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U. Platt,3 A. Geyer,3 B. Alicke,3 and G. K. Moortgat4

Received 2 July 2001; revised 5 March 2002; accepted 2 April 2002; published 13 February 2003.

[1] The Photochemistry Experiment during BERLIOZ (PHOEBE) was conducted in July
and August 1998 at a rural site located near the small village of Pabstthum, about 50 km
northwest of downtown Berlin. In this paper, spectroscopic measurements of hydroxyl
(OH) and peroxy radicals (HO2 and RO2) are discussed for two intensive days (20 and 21
July) of the campaign. On both days peak values of the radical concentrations were
similar, reaching 6–8 � 106 cm�3 for OH and 20–30 ppt for RO2 and HO2. Fairly high
OH concentrations were observed during the morning hours in the presence of high-NOx

mixing ratios (>20ppb). The ‘‘master chemical mechanism’’ (MCM) was used to
calculate OH, HO2, and RO2 concentrations from the simultaneously measured data
comprising a comprehensive set of speciated hydrocarbons and carbonyl compounds, O3,
CO, NO, NO2, HONO, PAN, J(NO2), J(O

1D), and meteorological parameters. The
calculated OH concentrations are in excellent agreement with the measurements during
the morning hours at high-NOx (>10 ppb). However, at low NOx conditions the model
overestimates OH by a factor 1.6. The modeled concentrations of HO2 and RO2 are in
reasonable agreement with the measurements on 20 July. On the next day, when isoprene
from nearby sources was the dominant VOC, the model overpredicted HO2 and RO2 in
addition to OH. Radical budgets solely calculated from measured data show that a
missing sink for OH must be responsible for the overestimation by MCM. Missing VOC
reactivity is unlikely, unless these VOC would not lead to RO2 production upon reaction
with OH. The measured RO2/HO2 ratio of about one is well reproduced by the MCM,
whereas a simple model without recycling of RO2 from decomposition and isomerisation
of alkoxy radicals underpredicts the measured ratio by about a factor of two. This finding
highlights the importance of RO2 recycling in the chemical mechanism. The ozone
production rate P(O3), calculated from the peroxy radical concentrations and NO, had a
maximum of 8 ppb/hr at 0.5 ppb NO, which is in good agreement with results from
previous campaigns at Tenerife and Schauinsland. INDEX TERMS: 0365 Atmospheric

Composition and Structure: Troposphere—composition and chemistry; 0345 Atmospheric Composition and

Structure: Pollution—urban and regional (0305); 0322 Atmospheric Composition and Structure: Constituent

sources and sinks; KEYWORDS: hydroxyl radical, peroxy radicals, radical budgets, ozone production,

photochemistry
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1. Introduction

[2] The hydroxyl radical (OH) is the major tropospheric
oxidant and is responsible for the chemical degradation of

many atmospheric trace gases and pollutants [Levy, 1971;
Logan et al., 1981; Ehhalt et al., 1991]. Peroxy radicals
(HO2 and RO2, where R represents an organic group) are
produced by reactions of OH with CO and volatile organic
compounds (VOC) and play a central role in the photo-
chemical formation of ozone in the troposphere [Chameides
and Walker, 1973; Crutzen, 1979, Trainer et al., 1987].
[3] In recent years, measurements of OH, HO2, and the

sum of HO2 + RO2 have become available in a number of
field studies, which were designed to test our understanding
of the fast photochemistry in the planetary boundary layer.
The experiments were performed at different sites in clean
Antarctic [Jefferson et al., 1998; Chen et al., 2001] and
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marine environments [e.g., Hauglustaine et al., 1999; Car-
slaw et al., 1999; Kanaya et al., 2000; Brauers et al., 2001],
in clean continental regions [Poppe et al., 1994; McKeen et
al., 1997; Ehhalt, 1999;], and in forested areas [Carslaw et
al., 1999; Tan et al., 2001]. One study has been reported
which was performed in polluted urban air [George et al.,
1999].
[4] In only few of the ground-based studies both OH and

HO2 were measured. In the Tropospheric OH Photochem-
istry Experiment (TOPHE) carried out in the Rocky Moun-
tains of Colorado in 1993, OH concentrations were
measured by long-path absorption and by ion-assisted mass
spectrometry [Mount and Williams, 1997; Tanner et al.,
1997]. HO2 was measured by conversion into OH, which
was subsequently detected by laser-induced fluorescence
[Stevens et al., 1997], and the sum of HO2 and RO2 was
measured by a chemical amplifier [Cantrell et al., 1997]. In
this study the chemical model overpredicted the OH con-
centrations by 50% on average [McKeen et al., 1997], and
the modeled HO2 concentrations were higher than the
measurements by up to a factor of 3 [Cantrell et al.,
1997]. The measured ratio RO2/HO2 was 3–4 times greater
than expected under clean conditions, and over a factor of
10 higher than predictions under polluted conditions [Ste-
vens et al., 1997].
[5] In the Los Angeles Free Radical Experiment (LAFRE)

OH and HO2 concentrations were measured in polluted
urban air by the FAGE technique in 1993 [George et al.,
1999]. The observations were compared with model calcu-
lations, which used a surrogate species chemical mechanism.
Early and late in the day, the model yielded good agreement
with the measured OH and HO2 concentrations. However,
during midday the model results were too high by a factor of
1.5–2. Using the measured HO2 concentrations as model
input resulted in an improved agreement between modeled
and measured OH.
[6] The Eastern Atlantic Summer Experiment (EASE 96)

was performed in the marine environment at the Mace Head
Atmospheric Observatory in 1996. OH and HO2 were
measured by the FAGE (fluorescence assay by gas expan-
sion) technique and the sum of RO2 + HO2 was recorded
by a chemical amplifier [Carslaw et al., 1999]. The
measurements were compared with the results of a model
[Carslaw et al., 1999] based on the detailed Master
Chemical Mechanism (MCM) by Jenkin et al. [1997].
For OH the model predictions were too high by about
40%. For HO2 the predictions were in good agreement with
the measurements on one day, but were greater than the
observations by as much as a factor of 6 on another day.
For RO2 + HO2 a general good agreement was found
between the measured and modeled concentrations over a
wide range of conditions.
[7] In the Photochemistry, Emissions, and Transport

(PROPHET) experiment OH and HO2 were measured by
the laser-induced fluorescence technique in northern Mich-
igan in 1998 [Tan et al., 2001]. The measurement site was
located in a deciduous forest marked by relatively low NOx

levels and high isoprene emissions [Carroll et al., 2001].
The measured OH and HO2 concentrations were compared
to the results of a model [Tan et al., 2001], which was
derived from the Regional Acid Deposition Mechanism
(RADM) [Stockwell et al., 1997] and modified to include

the oxidation of isoprene and other biogenic VOC. Unlike
in the TOHPE, LAFRE, and EASE96 campaigns, the
modeled OH concentrations were generally smaller, rather
than higher, when compared to the observed OH. On
average the model under prediction was a factor 2.7. For
HO2 the model results were in good agreement with the
measurements. Thus modeled HO2/OH ratios were 2.5–4
times higher than observed.
[8] In the present paper we report measurements and

model calculations of OH, HO2, and RO2 from a local
photochemistry study (PHOEBE), which was performed in
the Berlin Ozone experiment (BERLIOZ) in summer 1998.
BERLIOZ was a major activity in the area around the city of
Berlin (Germany) and aimed to study the transport and
chemical processes which control the formation of ozone
and photooxidants in the city plume. At Pabstthum, which
was one of several measurement sites in the Berlin area,
comprehensive in situ measurements of radicals (OH, HO2,
RO2, and NO3) were performed, in order to study their fast
chemistry in a rural environment under the influence of
urban pollution [Volz-Thomas et al., 2003a]. It is the first
field experiment where all radicals were measured by at
least one direct spectroscopic technique. Along with the
radical data, a comprehensive set of measurements of NO,
NO2, NOy, HONO, PAN, O3, H2O, H2O2, ROOH, CO,
VOC, SO2, and photolysis frequencies among them J(O1D)
(O3 ! O(1D)) and J(NO2) (NO2 ! NO) were obtained. The
speciated VOC measurements include alkanes, alkenes,
isoprene, a-pinene, ethyne, aromatics, formaldehyde, other
carbonyl compounds, and carboxylic acids. In the following
we focus our analysis on the daytime chemistry of OH,
HO2, and RO2, whereas the nighttime chemistry, including
reactions of NO3, is presented in a companion paper by
Geyer et al. [2003]. The daytime radical concentrations and
their ratios are compared for two days (20 and 21 July) with
model results, using an updated master chemical mechanism
(MCM). The two days were characterized by high-NOx (up
to 30 ppb) in the morning and high isoprene levels (several
hundred ppt) on the second day. Unlike in previous studies,
speciated radical data from the measurements are used to
investigate the radical budgets and the ozone production
rate. The ozone formation is compared with field data
obtained earlier at other sites (Tenerife, Schauinsland) in
Europe.

