–107 cm−3 (0.04–0.4 ppt). These reactions usually lead to the formation
of HO2 or RO2, which – in turn – can be reconverted to OH by reaction with NO or
O3, thus preserving HOX. Alternatively HOX is destroyed by self reaction of HO2

producing H2O2. The only other ‘final’ HOX, sink of importance is the OH + NO2

recombination. In a very simplified picture one can imagine the HOX-reservoir to
be fed by reactions (R1) through (R6) (rate of OH production = POH) and drained
by either HO2 self reaction (if NOX is low) or OH + NO2 recombination (at high
NOX). All other reactions (inside the box in Figure 1) essentially only interconvert
OH and HO2 (partly via RO2). Note that [HOX] ∝ √

POH at low NOX and
[HOX] ∝ POH at high NOX (i.e., NOX > 1 ppb).
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2.2. NITRATE RADICALS (NO3)

The prerequisite for nitrate radical production is the simultaneous presence of ni-
trogen dioxide, and ozone in the same air mass. The only source of nitrate radicals
is reaction of NO2 with ozone

NO2 + O3 → NO3 + O2 . (R7)

A simplified outline of the NO3 – cycle (Figure 2) shows that NO and NO2 are in
rapidly established photochemical stationary state (time constant of minutes), then
further oxidation of NO2 by (R7) is slow (time constant ≈1/2 day). On the other
hand photolysis of NO3 is fast (time constant of seconds), therefore the NO3/NO2

ratio will exceed 10−4 only during night-time (with a NO3 lifetime of minutes to
hours). Night-time NO3 concentrations have been found to range from < 1 ppt up
to 400 ppt in polluted air. Then the simultaneous presence of NO2 and NO3 will
lead to the formation of N2O5, which normally will be present at its thermal equi-
librium level (Heintz et al., 1996). The main sink of NO3/N2O5 are heterogeneous
loss or reaction of NO3 with hydrocarbons (Geyer et al., 2001a). Heterogeneous
loss of N2O5 constitutes a significant removal of reactive nitrogen oxides from
the atmosphere. The nitrate radical contributes significantly to the atmosphere’s
oxidation capacity by the reaction of NO3 with VOCs (e.g., Geyer et al., 2001a),
which also leads to significant night-time formation of RO2-, and HOX radicals
(Platt et al., 1990; Mihelcic et al., 1993; Carslaw et al., 1997; Geyer et al., 2001b).
Finally it should be noted that – unlike HOX radicals – NO3 is not recycled in VOC
degradation reactions (however in NO3–VOC reactions frequently NO2 is formed,
which can be oxidised to NO3 again). On the other hand the diurnal integrated
production of NO3 can considerably exceed that of OH, in particular in polluted
airmasses and during winter.

From measured concentrations of O3, NO2, and NO3 the atmospheric lifetime
of NO3 as limited by the combination of any first order loss process:

NO3 + X → products , (R8)

can be calculated. Assuming stationary state conditions, with respect to NO3, the
NO3 lifetime τNO3 becomes (e.g., Heintz et al., 1996):

τNO3 = [NO3]
PNO3

= [NO3]
[NO2]·[O3] · k1

(1)

Since k7 is known from laboratory measurements and the concentrations of O3,
NO2, and NO3 were simultaneously measured τNO3 can readily be calculated for
various atmospheric conditions, (provided loss of N2O5 can be excluded). The
NO3 – lifetime can as well be limited by any irreversible loss of N2O5, thus under
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Figure 2. Simplified outline of the NOX – and NOY cycles related to NO3 – N2O5 in the
troposphere.

conditions where both, NO3 and N2O5 are lost, the observed NO3 – lifetime τ ′
NO3

is given by

τ ′
NO3

= 1
1

τNO3
+ [NO2]

K
· 1

τN2O5

, (2)

where K = [N2O5]/([NO2] · [NO3]) denotes the equilibrium constant in the
N2O5 ⇔ NO2 + NO3 system. Of course, in the case of negligible loss of N2O5

(τN2O5→∞)τ ′
NO3

= τNO3.

3. Evidence from Previous Experiments for the Presence of Radicals in the
Atmosphere

Direct detection of free radicals has proven notoriously difficult, because of the
high reactivity and low concentration of these species in the atmosphere. For
instance, after the suggestion that OH-initiated reaction chains are central to our
understanding of atmospheric chemistry in the early seventies, direct experimental
verification of this theory took more than a decade (see Table II(c)). Only recently
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direct tropospheric OH measurements by spectroscopic techniques of high quality
were reported (see Table II(c)). Although these data match model predictions they
do not yet constitute a data set that covers all conditions of the atmosphere. On
the other hand, there has been a substantial amount of indirect evidence for the
presence of OH radicals in the atmosphere. In addition a number of techniques
were developed which were not identifying the OH molecule directly, but gave a
good and quantitative measure for the OH abundance (like monitoring the budgets
of species which are dominantly degraded by OH reactions, e.g., CO, 14CO (Volz
et al., 1981; Brenninkmeijer et al., 1992) or CH3Cl (e.g., Prinn et al., 1987)). These
methods are referred to as semi-direct (see Table II(b)). Today it can be concluded
that there is an enormous amount of indirect evidence of their presence, although
direct, unequivocal identification of these species in the atmosphere could only be
performed in a few cases.

In the case of peroxy radicals to date there are also few direct measurements of
HO2 and some other peroxy radicals by matrix isolation–electron spin resonance
detection (MI-ESR, see Section 4.2 and Table III(c)). On the other hand there are
techniques for indirect detection of HO2 available that rely on conversion to OH
via reaction with NO (Table III(b)). Hydroxyl radicals can then be detected by the
well developed LIF technique. Another, now widely used ‘semi direct’ technique
employs a chemical amplifier (PERCA or ‘ROX-BOX’) converting NO, added
to the sampled airflow, into NO2. Although this – basically simple – technique
appears to have severe limitations it has been demonstrated that it can be used to
investigate the tropospheric HOX system, in particular in clean air (e.g., Monks et
al., 1996). Recently a new instrument for the detection of peroxy radicals, based on
a combination of chemical amplification (conversion of peroxy radicals to gaseous
sulphuric acid via chain reaction with NO and SO2) and mass spectroscopic detec-
tion of characteristic ions (HOxMAS = HOX Amplifying Chemical Conversion/Ion
Molecule Reaction – Mass Spectrometry), was successfully applied to atmospheric
measurements (see e.g., Reiner et al. (1999) and references therein).

In the case of NO3 radicals the first direct detection (by DOAS) in the tro-
posphere dates back to 1979 (see Table IV), but the idea of a considerable influence
of NO3 on tropospheric chemical cycles gained acceptance only slowly. The NO3

concentration was determined from long term measurement series, which have
recently begun (e.g., Heintz et al., 1996; Geyer et al., 2001c). Again there is
considerable indirect evidence for the importance of NO3 radical reactions in
the troposphere, these include (1) the lack of seasonal dependence of the NOY

deposition (e.g., Calvert et al., 1985) suggesting non-photochemical NOX-NOY

conversion via NO3-N2O5 during winter; (2) observation of night-time radical for-
mation (e.g., Mihelcic et al., 1993; Carslaw et al., 1997; Gölz et al., 2001; Geyer
et al., 2001b); (3) degradation patterns of hydrocarbons (Penkett et al., 1993).
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Table II. Evidence for the presence of OH radicals in the troposphere

a) Indirect Literature (not intended to be complete)

Photochemical Ozone formation! e.g., Crutzen, 1974

Pattern of VOC – degradation e.g., Calvert, 1976

NOX – dependence of peroxide formation Tremmel et al., 1993

Global budgets of CO, 14CO, CH3CCl3 Volz et al., 1981; Brenninkmeijer et al.,
1992; Prinn et al., 1987

b) Semi-direct

Detection by Chemical Ionisation Mass-
Spectrometry

Eisele and Tanner, 1991; Eisele et al., 1994,
1996

Detection by in situ oxidation of 14CO Campbell et al., 1979; Felton et al., 1990

c) Direct

Long-Path Differential Optical Absorption
Spectroscopy (DOAS) in the UV

Perner et al., 1987; Platt et al., 1988; Mount
and Eisele, 1992; Mount, 1992; Dorn et al.,
1996; Brandenburger et al., 1998

Laser-Induced Fluorescence (LIF) Hard et al., 1992, 1995; Holland, et al.,
1995, 1998; Hofzumahaus et al., 1996,
1998b; Brauers et al., 1996; Brune et al.,
1995, 1998; Creasey et al., 1997; Carslaw
et al., 1999; George et al., 1999

4. Instrumental

Most radical measurements (by LIF, MI-ESR, DOAS, and ROX-BOX) were made
at the BERLIOZ site of Pabstthum. The small village of Pabstthum, which is
located about 50 km north-west of Berlin was chosen as the site for the mea-
surements of the most important radical concentrations (OH, HO2, RO2, NO3)

together with a variety of trace gas and meteorological measurements in order
to arrive at a comprehensive characterisation of the air mass. While planning the
measurements at the site particular attention was paid to perform all measurements
at a common height of 8–10 m above ground level. This ensured comparability
of the different data sets and an undisturbed air flow at the sampling points of
the measurement systems. In order to achieve this goal experiment containers for
the measurements of OH, HO2, sum of RO2, HONO, and carbonyl compounds
were set up on a platform 5 m above the ground from where the sampling in-
lets extended to 8–10 m above ground level. Other experiments used extensible
sampling devices to sample air at about 10 m above the ground, these include:
NO by chemoluminescence (CLD770AL), NO2 by chemoluminescence/photolytic
conversion and DOAS, NOY by chemoluminescence/Au-conversion, O3 by short-
path UV-absorption (TE-49) and DOAS, CO by IR absorption (TE-48), C2–C10
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Table III. Evidence for the presence of HO2/RO2 radicals in the troposphere

a) Indirect Literature (not intended to be complete)

Ozone formation Crutzen, 1974

Pattern of H2O2 (org. peroxide) – forma-
tion

Tremmel et al., 1993

Change in the Leighton Ratio (‘Missing
Oxidant’)

Parrish et al., 1986

b) Semi-direct

OH – LIF after titration by NO Hard et al., 1995; Hofzumahaus et al.,
1998b

Chemical Amplifier (ROX-BOX) Measure-
ments

Stedman and Cantrell, 1981; Cantrell et al.,
1984, 1993; Hastie et al., 1991; Monks et
al., 1996

Chemical Ionisation – Mass Spectrometry
(HOxMAS)

Reiner et al., 1999; Berresheim et al., 2000

c) Direct

Matrix-Isolation Electron-Spin-Resonance
Detection

Mihelcic et al., 1985, 1993, 2001

Tuneable Diode-Laser Spectroscopy
(TDLS)

Werle et al., 1991

Table IV. Evidence for the presence of NO3 radicals in the troposphere

a) Indirect Literature (not intended to be complete)

Seasonal variation of the NOY – deposition Calvert et al., 1985

Night-time observation of RO2 – formation Platt et al., 1990; Mihelcic et al., 1985,
1993; Carslaw et al., 1997; Gölz et al., 2001

Night-time degradation pattern of VOC’s Penkett et al., 1993

b) Semi-direct ?

c) Direct

Differential Long-Path Absorption Spec-
troscopy (LP-DOAS)

Noxon et al., 1980; Noxon, 1983; Platt
et al., 1979, 1981, 1984; Plane and Nien,
1991; Heintz et al., 1996; Allan et al., 1999;
Geyer et al., 2001a

Matrix-Isolation Electron-Spin-Resonance
Detection

Mihelcic et al., 1985, 1993

Laser-Induced Fluorescence (LIF) Nelson et al., 1983
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hydrocarbons by in situ GC (Airmotec HC1010 and HP-GC/cryogenic sampling),
formaldehyde by liquid-phase fluorescence (AL4001) and DOAS, HONO and SO2

by DOAS. Meteorological parameters were also measured as well as photolysis
frequencies of O3 (to yield O1D), NO2, HONO, and NO3 by filter radiometers and
a spectral radiometer.