2. Experimental Methods

[9] The PHOEBE measurement site was located in a rural
area near the small village Pabstthum (52.9�N, 12.9�E) at
about 50 km in the North-West of the city center of Berlin.
The station was set up on the western border of a flat
grassland (7.5 � 4.5 km2). A mixed forest dominated by
Scots pine extended from the station in westerly and north-
erly direction. A description of the location, the arrangement
of the instruments and details of the measurements can be
found in the overview paper [Volz-Thomas et al., 2003a]
and in the other papers of this special section.

2.1. Peroxy Radical Measurements

[10] The peroxy radicals were measured by Matrix Iso-
lation and Electron Spin Resonance Spectroscopy (MIESR).
The method is described in detail by Mihelcic et al. [1985,
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1990]. Briefly: During the sampling interval of 30 min,
ambient air (total volume: 8 l STP) is expanded at a flow
rate of 270 ml/min (STP) through a nozzle into a vacuum
chamber. The radicals are trapped from the gas jet in a
polycrystalline D2O matrix which is formed in situ on a cold
finger at a temperature of 77 K. Speciation and quantifica-
tion of the radicals is achieved in the laboratory on a Bruker
ESP 300E ESR-spectrometer equipped with an ER 4109
WZS wide bore cavity. The samples are kept under vacuum
at 77K during storage and during the measurement. The
ESR-spectra are analyzed by a nonlinear fitting procedure
[Mihelcic et al., 1990]. The MIESR method allows the
speciation of HO2, CH3C(O)O2 and the sum of organic
peroxy radicals. The latter is denoted RO2 in the following.
The MIESR also provides measurements of NO2 and NO3.
[11] Over the range of concentrations encountered during

BERLIOZ, the precision for NO2, NO3, HO2, CH3C(O)O2,
was always better than 2 ppt. The precision for NO3 radicals
was better than 1 ppt, because of its narrower line width.
The systematic uncertainty of the MIESR measurements
was estimated from absolute calibrations made in the
laboratory to be ±5% [Mihelcic et al., 1985, 1990; Geyer
et al., 1999, 2003].
[12] The MIESR sampler was mounted on a pneumatic

mast, using a ball bearing and a wind-vane to ensure that the
inlet nozzle pointed into the wind in order to avoid
contamination or losses of the radicals on the surface of
the sampler. The inlet of the sampler was 11.5 m above the
surface during sampling. Due to the limited number of
samples that could be stored for later analysis, measure-
ments by MIESR were concentrated on the intensive

observational periods which took place on 20–21 July
and in the night from 4 to 5 July 1998.

2.2. Other Radical Measurements

[13] The total peroxy radical concentration (HO2 + RO2)
was also measured at Pabstthum by a Chemical Amplifier
(CA) deployed by the Max-Planck Institute for Chemistry,
Mainz [Volz-Thomas et al., 2003b]. The concentrations of
OH and HO2 radicals were measured by Laser Induced
Fluorescence (LIF) [Holland et al., 2003]. The LIF instru-
ment sampled ambient air by gas expansion through a
nozzle at about 10 m above ground. OH was measured
directly by resonance fluorescence following excitation at
308 nm. HO2 was first converted chemically into OH,
which was subsequently detected by LIF. The time reso-
lution of the measurements was 1.5 min and the estimated
calibration error ±20% (2s).

2.3. Other Trace Gases and Parameters

[14] A comprehensive set of trace gases, photolysis
frequencies, and meteorological parameters was measured
during PHOEBE [cf., Volz-Thomas et al., 2003a] (Table 1).
The parameters used in this paper for model initialization
and radical budget calculations are listed in Table 1 together
with the appropriate references. NO and NO2 were meas-
ured by chemiluminescence and a photolytic converter
(accuracy 5% and 5% for NO and NO2, respectively). O3

and CO concentrations were measured using two identical
standard UV-photometers (TE-49) and a slightly modified
infrared filter correlation instrument (TE-48), respectively.
Peroxyacetylnitrate (PAN) was measured by gas chroma-

Table 1. Chemical Species and Photolysis Frequencies Used as Model Input Parameters or for the Radical Budget Calculationsa

Parameter Instrument Time Resolution Institution Reference

Odd Nitrogen Compounds
NO chemiluminescence (770 Alppt, EcoPhysics) 1 min FZJ A
NO2 CLD 770 Alppt + PLC 760 (EcoPhysics) 1 min FZJ A
HNO2 DOAS 1 30 min IUP F
PAN GC-ECD (Meteorologieconsult) 6 min FZJ A

Other
O3 UV-Absorption (TE-49) 1 min FZJ A
CO IR-Absorption (TE-48) 1 min FZJ A
H2 not measured; 500 ppb
Aerosol Pallas Optical Counter (PCS 2000) 5 min IUP G

Organic Compounds
CH4 not measured; 1.8 ppm
NMHC: C5–C10 In situ-GC (Airmotec HC1010) 20 min FZJ B
NMHC: C2–C10 in situ-GC (HPGC/Cryogenic sampling) 85 min FZJ B
H2CO fluorescence (AeroLaser, AL4001) 1 min FZJ A
Carbonyl compounds derivatisation, GC/ECD 1 h TUD E
Carboxylic acids capillary electrophoresis-LIF 1 h TUD E

Free Radicals
OH LIF 90 s FZJ D
HO2 LIF 90 s FZJ D
HO2 MIESR 30 min FZJ C
RO2 MIESR 30 min FZJ C

Meteorology and Radiation
T, rH, P, wind vector psychrometer, wind vane, cup anemometer (Thiess) 1 min FZJ A
J(O1D), J(NO2) 2p sr Filter radiometers 10 s FZJ D

aReferences are as follows: A, Volz-Thomas et al. [2003a]; B, Konrad et al. [2003]; C, this paper; D, Holland et al. [2003]; E, Grossmann et al. [2003]; F,
Alicke et al. [2003]; G, Alicke (personal communication, 1999). FZJ, Institut für Chemie und Dynamik der Geosphäre, Forschungszentrum Jülich; IUP,
Institut für Umweltphysik, Universität Heidelberg; MPI, Max Planck Institut für Chemie, Mainz; TUD, Institut für Chemie, Technische.
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tography with an electron capture detector (accuracy <
10%). Nitrous acid (HONO) was measured using Differ-
ential Optical Absorption Spectroscopy (DOAS; limit of
detection: 80 ppt; accuracy ±6%, 1s). More than 60 hydro-
carbons (HC) in the range of C2–C10 were measured by
using two in situ GC systems [Konrad et al., 2003]. The
measurements included alkanes, alkenes, isoprene, a-
pinene, ethyne, and aromatic compounds. Combining the
data sets from the two instruments NMHC records with a
time resolution of 20 min were obtained. Carbonyl com-
pounds (C2 to C10) were measured by a novel sampling
technique, followed by analysis via gas chromatography.
The data sets provide information on a large number of
aliphatic and olefinic alkanals, including hydroxycarbonyls
and dicarbonyls, benzaldehyde and pinonaldehyde [Gross-
mann et al., 2003]. Formaldehyde was measured using a
fluorescence instrument (AeroLaser) based on the Hantzsch
reaction and by the DOAS instrument. Photolysis Frequen-
cies of O3 ! O(1D), J(O1D), and NO2 ! NO, J(NO2), were
measured by 2p sr filter radiometers and an actinic flux
spectral radiometer with good agreement between the
instruments [Holland et al., 2003]. Due to data gaps caused
by occasional malfunctioning of the spectral radiometer,
J(O1D) and J(NO2) data are taken from the filter radio-
meters. The estimated errors are ±14% and ±9%, respec-
tively. Wind, temperature, pressure and relative humidity
(rH) were measured by standard meteorological devices.
[15] All in situ measurements were made at approxi-

mately the same height as the MIESR, about 10–11 m
above ground and within a horizontal distance of 20 m. The
DOAS instrument employed a folded light path of 15 m
base length [Alicke et al., 2003]. It was mounted in an open
crane cantilever on an 8 m high platform, next to the LIF
instrument container (see Figure 3 of Volz-Thomas et al.
[2003a] for details).
[16] We like to note that several parameters (e.g., HO2,

NO2, O3, H2CO, J(NO2)) were measured by more than one
technique. In all cases good agreement was observed
between the different instruments [Volz-Thomas et al.,
2003a], except for formaldehyde where an unresolved
discrepancy between Hantzsch and DOAS was observed
with the DOAS data being systematically larger by up to a
factor of two (1.3 on average) [Grossmann et al., 2003]. In
the following, the data of the instruments providing the
highest time resolution and located closest to the radical
measurements are used, i.e. the Hantzsch data for HCHO.

3. Modeling Approach

3.1. Master Chemical Mechanism

[17] The ‘‘master chemical mechanism’’ (MCM) [Jenkin
et al., 1997] was used to calculate the OH, HO2, and RO2

radical concentrations from the photolysis frequencies and
trace gases that were measured simultaneously at Pabst-
thum. The MCM consists of 10.500 chemical reactions
involving 17 inorganic and 120 organic species. The chem-
ical mechanism was updated in the following way: the a-
pinene oxidation scheme was adopted from the MCM2
model (the MCM2 model is available at http://www.chem.-
leeds.ac.uk/Atmospheric/MCM). The rate coefficients for
the reaction of NO2 with OH, and for the reaction of O3

with NO were updated according to Sander et al. [2000] and

the rate coefficient for the reaction of HO2 with NO was
revised to 9.7 � 10�12 cm3 s�1 based on the measurements
made by Bohn and Zetzsch [1997]. The photolysis frequen-
cies which are calculated within MCM from the solar zenith
angle were tied to the measurements in the following way:
For J(NO2) and J(O1D), the values measured by the two
filter radiometers were used directly. The other photolysis
rates were calculated in the MCM model for clear-sky
conditions and then scaled with the ratio of the measured
to calculated values of J(NO2).
[18] The differential equations were integrated with the

software package FACSIMILE [Curtis and Sweetenham,
1987]. The model was initialized every 5 min with the
measured concentrations of NO, NO2, O3, CO, PAN,
HCHO and higher carbonyl compounds, NMHCs, H2O,
and aerosols, as well as temperature and photolysis frequen-
cies (see Table 1). The initial radical concentrations were
taken from the output of the previous 5 min time interval.
The time depended concentrations yielded radical concen-
trations very close to steady state conditions.

3.2. Simple Quasi-Stationary State Model

[19] It is interesting to compare the radical ratios HO2/OH
and RO2/HO2 obtained from the MCM with calculations
using a simple steady state approach based on the reactions
shown in Table 2. We estimate the concentrations of the
short-lived radicals species by assuming that the HO2/OH
ratio is determined predominantly by radical recycling
reactions. The validity of this assumption is demonstrated
in section 5.1 where radical budgets are discussed. In the
approximation for RO2/HO2 ratio we neglect the secondary
production of peroxy radicals due to RO decomposition and
isomerisation, as well as the production of RO2 and HO2

from ozonolysis, and the loss reactions due to RO2 self
reactions, due to its minor contributions. Adding up the
major production and loss terms for both, HO2 and RO2

radicals, one obtains for the steady state of HO2(14) and
RO2(15):

�d HO2½ �=dt ¼ 0 ¼ k3 OH½ � CO½ � þ k4 OH½ � HCHO½ �

þ k5i RO2½ � NO½ � þ 2J HCHOð Þradical HCHO½ � � k2 HO2½ � NO½ �

� k10 RO2½ � HO2½ � � k9 HO2½ � HO2½ � ð14Þ

�d RO2½ �=dt ¼ 0 ¼ k6i OH½ � VOCi½ �

þ k12 PAN½ � k11ðf NO2½ �=k13 NO½ �þ1Þg�1þk7 OH½ � CH4½ �

� k5i RO2½ � NO½ � � k10 RO2½ � HO2½ � ð15Þ

By assuming quasi steady state between [HO2] and [RO2],
the HO2/OH ratio can be approximated from reactions (14)
and (15):

HO2½ �

OH½ �

�
k6i VOCi½ � þ k3 CO½ � þ k4 HCHO½ � þ k7 CH4½ � þ Qþ Pð Þ= OH½ �ð Þ

k2 NO½ �

ð16Þ

The term P = k12 [PAN]{(k11[NO2]/k13[NO]) + 1}�1 de-
notes the production of CH3O2 from PAN decomposition
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according to the reactions (11)–(13) (see Table 2). While
the total PAN decomposition proceeds at a much larger rate,
most of the peroxyacetyl radicals react with NO2 back to
PAN. The term Q denotes the HO2 production from the
radical channel of HCHO photolysis: Q = 2J(HCHO)radical
� [HCHO]. Photolysis of the higher carbonyl compounds is
neglected in (16) as it contributes less than 10% of HCHO
to the peroxy radical production at Pabstthum [cf.,
Grossmann et al., 2003]. The OH concentration on the
right side of reaction (16) is taken from the measurements.
The term (Q + P)/[OH] makes a relatively small contribu-
tion and is in the range of 10 to 20% of the nominator in
reaction (16).
[20] The ratio of RO2 and HO2 radicals is then given by

reaction (17):

RO2i½ �

HO2½ �
�

k2

k5

� �

k3 CO½ �þ2J HCHOð Þradical HCHO½ �= OH½ �þk4 HCHO½ �
k6i VOCi½ �þP= OH½ �ð Þ þ 1

n o ð17Þ

In this simplified approach, the RO2/HO2 ratio depends on
the ratio of the rate constants k2 and k5 and on the ratio of
the production rates for HO2 and RO2 radicals which are
calculated from the measurements. The average rate
coefficient for the reaction of organic peroxy radicals with
NO k5 � 8.6 � 10�12 cm3 s�1 is estimated from the
partitioning of the organic peroxy radicals calculated by the
MCM (see Figure 3).
[21] Reaction (17) provides a lower limit of the RO2/HO2

ratio, because of the neglecting of the secondary production
of RO2 radicals from the decomposition and isomerisation
of the RO intermediates. The major pathway for RO radicals
in the atmosphere is the reaction with O2, forming HO2 and
a carbonyl compound [Atkinson, 1997] (18a). There is

substantial evidence from laboratory experiments, that some
of the larger RO radicals decompose through a C-C (or C-
H) bond splitting (18b) or isomerise via an internal H-shift
((18c) and (18d)) at a rate that is larger than their reaction
with O2 [Atkinson, 1997; Le Bras, 1997]. In the presence of
O2, both processes lead to new peroxy radicals, which again
convert NO to NO2. As a consequence, these reactions
increase the ozone formation potential of certain VOCs with
respect to the primary OH attack.

ROþ O2 ! carbonylþ HO2 ð18aÞ

RO ! R0 þ carbonyl ð18bÞ

RO ! R*OH ð18cÞ

R*OHþ O2 ! OH� R*O2 ð18dÞ

Inclusion of the additional RO2 production by equations
(18b)–(18d) would lead to an increase in the steady state
concentration of RO2 and hence of the RO2/HO2 ratio.
However, the effect is difficult to treat quantitatively,
because the effective branching ratios for reactions (18) are
not well known. Vice versa, experimental quantification of
the RO2/HO2 ratio can help to investigate, how many
organic peroxy radicals are formed upon the OH-initiated
hydrocarbon oxidation.