In addition NO3 measurements using DOAS were performed at three other sites
in the Berlin area: Lindenberg, Blossin (both south of Berlin), and Eichstädt (north
of Berlin, but south of Pabstthum) (see Figure 7).

4.1. THE LASER INDUCED FLUORESCENCE (LIF) – INSTRUMENT

Laser induced fluorescence (LIF) was used to determine the ambient concentration
of OH and HO2 at the BERLIOZ site near Pabstthum. It is based on the fluorescence
signal of OH molecules excited from their ground state X2 into the first electron-
ically excited state A2�. A laser beam at a wavelength of 308 nm was used for
the excitation. HO2 was measured by LIF after conversion to OH by reaction with
NO added to the measurement air. In the field the instrument was calibrated once
per day. The accuracy of the measured OH concentration is estimated to be 10%.
The 1σ – statistical error distributions of the OH and HO2 data have medians of
3 × 105 and 9 × 106, respectively. The instrument was tested in an intercomparison
exercise against DOAS OH-measurements (Brauers et al., 1996; Hofzumahaus et
al., 1998a). A detailed description of the LIF measurement technique and evalua-
tion algorithm for OH and HO2 as used during BERLIOZ, is given by Holland et
al. (1995, 1998, 2001) and Hofzumahaus et al. (1996).

4.2. THE MATRIX ISOLATION – ELECTRON SPIN RESONANCE (MI-ESR)
INSTRUMENT

Matrix isolation electron spin resonance was used to determine the concentration
of HO2, the sum of RO2 and NO3 at the BERLIOZ site Pabstthum. Quantitative
determinations of free radicals in the troposphere using the MI-ESR technique
were first reported by Mihelcic et al. (1985) with subsequent developments and
applications described by Mihelcic et al. (1990, 1993). The measurements involve
in situ trapping of the radicals in ambient air in a D2O-ice matrix at –196 ◦C
followed by specification and quantification of the trapped radicals by ESR spec-
troscopy. MI-ESR provides direct spectroscopic evidence for the presence of HO2

and higher peroxy-radicals in the atmosphere. The atmospheric sampling time was
30 min. The 1σ -statistical error of the MI-ESR system was 2.5 × 107 cm−3 for all
three radicals. For a detailed description of the MI-ESR technique and evaluation
procedures, refer to Mihelcic et al. (1985) and Geyer et al. (1999).
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4.3. THE CHEMICAL AMPLIFIER (ROX-BOX)

ROX, mainly peroxy radicals (HO2 and RO2) were continuously measured at the
BERLIOZ site Pabstthum by using the chemical amplification (PERCA). This
measurement technique is based on the conversion of peroxy radicals into an ampli-
fied NO2 modulated signal which is detected by the chemoluminescence produced
from the reaction of NO2 with a luminol solution. (Chain reaction of HO2/RO2 with
NO producing NO2 and OH. Following the re-conversion of the OH radical to HO2

by reaction with CO, which is mixed into the sampled air just before the entrance
to the reaction chamber, the reaction cycle is completed by a HO2 molecule of the
order of 100 times). The NO2 concentration behind the reaction chamber can then
be easily determined by a commercial liquid-phase chemiluminescence detection
system. The PERCA measures the sum of all oxy- and peroxy-radicals (ROX:
OH, HO2, CH3O, CH3O2, etc.). The amplification of the signal, i.e., the chain
length of the chain reactions, and the conversion factor for the organic radicals
was determined through radical calibrations. The radical calibration is based on
H2O photolysis at 185 nm (Brune et al., 1995; Schultz et al., 1995). This widely
used method was first described by Cantrell et al. (1984). The PERCA instrument
developed in our institute has been described in more detail elsewhere (Hastie et
al., 1991; Arnold, 1997).

Besides HO2 and RO2 active chlorine supports chain amplification in the
PERCA instrument as well (Arnold, 1997; Perner et al., 1999). In addition, the
chain length appears to be strongly influenced by the ambient water vapour con-
centration (Mihele and Hastie, 1998). The water dependence of the chain length is
taken into account by using a calibration curve determined in the laboratory. The
1σ -statistical error of the PERCA instrument was 3 × 107 cm−3 for an individual
measurement.

4.4. THE DIFFERENTIAL OPTICAL ABSORPTION SPECTROMETER (DOAS)

Measurements of the NO3- and HONO (as well as O3, HCHO, and SO2) con-
centrations in the boundary layer were made by DOAS, which identifies and
quantifies the concentration of trace gases by observing their narrow band absorp-
tion structures in the near UV and visible wavelength region. Basically a DOAS
instrument consists of a broadband light source, an optical system to transfer the
light through the atmosphere, and a spectrograph-detector system to record the ab-
sorption spectra. These spectra show absorptions from different trace gases as well
as extinction from air molecules and aerosol scattering. To extract the absorptions,
and ultimately the concentration of the trace gases, DOAS separates the trace gas
absorption cross section into two parts, one that varies slowly with wavelength, and
a fast varying differential cross section σ ′. Applying the same filtering procedure to
the absorption spectrum leads to a differential absorption spectrum which can then
be analysed based on Lambert-Beer’s law and σ ′. For a detailed description of the
DOAS technique refer to Platt (1994). For the NO3 measurements at Pabstthum a
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Figure 3. All OH- and HO2 concentration data measured during BERLIOZ by LIF. Data gaps
were due to maintenance of the instrument (22, 26, 30 July and 2 August) and rainy weather
(27 July, 2 and 4 August).

light path of 12.6 km length running at an average height of 18 m above the ground
was used. The light path was folded by a retro-reflector array located at 6.3 km
distance from the transmitting/receiving telescope combination and spectrograph-
detector system at Pabstthum. At the same site HONO was determined in situ using
a White type multi reflection system with 144 traverses of the 15 m base path
(total pathlength 2.16 km). At the other DOAS sites (Lindenberg, Blossin, and
Eichstädt, see above) HONO and other species were measured by similarly folded
light paths. The 1σ -statistical error of the NO3 and HONO data provided by DOAS
was 2.5 × 107 cm3 (NO3) and 109 cm3 (HONO) taking Pabstthum as an example.
A description of the instruments and evaluation algorithm used for the NO3 and
HONO measurements during BERLIOZ can be found in Geyer et al. (1999) and
Alicke et al. (2001).
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5. Results