4. Results

4.1. Diurnal Variation of the Radical Concentrations

[22] The peroxy radical concentrations measured by
MIESR during the first two intensive days of the BERLIOZ
campaign (20–21 July 1998) are shown in Figure 1. Panel

Table 2. List of Chemical Reactions That Have a Major Influence on the Radical Budget of OH, HO2, and RO2

Species Radical Formation k or J Parameter Reaction Number

OH H2O + O(1D) ! OH + OH k1 ð1Þ
OH HONO + hn ! OH + NO J(HONO)
OH HO2 + NO ! OH + NO2 k2 ð2Þ
HO2 HCHO + hn + O2 ! 2HO2 + CO J(HCHO)
HO2 OH + CO + O2 ! HO2 + CO2 k3 ð3Þ
HO2 OH + HCHO + O2 ! HO2 + CO + H2O k4 ð4Þ
HO2 HO2 + NO + O2 ! HO2 + NO2 + Carbonyle k5 ð5Þ
RO2 OH + VOC + O2 ! RO2 + H2O k6 ð6Þ
RO2 OH + CH4 + O2 ! CH3O2 + H2O k7 ð7Þ

Species Radical Destruction k or J Parameter

OH OH + NO2 (+M) ! HNO3 (+M) k8 ð8Þ
OH OH + VOC + O2 ! RO2 + H2O k6 (6)
OH OH + CO + O2 ! HO2 + CO2 k3 (3)
OH OH + CH4 + O2 ! CH3O2 + H2O k7 (7)
OH OH + HCHO + O2 ! HO2 + CO + H2O k4 (4)
HO2 HO2 + NO ! OH + NO2 k2 (2)
HO2 HO2 + HO2 ! H2O2 + O2 k9 ð9Þ
HO2 HO2 + RO2 ! ROOH + O2 k10 ð10Þ
RO2 RO2 + NO + O2 ! HO2 + Carbonyle + NO2 k5 (5)
RO2 RO2 + NO ! a RONO2 k5a ð5aÞ
RO2 RO2 + HO2 ! ROOH + O2 k10 (10)

PAN Decomposition as Radical Source
RO2 CH3C(O)O2 + NO2 ! PAN k11 ð11Þ
RO2 PAN ! CH3C(O)O2 + NO2 k12 ð12Þ
RO2 CH3C(O)O2 + NO + O2 ! CH3O2 + CO2 + NO2 k13 ð13Þ
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D gives the concentration of HO2 and panel E the total
concentration of organic peroxy radicals RO2. Also shown
are the OH and HO2 concentrations measured by LIF
[Holland et al., 2003] in panels C and D, respectively.
The upper two panels display some of the measured
parameters that are important for the radical budgets, i.e.
J(O1D) [Holland et al., 2003], O3 and NOx, [Volz-Thomas et
al., 2003b], HONO [Alicke et al., 2003], and the total
reactivity of the VOC toward OH, i.e. �([VOCi] � ki)
[Konrad et al., 2003]. The lowest panels show the HO2/
OH and RO2/HO2 ratios.
[23] The first day was characterized by two different air

masses with quite different chemical composition. The
transition between the two regimes occurred within 30
min between 9:30 and 10:00 UT as can be seen from the
NOx mixing ratio and VOC reactivity in panel B. The

relatively high-NOx concentrations (�10 ppb) at night are
most likely due to local emissions from the surrounding
grass lands under a shallow inversion and at low wind
speeds [Glaser et al., 2003; Volz-Thomas et al., 2003b].
After break up of the inversion, the city plume of Berlin was
encountered at Pabstthum around 9 UT with NOx mixing
ratios of up to 18 ppb. After the air mass change, NOx

dropped to levels below 5 ppb. We shall denote the two
regimes as high-NOx (>10 ppb) and low-NOx (<10 ppb) in
the following.
[24] The peroxy radical concentrations show qualitatively

the expected anticorrelation with NOx. At high-NOx very
low concentrations at or below the detection limit (2ppt) of
MIESR are found. After the air mass change, both, HO2 and
RO2 start to rise and reach mixing ratios of 15–20 ppt
around local noon, from where they steadily decrease in the

Figure 1. Diurnal variation of the radical concentrations and some additional parameters at Pabstthum
on (left) 20 July and (right) 21 July. Panels show the following: A, HONO, O3, and J(O1D); B, NOx and
total VOC reactivity; C, OH concentration measured by LIF (open circles); D, HO2 measured by LIF
(open circles) and by MIESR (rectangles); E, Sum of all organic peroxy radicals (RO2) measured by
MIESR (rectangles); F, HO2/OH ratio derived from the LIF data; G, RO2/HO2 ratio derived from the
MIESR data. The MCM results are shown as solid lines in panels C–G. The dotted lines in panels F and
G are results of the simplified steady state model (equations 16 and 17).
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course of the afternoon. The HO2 mixing ratio measured by
LIF is in very good agreement with the MIESR data, except
for the sample collected around 12:00 UT on 20 July. As
discussed by [Volz-Thomas et al., 2003b], good agreement
is also found for the sum of HO2 and RO2 by MIESR with
the measurements made by chemical amplification. The OH
concentration measured by the LIF instrument peaks about
2 hours earlier than the peroxy radicals. It is noteworthy,
that OH is present at fairly large concentrations of (2–4) �
106 cm�3 during the morning hours when the NOx mixing
ratio is still greater than 10 ppb. The concentration of
CH3C(O)O2, which can be discriminated from the other
peroxy radicals by its spectroscopic signature [Mihelcic et
al., 1990], never exceeded the detection limit (2 ppt) of the
MIESR. The meteorological situation on 21 July was
similar to the day before, until a frontal system with
scattered thunderstorms approached the region in the after-
noon. In order to prevent damage by lightning strokes, the
MIESR measurements were stopped at 11 UT and also the
NOx measurements were switched off for calibrations
between 12:20–14:00 (UT). The NOx mixing ratios in the
morning were even higher than on 20 July with maximum
values of about 30 ppb. The balloon soundings [Glaser et
al., 2003] showed that the vertical extension of the high-
NOx regime was only about 100 m. The strong decrease of
NOx and other anthropogenic pollutants after 7:00 (UT) is
mostly explained by the growing height of the mixed layer.
The low wind speeds at ground and the wind direction
preclude the explanation that the NOx was advected from
Berlin as on the day before [Glaser et al., 2003]. HONO
exhibited a quite similar behavior as on the previous day
with a maximum in the early morning hours and a strong
decay after sunrise due to increasing photolysis. Other than
on 20 July, isoprene as an indicator for biogenic emissions
from the nearby forest predominated the VOC’s reactivity
on 21 July.
[25] The diurnal variation of the radical concentrations

was quite similar to that on the previous day with HO2 and
RO2 peaking around local noon and OH somewhat earlier.
The maximum concentrations of the peroxy radicals were
somewhat larger, whereas the OH concentration was
slightly lower than on 20 July. Again, relatively high-OH
concentrations were observed during the morning in the
presence of large NOx mixing ratios. The faster decay of all
radicals in the afternoon is consistent with the reduced UV
radiation flux due to the appearance of clouds when the
frontal system approached the measurement site.