5.1. OH- AND HO2 MEASUREMENTS BY LIF

Hydroxyl- and HO2 radical concentrations were measured at the Pabstthum site
using laser induced fluorescence spectroscopy (LIF) from 20 July to 6 August,
1998. The data set consists of more than 6000 simultaneous measurements of both
radicals among them nine diurnal cycle observations extending from dawn to dusk
with only minor gaps. An overview of the measurements is shown in Figure 3. A
maximum OH concentration of 8 × 106 cm−3 was observed during the first inten-
sive observation period (20 and 21 July), which was characterised by polluted air
masses moving in from the city of Berlin during the morning hours followed by
a sudden change to much lower pollution levels around 10:00 UT. This is about
half of what has been measured during the previous field campaign POPCORN
(Holland, et al., 1998) which took place in a rural environment in the north-east of
Germany.

Nocturnal OH concentration data were also frequently collected. The analysis of
this data set shows that during the night of 21 and 22 July the mean OH concentra-
tion (data averaged between 20:00 and 03:00 UT) was significantly different from
zero ((1.4 ± 0.5) × 105 cm−3). The concentration of HO2 radicals usually reached
noon-time values between 2 and 4 × 108 cm−3. Only on the second intensive
day (21 July) concentrations rose up to 8 × 108 cm−3. Throughout the campaign
night-time measurements yielded concentrations well above the detection limit
of the instrument. In the course of the night mean HO2 levels decreased from
5 × 107 cm−3 around sunset to about 2 × 107 cm−3 in the early morning hours.
An analysis (see below) suggests that the elevated nocturnal HOX concentrations
can be explained by reactions of VOC’s with ozone and – to a minor extent – with
NO3 radicals.

5.2. OBSERVATIONS OF HO2 AND �RO2 BY MI-ESR

On 20 July, 1998 HO2-radicals and total peroxy radicals (�RO2) were mea-
sured by MI-ESR (see Figure 4). For all peroxy radicals MI-ESR provides direct
spectroscopic evidence for the presence of this species in the atmosphere.

At low NOX the diurnal variation of HO2 shows a, positive correlation with
J(NO2), while it is anticorrelated to J(NO2) at high NOX. The maximum HO2

value (19 ppt) was found at noon time at low NOX. The diurnal variation of �RO2

is similar to that of HO2. The peroxy radicals concentration increases from the
detection limit of 2 ppt at 9:30 a.m. to 18 ppt at 12:00. The large increase of HO2

and �RO2 between about 9:00 to 10:00 is probably caused by the sharp drop of
the NOX concentration during this period (see Figure 4).

The ratio of RO2/HO2 was found to be in the range of 0.9 to 0.7 during most of
the day, which suggests a fast conversion of RO2 to HO2 by reaction with NO.
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Figure 4. Time series of OH, HO2, RO2, NOX, HONO and J(O1D) levels observed on 20
July, 1998 at the BERLIOZ site Pabstthum. The drawn lines in panels b, c and d are model
calculations using the Master Chemical Mechanism (MCM), (Jenkin et al., 1997).
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Figure 5. ROX time series from 12 July to 9 August, 1998 measured by chemical amplifica-
tion (PERCA) at the BERLIOZ site Pabstthum. During most days a pronounced peak (up to
53 ppt) around noontime was observed. The data gap from 4–8 August was due to instrument
failure.

5.3. PEROXY RADICALS (ROx) BY CHEMICAL AMPLIFICATION

A chemical amplifier was used to continuously determine the concentration of ROX

from 12 July to 3 August. Figure 5 shows the ROX time series from 12 July to 10
August. During most days a pronounced peak (up to 53 ppt) around local noontime
was observed.

During 8 nights (14/15, 17/18, 24/26 July, and 3 August) a significant increase
of the ROX mixing ratio was observed after sunset. The average diurnal profile
(24 hr) of these days is shown in Figure 6. A daylight maximum of 11.9 ± 1.1 ppt
was found at noon. Then the ROX mixing ratio dropped to 3.6 ± 0.5 ppt at 18:30
UT. While one would expect the decrease to be continued (arrow in Figure 6) a
second maximum of (6.3 ± 0.7) ppt occurred between 20–22 UT.

5.4. OBSERVATIONS OF NO3 BY DOAS AND ESR

Night-time measurements of NO3 using DOAS (and during one night also with
MI-ESR) were performed at four different BERLIOZ sites: Lindenberg, Blossin,
Eichstädt, and Pabstthum. These measurements were carried out continuously dur-
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Figure 6. Average diurnal profile of the ROX mixing ratio as measured by the chemical am-
plifier for 8 days (14 to 15, 17 to 18, 24 to 26 July, and 3 August, 1998). A second maximum
between 20 to 22 UT largely exceeding the expected decay in ROX after sunset (arrow) is due
to enhanced night-time production of ROX at the BERLIOZ site Pabstthum.

ing the BERLIOZ campaign. The time series of the NO3 mixing ratio observed at
the four sites is shown in Figure 7.

A correlation of the night-time levels of NO3 among these time series is ap-
parent from Figure 7. Night-time maxima of NO3 were usually of the order of
10 ppt. In one night (6 and 7 August) the NO3 mixing ratio peaked at 70 ppt in
Pabstthum. During this night significantly elevated NO3 levels were also observed
at the other sites. The night-time mixing ratios of N2O5 calculated for the NO3-
NO2-N2O5 equilibrium varied e.g., at Pabstthum from 2 ppt to 900 ppt during the
campaign. Nitrate radical production – and total degradation rates were obtained
from steady state calculations (e.g., Geyer et al., 2001a). Taking the Pabstthum site
as an example the production rate varied from 4 × 105 cm−3 s−1 to almost 8 × 106

cm−3 s−1. The total degradation frequency of NO3 was in the range of 2 × 10−3

s−1 to almost 0.1 s−1 (corresponding to NO3 lifetimes of 10–500 s).

5.5. INTERCOMPARISON OF RADICAL CONCENTRATIONS MEASURED BY

DIFFERENT INSTRUMENTS

A particular strength of this study was the opportunity to measure several radical
species by more than one instrument.
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Figure 8. Correlation of HO2 measurements with LIF and MI-ESR during BERLIOZ. The
straight line is a linear fit to the data taking into account errors in both quantities. Error bars
and numbers in parenthesis denote 1σ standard deviations.

Figure 9. Correlation of the ROX data by PERCA with the sum of HO2 and RO2 as measured
by MI-ESR during BERLIOZ.
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Figure 10. Daily variation of the ratio ROX/HO2 at Pabstthum for 20, 21 and 23 July, 1998.
(filled symbols, ROX data from PERCA, HO2 data from LIF). For 20 and 21 July also the
ratio (HO2 + RO2)/HO2 as measured by MI-ESR is given (crosses).

5.5.1. HO2 by LIF and MI-ESR

During the intensive measurement period of 20 and 21 July HO2 measurements
from LIF and MI-ESR are available (Mihelcic et al., 2001). The correlation be-
tween the two data sets which is shown in Figure 8 clearly indicating the high
quality level to which these radical measurement techniques have evolved.

5.5.2. ROX by MI-ESR and Chemical Amplification

Figure 9 shows the correlation of the ROX data by PERCA with the sum of HO2 and
RO2 as measured by MI-ESR. To our knowledge these data represent the first field
intercomparison of two independent ROX measurement methods. The agreement is
excellent, which demonstrates the maturity of both methods and indicates that there
is no large fraction of peroxy radicals in the atmosphere which are not reacting with
NO.

Figure 10 shows the daily variation of the ratio ROX/HO2 as measured by
PERCA and LIF, respectively, for three days (20, 21 and 23 July). For 20 and 21
July the same ratio of radicals (HO2 + RO2)/HO2 as obtained by MI-ESR is given
for comparison. On 20 July the ratio was about 3 in the morning (around 8:00) and
decreased to just below 2 from 11:00 to 16:00. In the evening of 20 July the ratio
increased to around 3 at 20:00 again. The next day showed similar behaviour until
11:00, afterwards the ratio increased and exceeded 3 around 16:00.

This means that at noon about equal amounts of RO2 and HO2 are present while
in the morning and later in the day the mixing ratios of RO2 exceed that of HO2.

On 23 July the situation was completely different. The ratio at 7:00 was about
7. It then decreased slowly towards a minimum of 3 around 14:00. From then on
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the ratio sharply rose to almost 11 at 16:30. Afterwards a thunderstorm moved in
interrupting the measurements. On this afternoon the RO2 exceeded the HO2 by
far. An explanation is given by the observation of unusually large mixing ratios of
isoprene increasing since noon. This result indicates the importance of hydrocarbon
oxidation on the radical composition.

5.5.3. NO3 by MI-ESR and DOAS

Simultaneous measurements of nitrate radicals by MI-ESR and DOAS were per-
formed in the night from 4 to 5 August 1998. During the first part of the night
both data sets were in excellent agreement within their uncertainty: For instance
the average NO3 mixing ratio between 20:30 and 22:30 as measured by DOAS
was (10.1 ± 0.8) ppt, while the MI-ESR technique found (10.3 ± 0.8) ppt. Because
of increasing ground haze (which is an efficient NO3 sink) after 22:30 it is difficult
to compare the absolute mixing ratios. Nevertheless the trend of both data sets is
in good agreement. This intercomparison was published by Geyer et al. (1999).

6. Discussion

6.1. THE DAYTIME SOURCE OF HOx-RADICALS

A comparison of the different OH formation mechanisms determined from mea-
surements at Pabstthum during the BERLIOZ field campaign, shows the changing
contribution of the individual processes at different times of day. While ozone and
HCHO photolysis are the most important mechanisms during most of the day, the
data (see Figure 11) clearly shows the importance of HONO in the early morning
hours when it is almost the only source of OH radicals. The peak OH formation
rate is comparable to the one by ozone photolysis at noon, but the formation only
lasts for about 3–4 hr. Although significant HONO levels are usually found in
the presence of elevated NO2 concentrations, which can remove the OH via the
formation of HNO3, NO2 levels are typically not higher in the morning than during
the day. Thus HONO – produced OH is no more likely to be consumed by reaction
with NO2 than OH from any other source. This shows that HONO photolysis can
indeed start and accelerate the photochemical processes in the morning (see also
Alicke et al., 2001).

The integrated morning OH formation from nitrous acid photolysis of
(1.02 ± 0.18) ppb and (1.8 ± 0.25) ppb for 20 and 21 July, respectively has to
be compared to the 24 hr integrals of the other OH sources (J(HCHOrad) +
J(O1D) + OH from the VOC’s) which together contribute (11.6 ± 1.9) ppb and
(13.6 ± 2.5) ppb of OH for the two days. The morning HONO peak alone consti-
tutes around 10–15% of the total daily OH formation. Calculating the nitrous acid
source strength from the increase of HONO during the night, we get an additional
OH production during daytime of (0.82 ± 0.4) ppb (respectively (1.4 ± 0.5) ppb
for 21 July) for the measured photolysis frequencies and NO2concentrations on the
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Figure 11. Comparison of the four dominant OH radical sources (photolysis of O3, HONO,
HCHO, and ozonolysis of VOC’s) for 20 and 21 July, 1998 (note logarithmic scale) (Alicke et
al., 2001). The difference of the OH production in the early morning hours can be seen easily.
After 12:00 on 20 July and 8:00 on 21 July, respectively, modelled J(HCHO) values were
used, because no measurements were available for this time period. The dotted line shows the
calculated P(OH) from nitrous acid photolysis during daytime.



380 U. PLATT ET AL.

Figure 12. Comparison of measured HOX data from 20 July, 1998 with box model calcula-
tions based on a CO-CH4-NOx chemistry module.

example day (20 July, 1998). The integrated OH production over 24 hr shows that
the photolysis of HONO may contribute up to nearly 20% of the total hydroxyl
radical source.
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Figure 13. Diurnal cycles of OH, HO2, NO and J(O1D) on 23 July, 1998.