4.2. MCM-Model Calculations of Radical
Concentrations

[26] The MCM simulations of OH, HO2 and RO2 are
compared with the measurements in Figure 1. On 20 July,
the modeled OH concentrations agree with the measured
data within the range of the measurement uncertainty during
the time of the plume period between 6:00 and 9:30 (UT).
During the transition to less polluted air, the model and the
observations both show a sharp rise of OH. After the air
mass has changed, the model significantly overpredicts OH
by a factor 1.6 until about 16:00 (UT). For HO2 the model
behaves similarly with respect to the observations. During
the high-NOx conditions in the morning, it agrees well with
the measurements which are at the detection limit. After the

air mass has changed, the model overpredicts the measure-
ments until about 14:30 (UT). Relative to the MIESR data
the overprediction is 50% at 10:15 UT and about 10% at
11:00–13:00 UT. With respect to the LIF measurements, the
overprediction is 50% around 12:00 UT. The modeled
values of RO2 agree with the measured data in the morning
until 12:00 UT. In the afternoon there is an increasing
overprediction by the model reaching a factor 1.7 at 15:00
(UT). The sharp increase in the modeled RO2 concentration
after 18.00 is due to the onset of nighttime chemistry when
the production of RO2 occurs mainly via ozonolysis and
NO3 reactions, as is discussed in detail by [Geyer et al.,
2003].
[27] On the next day the model behaves quite similar as

on the day before. While good agreement is again observed
during early morning in the high-NOx regime, the model
overpredicts the OH, HO2, and RO2 concentrations by about
a factor of two during the rest of the day. An exception is the
temporary agreement of the modeled HO2 data with the
measurements at 11:00 UT. No comparison can be made for
RO2 before 7:45 UT and during the afternoon when
corresponding measurements were missing.
[28] The ratio RO2/HO2 derived from the MIESR meas-

urements shows little variability on both days and lies
mostly in the range between 0.75 and 1.0. Note that the
ratio is only shown for data above the detection limit of
MIESR, i.e., between 10:00–15:00 UT on 20 July and
9:00–11:00 UT on 21 July. The experimental ratios are
reasonably well reproduced by the model (Figure 1), which
is a consequence of the fact that the overpredictions for HO2

and RO2 cancel to a large extent. In the early morning and
late evening the modeled RO2/HO2 ratio is higher than
during midday and increases to values around 1.3.
[29] The ratio HO2/OH derived from the LIF measure-

ments on 20 July increases from about 30 in the morning to
about 170 at 17:00, with decreasing NO concentrations. The
ratio was typically between 10 and 60 under polluted
conditions, where NO was in the range of 0.2 to 0.7 ppb,
and between 80 and 140 when NO was low (0.1 to 0.2ppb).
For 21 July the observed values of the HO2/OH ratio are
much more scattered than on 20 July and reach maximum
values of 240 around noon. The ratios observed on 20 July
are reproduced within 20% by the model over the whole day
until sunset. On 21 July, however, the model results resemble
the observations only roughly. The model does not capture
the observed variability of HO2/OH, leading to sporadic
positive or negative deviations that exceed a factor of 2. The
comparison of modeled and measured radical concentrations
is investigated more quantitatively in Figure 2 in form of
scatterplots, in which the data are filtered for high-NOx

(>10ppb) and low NOx (<10ppb) conditions. In case of the
peroxy radicals the high-NOx data are omitted, because the
measurements were at the detection limit of the instruments,
thus yielding no meaningful correlation with the model. For
OH the correlations show a very similar picture on both
days. At high-NOx (upper panels) there is agreement for OH
within the experimental uncertainties. We like to note that
HONO photolysis plays an important role during this part of
the day and that neglecting this OH source would lead to a
strong under prediction of OH [cf., Alicke et al., 2003]. In the
low NOx regime (<10ppb), the model overpredicts OH by 50
percent or more on both days, with slightly more scatter on
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21 July. For the peroxy radicals the picture at low NOx is
quite different for the two days. A relatively tight linear
correlation between modeled and measured HO2 and RO2

concentrations with a slope of 1.1–1.2 is observed on 20
July. At lower HO2 concentrations on 21 July the model
overestimated the measurements below 10 ppt and leveled
off at higher concentration. Similar behavior is suggested
for the RO2 concentrations. Figure 3 shows the partitioning
of the organic peroxy radicals as predicted by MCM for the
two days. According to the model, methylperoxy and other
aliphatic RO2 radicals comprise more than 50% of RO2.
Oxidation of olefins and carbonyl compounds accounts for
the remaining fraction. Interestingly, the peroxyacetyl mix-
ing ratio predicted by MCM does not exceed the detection
limit of the MIESR (2 ppt), which is in agreement with the
measurements. Peroxy radicals from a-pinene oxidation are
negligible (<1ppt) on both days. The major difference
between the two days is in the fraction of RO2 originating
from isoprene oxidation which are unimportant on 20 July
except for the late afternoon. On 21 July, isoprene oxidation
accounts for 20–50% of the RO2 in the MCM over the
entire day. This is due to the 5 times larger isoprene mixing

ratio on that day [cf., Konrad et al., 2003]. These authors
show that isoprene predominated the total hydrocarbon
reactivity on 21 July. A possible suggestion is therefore,
that the chemical mechanism implemented in MCM sig-
nificantly overestimates the peroxy radical production from
isoprene oxidation.

5. Discussion

5.1. Radical Budgets

[30] Figures 4a and 4b show the major rates of production
and destruction for the different radicals. The reactions that
are taken into account are listed in Table 2. The rates were
calculated from the measured values of the radicals, trace
gases, and the photolysis frequencies, using the same rate
coefficients as used in MCM. In general the rates of the
recycling reactions which interconvert OH, HO2, and RO2

are much faster than those of the primary production by
photolysis of O3, HONO, and HCHO, or radical loss by
radical-radical recombination. Only during the early morn-
ing, the OH is budget strongly influenced by the primary
production via photolysis of HONO and O3, and destruction
by the reaction of OH with NO2.
[31] The major OH production term is due to recycling

reaction of HO2 + NO (about 70%). The remaining OH
production is associated to photolysis of O3. During the
high-NOx period, destruction of OH with NO2 and VOC are
about equal, followed by the reaction with CO. In the low
NOx period, reactions with VOC predominate the OH loss.
On 21 July the OH destruction rate by VOCs is larger and
more variable as on the previous day because of the much
higher concentrations of isoprene, most likely due to nearby
emissions.
[32] The major HO2 production term during the low NOx

period is the reaction of RO2 with NO (about 60%),
followed by reactions of OH with CO and CH2O, as well
as photolysis of CH2O. Photolysis of the higher aldehydes
and ketones contributes only a few percent. Destruction of
HO2 is mainly caused by reaction with NO (>80%). For
high-NOx conditions an estimate production and destruction
rates is difficult since the measured HO2 and RO2 concen-
trations are below the detection limit.
[33] The peroxy radical budget is dominated by reactions

of OH with VOCs (50–70%), followed by production of
CH3O2 due to PAN decomposition (term P in equation
(16)). In the afternoon of 21 July the net PAN decom-

Figure 2. Correlation of calculated (MCM) and measured
radical concentrations at Pabstthum for (left) 20 July and
(right) 21 July. For OH the high-NOx and low-NOx regimes
are shown separately. HO2 and RO2 for NOx > 10 ppb are
not shown (below detection limits of MIESR and LIF). The
solid lines represent linear fits with the indicated slopes.

Figure 3. Speciation of RO2 as calculated by the MCM
for (left) 20 July and (right) 21 July. See color version of
this figure at back of this issue.
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position equals the production rate by OH + VOC. Destruc-
tion of the RO2 radicals is always dominated by reaction
with NO. Reactions of RO2 radicals with HO2 comprise a
minor contribution, except for the MIESR sample collected
around noon on 21 July. The gross destruction rate by
reaction of RO2 with NO reaches 3.5 ppb/hr two times
larger than the total RO2 production rate on 20 July. The
RO2 destruction and production rates on 21 July are
reasonably balanced.
[34] The ratios between the total production and destruc-

tion rates (P/D) of OH, HO2 and RO2 are shown in Figure 5.
The data are shown only for the low NOx regime, where the
MIESR measurements were significantly above the detec-
tion limit. In case of OH and HO2 it is found that the total
production rates are generally larger than the total destruc-
tion rates. The ratio P/D for RO2 is quite different for the
two days. On 20 July the RO2 production is considerable
smaller than destruction, except for the last measured point.
On 21 July the ratio P/D varies between 0.7 to 1.7. We note,
however, that recycling of RO2 from RO decomposition and
isomerisation is missing in the RO2 budgets. The contribu-
tion is difficult to calculate, as is described in section 3.2. In
order to estimate its influence, MCM model results are used
to correct the ratio P/D which is then shifted to net
production (1 < P/D < 2.3) on both days.
[35] The budget of HO2 is governed by production from

RO2 + NO and destruction by HO2 + NO (Figures 4a and
4b). The destruction and production terms are in balance
within 10% on 20 July (Figure 5, middle), whereas pro-
duction exceeds destruction by up to a factor of 1.6 on 21
July (Figure 5, middle).