6.2. THE HOx TIME-SERIES

In the earlier campaigns the diurnal cycles of OH were found to be dominated
by changes in the ultraviolet radiation throughout the day (Holland, et al., 1998;
Ehhalt and Rohrer, 2000). A correlation coefficient of r = 0.90 between OH and
the photolysis frequency of ozone, J(O1D), for the BERLIOZ data set shows that
the variability in OH is largely determined by the solar radiation. The situation for
HO2 is completely different. During the ALBATROSS field campaign where OH
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and HO2 concentrations were measured in the remote marine boundary layer of the
Atlantic Ocean we found a very high correlation between the HO2 concentration
and the square root of J(O1D) (Hofzumahaus and Webb, 1998). As is demonstrated
in Figure 13 (showing OH, HO2, J(O1D), and NO on 23 July) this correlation is
not visible in Pabstthum. While the diurnal cycle of OH closely follows the ozone
photolysis frequency there is a striking mismatch between the profiles of J(O1D)
and the HO2 concentration. On several days it was observed that HO2 lags behind
J(O1D) passing through its daytime maximum in the early afternoon when J(O1D)
is already declining. The most prominent feature in the diurnal cycles of HO2,
however, is the occurrence of rapid concentration changes (see Figure 13). Just
before 11:00 UT the HO2 concentration increases by a factor of six within a couple
of minutes, remains at a high constant level for more than four hours and then
suddenly drops again by about 80%. While the increase can be understood in terms
of the sudden drop of the NO level in the sampled air mass which is clearly visible
in the lower trace of Figure 13. However we have no explanation for the sudden
decrease in the afternoon (about 15:30 UT), which is not accompanied by a similar
increase in NO or apparent change in any other measured parameter.

6.3. COMPARISON OF HOx DATA WITH PHOTOCHEMICAL MODELS

The measured HOX data were compared with the results of two box models (since
OH and HOX reach their stationary state levels within seconds transport can be
neglected):

(1) Employing simple CO-CH4-NOx chemistry including acetaldehyde and PAN.
(2) Using the ‘Master Chemical Mechanism’ (MCM) (Jenkin et al., 1997), which

features very comprehensive VOC gas phase chemistry.

6.3.1. Modelling Based on Simple (Methane Only) Chemistry

A first attempt to model the HOX observations was made using a box model with
a CO-CH4-NOx chemistry module including acetaldehyde and PAN. Any other
NMHC or VOC’s were neglected. This model was successfully tested in the past on
the POPCORN data set (Ehhalt, 1999). The model overestimated the OH measure-
ments on average by 10%. Results for the present data set are displayed in Figure 12
for 20 July, which was characterised by an air-mass change from high NOX levels
to significantly lower values shortly before 10:00 UT. The top- and centre panel
show measurements and model calculations for OH and HO2, while the bottom
panel displays the corresponding diurnal cycles of J(O1D), NO2, and HONO. The
air-mass change which is the predominant feature in the NO2 trace is reflected in
the OH measurements by a sudden increase of the concentration from 3 × 106 cm−3

to 7 × 106 cm−3. The model – predicting much larger OH than measured – fails to
reproduce the measurements after the drop in NOX. In the early morning hours
before 6:00 UT, while J(O1D) is still very low and NO2 levels are high the model
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underestimates the observations, followed by a 3-hour period of good agreement,
where NO2 levels are still high and J(O1D) increases strongly. The time of the
following sudden OH increase is captured well by the model, however, the ampli-
tude is clearly overestimated. Throughout the afternoon the model predicts much
higher OH concentrations than measured. The disagreement in the early morning
hours can be removed by including the photolysis of HONO – which acts as an
OH source – into the model. Since the OH production via this process is driven
by longer-wavelength radiation than the ozone photolysis OH concentrations start
to rise earlier in the morning than predicted by ozone photolysis alone. As can be
seen in Figure 12 the model now nicely reproduces the OH measurements before
6:00 UT.

In the case of HO2 the measurements show relatively low concentrations be-
fore sunrise in the morning of 20 July. After sunrise HO2 concentrations even
drop to zero throughout the high NOX period. The air-mass change, however,
dramatically changes this situation. Within minutes the HO2 concentration rises
to 33 × 107 cm−3 and finally to 55 × 107 cm−3 at 13:00 UT. Two hours later
concentrations start to decline again to about 6 × 107 cm−3 at 20:00 UT when
measurements stopped. Again the model can explain only part of the observations.
It does capture the increase in HO2 when the air mass changes and reproduces
the time shift between the diurnal cycle of J(O1D) and HO2. Overall, however, the
model underestimates the night-time measurements at high NOX levels, overesti-
mates HO2 at low NOX during noon time, and fails to explain the elevated HOX

level in the early evening.
These first model studies show that a simple CO-CH4-NOx chemistry module,

which has performed well under clean-air conditions, is not capable of reproducing
the OH and HO2 observations in a more polluted environment as it was encountered
during BERLIOZ. Therefore a second model study was performed using the very
comprehensive ‘Master Chemical Mechanism’ (MCM).

6.3.2. Modelling based on the Master Chemical Mechanism (MCM)

The MCM (Jenkin et al., 1997) was used to calculate the OH-, HO2-, and RO2-
radical concentrations from the photolysis frequencies and trace gas concentrations
that were simultaneously measured at the same location. The model was ini-
tialised every 5 min (with NO, NO2, O3, PAN, CH2O, J(NO2) and J(O1D), which
were measured with 1 min time resolution). In the model calculations measured
concentrations of 71 different hydrocarbons were included. The hydrocarbon con-
centrations were measured with a time resolution of 20 min, and oxygenated
hydrocarbons (carbonyls etc.) with a time resolution of one hour. The data were
introduced in the model on the basis of 20 min or 1 hr values interpolated at time
steps of 5 min. In order to account for cloudiness modelled photolysis frequencies
(calculated for clear-sky) were scaled to measured J(NO2) values. The J(O1D)
values used in the model were averaged from 1-minute measured values. Results
of measurements and model calculations are shown in Figures 4(a–d) for 20 July
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at the Pabstthum station. In the morning between 6:00 and 9:30 two peaks of NOX

concentrations rise from 8 to 16 ppb (Figure 4(a)). There is some indication in the
data of NOX and CO (not shown here) that the substantial quantities of NOX, result
from emissions of Berlin transported to the station. After this time NOX concentra-
tion dropped to usual daytime background levels in the range of 1 to 3 ppb. High
J(NO2) values peaking at ≈ 9 × 10−3 (s−1) with low fluctuations indicate clear sky
conditions.