[36] OH production exceeds destruction by up to a factors
of 2 and 3 on 20 and 21 July, respectively (Figure 5).
Production of OH is mainly due to reaction of HO2 with
NO during these periods (Figures 4a and 4b). The two
independent HO2 measurements (LIF and MIESR) agreed
within 10%. The accuracy of the NO measurements is
estimated to 5% [Volz-Thomas et al., 2003a, 2003b].
Likewise, the parameters used to calculate the OH produc-
tion from ozone photolysis have accuracies of 5% for O3,
H2O and 14% for J(O1D). Therefore, the imbalance is
unlikely caused by an overestimation of the production
terms, but points to a missing sink for OH. This imbalance
in the OH budget is in agreement with the overprediction
of OH by the model (Figure 1), which forces a balanced
budget.
[37] Overprediction of OH by constrained models was

observed in a number of studies [McKeen et al., 1997;
Hauglustaine et al., 1999; George et al., 1999; Carslaw et
al., 1999] and several mechanisms, i.e. missing VOC
reactivity and heterogeneous losses of OH and/or HO2 on
particles, were discussed as possible solutions for the
observed discrepancy. In order to balance the OH produc-
tion rates for 20 and 21 July an additional reactivity of 250–
300 ppt isoprene equivalents is required (0.6–0.75 s�1).
Such an additional amount of VOC reactivity would lead to
a corresponding increase in the production of RO2. Like-
wise, including such a reactivity in the MCM leads to an

Figure 4b. Major production and destruction rates of HO2

and RO2 during (left) 20 July and (right) 21 July calculated
from the observations. (top) HO2: k5 � RO2 � NO (blue
squares); k3 � OH � CO (black line); k4 � OH � HCHO
(yellow line); 2J(HCHO)radical � HCHO (gray line); HO2

destruction: k2 � HO2 � NO (green line, LIF) and pink
triangles (MIESR); k10 � HO2 � RO2 (brown circles,
MIESR); k9 � HO2 � HO2 (red line, LIF). (bottom) RO2: ki
� OH � VOCi + k7 � OH � CH4 (red line); CH3O2

production from PAN decomposition (blue line); RO2

Destruction: k5 � RO2 � NO (green squares); k10 � HO2

� RO2 (brown circles, MIESR). All values are in units of
ppb/hr. See color version of this figure at back of this issue.

Figure 4a. Major production and destruction rates of OH
during (left) 20 July and (right) 21 July calculated from the
observations. OH: k2 � HO2 � NO (green line: LIF, gray
circles: MIESR); k1 � H2O � O(1D) (pink line); J(HONO)
� HONO (yellow line); OH destruction: k8 � OH � NO2

(black line); ki � OH � VOCi (red line); k3 � OH � CO
(brown line). All values are in units of ppb/hr. See color
version of this figure at back of this issue.
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overestimation of the RO2 mixing ratio by almost a factor of
two. As a consequence, one would have to invoke VOCs or
some other unknown species that do not produce RO2

radicals upon oxidation by OH.
[38] The potential influence of heterogeneous radical

losses on the budgets of OH, HO2 and RO2 was investigated
in several studies [Cantrell et al.,1996; Saylor, 1997; Jacob,
2000; Kanaya et al., 2000]. At first approximation, the loss
rates can be estimated from the specific surface area (A) of
the particles and an uptake coefficient equation [cf., Car-
slaw et al., 1997]:

k ¼ g� RT=2pð Þ0:5�A ð19Þ

The specific surface area A (m2/m3) was measured on both
days with maximum values of 220 � 10�6 (m2/m3) on 20
July and 450 � 10�6 (m2/m3) on 21 July (Alicke, personal
communication, 1999). The uptake coefficient for HO2 was
found to be g > 0.025 on ice and g > 0.07 on sulphuric acid
(28%). For CH3C(O)O2, g was found to be even smaller,
�0.004 on water and �0.001 on sulphuric acid (51%)

[DeMore et al., 1997]. With these values for g, there was
little difference (<5%) in the modeled OH, HO2 and RO2

concentrations. In order to match the measured radical
concentrations on 20 July an uptake coefficient of 0.5 is
needed for both HO2 and RO2, similar to the value used by
Cantrell et al. [1996]. For 21 July, reasonable agreement
within 20% is achieved for the OH concentration. The
modeled HO2 and RO2 concentration are reduced by 20%,
thus the overprediction remains high and is not resolved by
including heterogeneous losses.
[39] A significant difference between the two days is the

larger role of PAN in the RO2 budget on 21 July because of
slightly higher concentrations and the higher temperature.
We have investigated the sensitivity of MCM to PAN by
setting its concentration to zero. This extreme case scenario
reduced the models overprediction of RO2 on 21 July by
about 20% and had practically no influence on the RO2

concentrations on 20 July. Therefore errors in the rate
coefficients for PAN decomposition or formation are
unlikely the reason for the discrepancy in the RO2 budget
on 21 July.

5.2. HO2/OH Ratios

[40] The discussion of the radical budgets has shown that
the production and destruction of OH, HO2, and RO2 is
dominated by the reactions which convert these radicals into
each other. Accordingly, the HO2/OH ratio would be
expected to be controlled by the interconversion reactions
as estimated by the simple steady state expression in
reaction (16). The result of this simple model is plotted in
panel F of Figure 1 (left and right) (dotted lines) and can be
compared to the full MCM model calculation (solid lines).
On both days the simple equation and the complex MCM
model yield very similar results. The model predictions are
in general good agreement with the observed HO2/OH ratio
on 20 July, which suggests that the interconversion reac-
tions for OH and HO2 are sufficiently well understood on
this day. This is apparently not the case on the other day, 21
July, where the MCM and the simple model both fail to
reproduce the observed variability of HO2/OH. The var-
iance is most likely due to strong fluctuations in the
concentrations of isoprene and other biogenic VOCs that
are advected from the nearby forest. These variations are not
resolved by the gas chromatographic measurements which
represent 20 min averages [Konrad et al., 2003]. The
apparent discrepancy between model and radical concen-
trations thus highlights the need for time resolved VOC
measurements in situations, where close by sources cannot
be ruled out. Quite different results have been reported
recently by Tan et al. [2001] for an environment, where
much higher isoprene concentrations (several ppb) were
present. In the PROPHET campaign they measured OH and
HO2 inside a deciduous forest at low NOx (<1ppb) for low
NOx conditions. For the modeled HO2 they found good
agreement with the observations, whereas the model was
generally unable to match the measured OH, with the
observations 2.7 times greater than the model on average.
As a result, the modeled HO2/OH ratios were 2.5–4 times
higher than the measured ratios, indicating that the cycling
between OH and HO2 was poorly described by the model
[Tan et al., 2001]. The results from PROPHET and BER-
LIOZ suggest that biogenic VOC possibly have a complex

Figure 5. Diurnal variation of the ratio of total production
and destruction rates for the different radicals on (left) 20
July and (right) 21 July for (top) OH (triangles from LIF
data, rectangles from MIESR data), (middle) HO2 (from
MIESR data), and (bottom) RO2 (from MIESR data, solid
rectangles without RO chemistry, open rectangles including
RO chemistry).
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influence on the tropospheric photochemical system which
is not yet well understood.

5.3. RO2/HO2 Ratios

[41] Figure 6 shows the dependence of RO2/HO2 as
measured at Pabstthum with those obtained during several
previous campaigns at Schauinsland in the Black Forest,
Germany, as a function of the prevailing NO mixing ratio.
Moreover, the MCM model predictions for Pabstthum are
included in the Figure 6. The data are selected for J(NO2)
> 0.004 s�1. The measurements at Schauinsland show
RO2/HO2 ratios of up to 5 at low NO concentrations. The
ratio declines rapidly at NO > 0.3 ppb to a value of
around 1. Note that the RO2 and HO2 concentrations are
near to or below the detection limit of the MIESR for NO
> 1.6 ppb. For the conditions at Pabstthum the MCM
predicts RO2/HO2 ratios of about one, almost independent
of the NO mixing ratio between 0.05 and 10 ppb in
excellent agreement with the MIESR data. The simple
steady state model (reaction (17)) predicts much lower
ratios since it does not account for RO2 recycling from
the decomposition and isomerisation of the alkoxy radi-
cals. Obviously, MCM describes most of these processes
correctly.
[42] Stevens et al. [1997] discuss RO2/HO2 ratios for the

TOPHE campaign at Idaho Hill which were derived from
the combination of CA data (RO2 + HO2) and HO2

measurements by LIF. They find ratios of about 4–5 under
clean conditions (NO < 0.2 ppb) in good agreement with
the data from Schauinsland. The model used by Stevens et
al. [1997] predicts a RO2/HO2 ratio of about one, in
agreement with the MCM results for Pabstthum. It seems
therefore that the current chemical mechanisms miss an
important process that leads to higher RO2/HO2 ratios at
low NOx concentrations.
[43] Under polluted conditions (NO > 1.5 ppb), however,

these authors find RO2/HO2 ratios of 12–14, much higher
than what is observed at either Pabstthum or Schauinsland.
The very large RO2/HO2 ratios observed by Stevens et al.

[1997] in the presence of 1.6–1.9 ppb NO are almost
exclusively due the very high RO2 + HO2 concentrations
(5–11 ppt) measured by the chemical amplifier [Cantrell
et al., 1997]. The coexistence of such high RO2 and NO
mixing ratios is impossible to explain with our current
understanding of the radical chemistry and disagrees with
MIESR measurements from several campaigns. Stevens et
al. [1997] discuss two possible solutions for the discrep-
ancy between the model and their measurements: A 10
times smaller value for the rate coefficient of reaction (5)
RO2 + NO and a factor of 5 larger rate coefficients for
the recombination reactions of RO2 with HO2. The major
improvement comes from reaction (5), since the peroxy
radical recombination has little influence on the RO2/HO2

ratio except for conditions where NOx is extremely low.
The VOC reactivity at Idaho Hill under high-NOx con-
ditions is dominated by isoprene of (�2.1 s�1), followed
by ethene (�1 s�1), propene (�1 s�1) and HCHO of
(�0.65 s�1). It is difficult to believe that the RO2 radicals,
produced by oxidation of these hydrocarbons, would react
10 times more slowly than recommended by Atkinson
[1997]. For example, the measured rate constants for the
hydroxyalkyl peroxy radicals HOCH2CH2O2 (9 � 10�12

cm3 s�1 [Le Bras, 1997]) and OHC(CH3)2CCH2O2 (4.9 �
10�12 cm3 s�1 [Wallington et al., 1997]) are within a
factor 2 of the recommendation for the corresponding
alkyl peroxy radicals [Atkinson, 2000]. Also, a 10 times
smaller rate coefficient for RO2 + NO would lead to even
larger discrepancies for the NO/NO2 ratio derived from
the direct measurements and from the photostationary state
(PSS) (see discussion by Volz-Thomas et al. [2003b]).
[44] Aerosol formation during the photooxidation of

biogenic VOC would be another possible reason for
decreasing the HO2 production from the initial RO2 radi-
cals. The yield of aerosol formation was measured by
Pandis et al. [1991] for several compounds and ranged
from negligible in the case of isoprene, 30–40% for b-
pinene and limonene, to 100% for trans-caryophyllene.
Hoffmann et al. [1997] note, however, that ozonolysis is
responsible for most of the aerosol formation in the oxida-
tion of the biogenic monoterpenes and sesquiterpenes in
their studies.

6. Ozone Production Rates

[45] It is generally assumed [cf., Volz et al., 1988; Ridley
et al., 1992; Kleinman et al., 1995; Frost et al., 1998] that
the photochemical ozone formation rate P(O3) is approx-
imately determined by the rate at which NO is oxidized to
NO2 by reaction with peroxy radicals (HO2 and RO2 (see
reactions (2) and (5) in Table 2). In this approach, the minor
pathway of the higher organic peroxy radicals that leads to
formation of organic nitrates and the loss of NO2 by
reaction with OH are neglected. In this respect reaction
(20) represents an upper limit for P(O3).

P O3ð Þ ¼ NO½ � � k2 HO2½ � þ � k5i RO2½ �i
� �� �

ffi NO½ � � k2 HO2½ � þ k5 RO2½ �f g ð20Þ

The ozone production rate data for Pabstthum on 20 and
21 July are shown in Figure 7 as a function of NO,

Figure 6. Ratios of RO2 to hydroperoxy radicals for
different NO concentrations measured by MIESR during
field campaigns in 1989, 1990, 1992 and 1994 at
Schauinsland (open circles) and during BERLIOZ (mea-
surements shaded square, and solid diamonds, MCM
calculations). The data represent half hourly values and
are filtered for J(NO2) � 0.004 s�1.
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denoted by the filled circles. Note that both scales are
logarithmic. Also shown are values for P(O3) obtained
from earlier campaigns at Schauinsland (1989, 1990, 1992,
1994) and Tenerife [1995]. In each case, P(O3) was
calculated from the peroxy radical concentrations measured
by MIESR and the average NO concentration in the
MIESR sampling period data and selected for J(NO2) >
0.004 s�1. An average rate coefficient of k5 = 8.6 � 10�12

cm3 s�1 for the reaction of organic peroxy radicals with
NO was estimated from the evaluation of the different rate
coefficients by [Atkinson, 1997] and the partitioning of the
radicals provided by MCM. For HO2, the rate coefficient
by Bohn and Zetzsch [1997] was used.
[46] The observed O3 production rate at Pabstthum shows

a strong increase with the NO mixing ratio between 0.1 and
0.3 ppb, where P(O3) reaches a maximum value of 8 ppb/hr.
The dependence of P(O3) on NO at concentrations below
0.3 ppb has a positive slope of 53 ppb/hr per ppb NO.
Above 0.5 ppb NO the rate of ozone production decreases
linearly with a slope of 3.3 (ppb/hr)/(ppb NO). This behav-
ior can be compared with the P(O3) data obtained from
Schauinsland and Tenerife. The corresponding peroxy rad-
ical and NO measurements at Schauinsland were made in
May 1989, August 1990, September 1992, and August
1994. [Mihelcic and Volz-Thomas, 1994]. At Izana, Tener-
ife, measurements were performed during the OCTA (Oxi-
dizing Capacity of the Tropospheric Atmosphere) intensive
in August 1993 [Schultz, 1995; Fischer et al., 1998; Zenker
et al., 1998]. The P(O3) data from these campaigns show a
similar behavior as was observed at Pabstthum. A strong,
nearly linear increase with the NO mixing ratio is found
between 0.02 and 0.25 ppb, where P(O3) reaches a max-
imum value of 10 ppb/hr. At NO values above 0.3 ppb,
P(O3) decreases slowly with further increasing NO concen-

trations. The linear increase below 0.3 ppb NO has a slope
that is about 30% smaller than observed during the BER-
LIOZ campaign, whereas the decreasing trend of P(O3)
above 0.5 ppb NO is very similar to what is found at
Pabstthum. The scatter of the P(O3) data over the whole
range of the NO mixing ratios is relatively low, suggesting
some similarity of the ozone production for the three
different places in Europe.
[47] A similar dependence of the ozone production rate

on the NO concentration was calculated using a steady
photochemical model by Kleinman et al. [2000]. The
calculated P(O3) show a maximum value of up to 11 ppb/
hr, and shows nearly linear dependence of P(O3) on NO, at
NO concentrations below 0.25 ppb [Kleinman et al., 2000].
Frost et al. [1998] investigated the dependence of the ozone
production on NOx. They found a slope for low [NOx] (<2
ppb) of about 6 [ppb/hr]/[ppb NOx]. This is in the same
order of magnitude as our observation of about 7 [ppb/hr]/
[ppb NOx]. Nevertheless, their maximum value of ozone
production, calculated from [ROx] measurements by chem-
ical amplifier techniques [Cantrell et al., 1992, 1993] was
about a factor of 4 higher than ours, because of the higher
isoprene concentrations during the ROSE campaign.