Figure 4(b) shows the diurnal variations of measured OH concentrations (5 min
averages) on 20 July, superimposed on the MCM model calculated values (drawn
lines). During the morning from 6 to 9:30, (the high NOX time period) model
calculations agree with measurements within the uncertainty. During the high-NOX

period NO2 is the main reactant of OH (34% of total reactivity) followed by VOC
(23% without CH4 which contributes another 4%) and CO (19%). Formaldehyde,
acetaldehyde and other carbonyl compounds contribute 8, 3, and 9%, respectively.
The most important VOC compounds during the high NOX period are isoprene and
α-pinene, each of which accounts for about 20% of the total VOC reactivity. After
10 UT the situation changes. The reaction of OH with NO2 becomes less important
now (12%) and is outrun by the reactions with CO (27%), HCHO (18%), other
carbonyl compounds (19% with acetaldehyde accounting for 4%), VOC (15% with
about 1/3 due to the reaction with isoprene).

During the low NOX conditions the measured OH concentrations are about 25%
smaller than the model results (at noon time). While the overestimation of OH by
the model is not as severe as in the case of the simple (CH4 only) model (see
Section 6.3.1), the reason for this disagreement is unclear. Particularly puzzling
is that the agreement between model calculations and measurements for HO2 and
RO2 is much better. A consistent bias between calculated and measured OH for
continental rural as well as urban locations has also been reported in several pre-
vious publications (Perner et al., 1987; Poppe et al., 1994; Eisele et al., 1994;
McKeen et al., 1997; Frost et al., 1998; Hauglustaine et al., 1999).

The measured HO2/OH ratio on 20 July starts off at about 20 just after sun
rise, drops to nearly zero during the high NOX episode and then starts to rise with
decreasing NO levels to finally reach a maximum of about 200 in the late afternoon,
when NO had dropped to 100 ppt. The MCM model calculation reproduces the
increase of the ratio quite well. On average it underestimates the measured ratio by
about 15%. However, the discrepancy depends on the NOX mixing ratio. At high
NOX the model clearly overestimates the ratio (10 versus measured ≈ 0), while at
low NOX the observed ratio is slightly higher than the model data.

In order to estimate the influence of possible heterogeneous radical losses we
calculated the possible destruction of RO2 at aerosol surfaces during BERLIOZ.
From measurements performed on 20 July a maximum surface area of 220 × 10−6

(m2 m−3) was derived. Based on an uptake coefficient γ (HO2) of 0.2 (DeMore et
al., 1997) and assuming γ (RO2) to be similar a maximum loss rate of 0.005 s−1

corresponding to a minimum lifetime of 200 s due to loss at aerosol surfaces was
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Figure 14. Diurnal variation of NOX (dashed line) and the ozone formation rate as derived
from MI-ESR ROX – data (P(O3)MIESR, dots) and from model calculations (P(O3)Model,
drawn line) on 20 July, 1998.

obtained. Due to the much faster reaction of HO2 and RO2 with NO little difference
was observed in the modelled [OH], [HO2] and �[RO2] (<5%).

6.4. THE OZONE PRODUCTION RATE

The local ozone production rate P(O3) was calculated from the observed RO2, HO2,
and NO concentrations by the equation:

P(O3) = [NO] × (k1[HO2] + �ki × [RO2]i) , (3)

using direct measurements of NO, HO2 and RO2 concentrations. Figure 14 shows
the diurnal variation of P(O3) and NOX on 20 July. P(O3) increases with increasing
HO2- and RO2- concentrations, reaching a maximum value of 8 ppb hr−1 dur-
ing noon time and at low NOX. The observed and calculated P(O3) shows good
agreement, except for two points at high NOX, where, however, the measured ROX

hardly exceeded the detection limit.

6.5. THE OXIDATION CAPACITY OF NO3

The relative contributions – during 24 hr – to the oxidation capacity of the conti-
nental boundary layer of NO3, OH and ozone at the Pabstthum station near Berlin
were calculated using the measured concentrations of these radicals, of more than
50 different VOC’s, CO, and a fixed CH4 mixing ratio of 1.8 ppm. For that purpose
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Figure 15. Comparison of the relative contribution of NO3, OH, and ozone to the 24 hr
integral of the oxidation capacity (see Equation (4)) at the station of Pabstthum. Data are
calculated for the oxidation of non-methane VOC’s only (dark bars) and VOC’s + CO +
methane (grey bars).

NO3 daytime levels were modelled. During the campaign a mean daytime (SZA <
85 ◦C) NO3 mixing ratio of 0.25 ppt was calculated with a corresponding average
noontime value of 0.04 ppt.

The ‘oxidation capacity’ (OC) of an oxidising agent (e.g., NO3, OH radical or
O3) X is defined as the sum of the respective oxidation rates of the molecules Yi

(in our case the 50 VOC species, CO, and CH4) by X (Geyer et al., 2001a):

OC =
∑

i=1

kYi−X[Yi][X] . (4)

The OC is accordingly given in units of molecules cm−3 s−1. Due to the low mixing
ratios the daytime oxidation capacity of NO3 is almost negligible (about 0.5 × 105

cm−3 s1). The night-time oxidation capacity of the nitrate radical at the station var-
ied from 1.1–59 × 105 cm−3s−1 (night averages). An average 24 h-integral of the
nitrate radical oxidation capacity of 4.5 × 105 cm−3 s−1 was obtained. Compared
to the oxidation capacity of OH and ozone, NO3 was responsible for 17% of the
oxidation of VOC’s, CO and methane. Considering VOC’s alone, the 24 hr nitrate
radical contribution to the total VOC depletion was 28% (Figure 15) (Geyer et al.,
2001a).

The importance of night-time, non-photolytical conversion of NOX to HNO3 via
N2O5 hydrolysis was found to be comparable to the daytime reactions of NO2 with
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Figure 16. Correlation of the modelled mixing ratios of RO2 and NO3 for all nights of
BERLIOZ (grey lines). The nights of 20 and 21 July (night 1, squares) and 4 and 5 August,
1998 (night 2, triangles) are discussed in the text.

OH, giving rise to an accumulated production of almost 2 ppb HNO3 (or NO−
3 )

during the night (Geyer et al., 2001a).

6.6. INTERACTION NO3–ROx DURING THE NIGHT

At the BERLIOZ site Pabstthum simultaneous observations of NO3, RO2, HO2,
and OH took place during several nights producing one of the most comprehensive
data sets of night-time radical measurements. A box model was used to study
the role of NO3 and other trace gases for the observed night-time concentrations
of ROX (Geyer et al., 2001b). Reactions of NO3 with VOC’s, mainly with bio-
genic monoterpenes, were shown to constitute a considerable source of organic
peroxy radicals during night-time. Average contributions during the campaign of
NO3 to the night-time production of OH, HO2 and RO2 of 36%, 53%, and 77%,
respectively, were calculated (Geyer et al., 2001b).

Generally a positive, linear correlation of the mixing ratios of RO2 and NO3

was observed and modelled during the campaign (Figure 16). It is interesting to
note that a similar positive correlation has also been reported for a marine envi-
ronment by Carslaw et al. (1997). The analysis showed that this dependency can
be attributed to the strong influence of NO on both radicals, which are depleted
efficiently at increasing NO levels. In addition during nights, when VOC’s were of
minor importance for the NO3 removal, the production rate of RO2 increased with
increasing NO3 concentration. During many nights a significant increase of the
ROX mixing ratio was observed after sun set followed by a plateau of some hours
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Figure 17. Average diurnal profile of the ROX mixing ratio for 8 days (14 to 15, 17 to 18,
24 to 26 July, and 3 August, 1998) at Pabstthum (I) in relation to the photolysis frequencies
of J(NO3) and J(O1D) (II) and the average night-time profile of the NO3 mixing ratio during
these nights (III).

before it decreased again (see Figures 6 and 17). This type of diurnal ROX profile
was also reproduced by the model and can be attributed to the positive dependency
of RO2 to NO3 and the observed night-time profile of NO3 showing the same trend
as the RO2 mixing ratio (Figure 17).

The contribution of OH to the nocturnal oxidation capacity of the atmosphere
(with respect to VOC’s, CO, and CH4) is calculated to have been ∼ 14% of that
of NO3 corresponding to a contribution of night-time OH of a few percent to the
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24 hr integral of the total atmospheric oxidation capacity (Geyer et al., 2001b).
This study shows again that high concentrations of peroxy radicals and noticeable
OH levels can be produced during night by reactions of nitrate radicals or ozone
with VOC’s. The production of these radicals raises the oxidation capacity of the
nocturnal atmosphere. In addition VOC’s which are not oxidised by NO3 or O3,
e.g., aromatics or alkanes, can be removed by night-time OH radicals.

7. Summary

A large set of direct and simultaneous radical- (OH, HO2, RO2, NO3) and precursor
measurements has been obtained in summer, 1998 during the BERLIOZ campaign
in a rural environment close to the city of Berlin. To evaluate the processes and
compounds controlling the local photochemistry in polluted and background air,
the broad database obtained during 20 July, was compared in a case study with
box model calculations using the MCM-, and CMC-model. The comparison of
the measurements and model results confirms our qualitative understanding of
important processes of tropospheric chemistry on this day, but it also shows that
there might be considerable gaps in our understanding of the atmospheric radical
chemistry under moderately polluted conditions. In particular we can summarise
the following points:

• An intercomparison of HO2 measurements by LIF and MI-ESR and of HO2

+ RO2 measurements by a chemical amplifier and MI-ESR was carried out
successfully and gives further confidence in the peroxy radical measurements.

• The master-chemical-mechanism (MCM) model yields a relative good qual-
itative description of the measured diurnal profiles of OH, HO2, and RO2.
In particular, the rapid change in the radical concentrations upon the sudden
change of the pollution level is well reproduced. The HO2 and RO2 concen-
trations are quantitatively well described by the model. OH is well reproduced
only at NOX > 5 ppb, whereas it is overestimated by roughly a factor of 1.6 at
low NOX.

• Direct evidence has been found that the photolysis of HONO is an important
source for OH in the early morning for a duration of about 2–3 hr with OH
production rates similar to those from O3 photolysis during noontime.

• Biogenic and anthropogenic hydrocarbons were found to play an important,
ambivalent role. During daytime they constitute a considerable sink for OH,
but even the inclusion of the large set of measured VOC in the MCM mecha-
nism cannot resolve the model overprediction of OH at low NOX conditions.
This may indicate that the VOC – chemistry is incomplete (e.g., Lewis et al.,
2000), both, with respect to species considered and as far as mechanisms are
concerned.

• At night-time, direct radical measurements have demonstrated that the bio-
genic VOC’s constitute a significant source of peroxy radicals due to ozonoly-
sis and reaction with NO3 radicals.



390 U. PLATT ET AL.

• Maximum ozone production is achieved by low NOX conditions with a maxi-
mum value of 8 ppb hr−1. The MCM model correctly describes the measured
ozone production.

In view of the important role that VOC’s play in the semi-polluted rural envi-
ronment, what can be done to improve further our understanding? Based on the
experience gained during BERLIOZ, future campaigns should pay attention to the
following points:

• Better, and more comprehensive VOC – measurements are required, possibly
with higher time resolution.

• In particular improved HCHO – and higher aldehyde – measurements should
be made (this may require the development of new or improvement of existing
technology).

• Speciated measurements of organic peroxy radicals would be very helpful to
assess the role of VOC on the radical chemistry and their contribution to the
photochemical ozone production.
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