7. Summary and Conclusions

[48] In this paper we have analyzed radical measure-
ments of OH, HO2, and RO2, which were obtained in a
rural environment near the city of Berlin on two intensive
days (20 and 21 July) in summer 1998. On both days the
atmospheric conditions were characterized by high-NOx

levels (10–30 ppb) in the morning, followed by a tran-
sition to relatively low NOx concentrations, which were
about an order of magnitude smaller and persisted until the
evening. The two days were distinctly different with
respect to the chemical composition of the VOC. On 21
July high isoprene levels were encountered, indicating the
advection of biogenic VOC emissions from a nearby mixed
forest.
[49] The concentrations and diurnal variations of the

radicals showed a similar behavior for the two days.
Relatively high OH concentrations of (2–4) � 106 cm�3

were observed at high NOx in the morning, while HO2 and
RO2 remained near the detection limit (�1–2 ppt) for these
conditions. At low NOx the concentrations of OH reached
(6–8) � 106 cm�3 at local noon, while HO2 and RO2

reached 20–30 ppt, each. The HO2/OH ratio varied from 10
to 240, with higher values observed at low NOx. The RO2/
HO2 ratio was quite constant and showed values between
�0.75 and 1.0 during daytime.
[50] The observed radical concentrations and their ratios

have been compared with model simulations using a
Master Chemical Mechanism (MCM) that was con-
strained by measured values of a comprehensive suite
of trace gases and photolysis frequencies. Main features
of the diurnal radical cycles are reasonably reproduced by
the model, for example the strong increase of the radicals
during the transition from high- to low-NOx conditions.
At high NOx the concentration of OH is well described
by the model with only slight overpredictions (�10% on
July 20, �30% on 21 July). The analysis of the radical
budget has shown that in this case OH was strongly

Figure 7. Comparison of the ozone production rate
calculated from the measured radical concentrations
(reaction 20) during the BERLIOZ campaign (solid
circles) to those calculated from the MIESR measure-
ments made during several campaigns at Schauinsland
(summer 1989, 1990, 1992 and 1994, squares) and in
August 1993 at Izana, Tenerife (triangles). The simulta-
neously observed NO mixing ratio is used as abscissa.
The data represent half hourly values and are filtered for
J(NO2) � 0.004 s�1.
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influenced by the primary production via photolysis of
HONO and O3, and the destruction of OH via the reaction
with NO2. For the peroxy radicals the model predictions
agree with the observed low concentration values. A
precise comparison is not possible in this case, because
the peroxy radical measurements were at the detection
limit.
[51] At low NOx the model generally tends to over-

estimate all radicals (OH, HO2, RO2) by varying amounts.
OH is overpredicted by a factor of 1.5–1.7 on the two
days. In case of the peroxy radicals the overprediction on
July 21 is larger than on the previous day, reaching a
factor of 2 or more, when isoprene concentrations were
high. In general the ratios HO2/OH and RO2/HO2 are
much better reproduced by the model than the individual
measurements. On 20 July the modeled ratios agree
within 20% with the observations. On the following
day, the model fails to reproduce the large variability
of the experimental HO2/OH ratio. The observed variance
on this day was likely due to fluctuations of isoprene
and other biogenic VOC from nearby sources, which
were not resolved by the gas chromatographic measure-
ments and therefore not appropriately considered in the
model.
[52] The analysis of the radical budgets has been per-

formed almost completely on the basis of field observations.
The analysis shows that the recycling reactions, which
interconvert OH, HO2, and RO2, dominate the chemical
turnover and the ratios of the radicals under the conditions
of BERLIOZ at NOx levels below 10 ppb. Thus, the
agreement of the modeled and observed ratios HO2/OH
and RO2/HO2 demonstrates that the radical recycling is
reasonably well described by the model, at least for the
conditions on 20 July. The measured radical ratios have also
been compared with the result of a simple steady state
model, which only accounts for cycling reactions of the
radicals. The simple model reproduces the observed HO2/
OH ratio as well as the complex MCM model, but under-
estimates the RO2/HO2 ratio by a factor 1.2–1.8. This factor
reflects the efficiency of the neglected RO2 recycling from
the decomposition and isomerisation of the alkoxy radicals.
Apparently the MCM model accounts for most of these
processes correctly.
[53] The general model overprediction of the radicals at

low NOx is consistent with the empirical radical budgets,
which show that the total production rates are larger than
the total destruction rates for this condition. Since there is
no experimental evidence that the production rates are
determined too high, the budgets can only be balanced
by additional radical sinks, which do not recycle OH, HO2,
or RO2. No process could be identified that would quanti-
tatively explain this kind of radical loss. Missing VOC in
the model could be responsible for the overprediction of
OH, but would not explain the overprediction of HO2 and
RO2. Loss of OH by the reaction with HX (X = Br, I)
would lower the radical concentrations, but unreasonably
high HX concentrations in the order of one ppb would be
required to explain the observed OH. Heterogeneous loss
processes on aerosol can be ruled out as an unlikely
explanation, since an uptake coefficient of about 0.5 would
be needed, which is much larger than laboratory measure-
ments suggest.

[54] The measured peroxy radicals have been used to
estimate the local ozone production rate during BERLIOZ.
The production rate was found to increase linearly with
NO below 0.3 ppb NO and to decrease above 0.5 ppb NO.
The maximum rate of 8 ppb/hr was encountered at 0.3
ppb NO. A similar behavior of the ozone production rate
has been derived from previous peroxy radical measure-
ments at Schauinsland in the Black Forest and Tenerife,
where the maximum O3 production never exceeded values
of 10 ppb/hr.
[55] In conclusion, the comprehensive data set of radical

measurements at BERLIOZ has given interesting insight
into the photochemistry of the lower troposphere and has
confirmed important aspects in the tropospheric master
chemical mechanism. There remain, however, significant
deficiencies in the model, such as the model overprediction
of the radicals, for which no conclusive explanation has
been found. The role of biogenic VOC as a sink of OH and
source of peroxy radicals requires more attention. In this
respect, the development of faster VOC measurement tech-
niques with a time resolution of about a few minutes would
support greatly future field studies of the fast radical photo-
chemistry.
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Figure 3. Speciation of RO2 as calculated by the MCM for (left) 20 July and (right) 21 July.
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Figure 4a. Major production and destruction rates of OH during (left) 20 July and (right) 21 July
calculated from the observations. OH: k2 � HO2 � NO (green line: LIF, gray circles: MIESR); k1 � H2O
� O(1D) (pink line); J(HONO) � HONO (yellow line); OH destruction: k8 � OH � NO2 (black line); ki
� OH � VOCi (red line); k3 � OH � CO (brown line). All values are in units of ppb/hr.

Figure 4b. Major production and destruction rates of HO2 and RO2 during (left) 20 July and (right) 21
July calculated from the observations. (top) HO2: k5 � RO2 � NO (blue squares); k3 � OH � CO (black
line); k4 � OH � HCHO (yellow line); 2J(HCHO)radical � HCHO (gray line); HO2 destruction: k2 �
HO2 � NO (green line, LIF) and pink triangles (MIESR); k10 � HO2 � RO2 (brown circles, MIESR); k9
� HO2 � HO2 (red line, LIF). (bottom) RO2: ki � OH � VOCi + k7 � OH � CH4 (red line); CH3O2

production from PAN decomposition (blue line); RO2 Destruction: k5 � RO2 � NO (green squares); k10
� HO2 � RO2 (brown circles, MIESR). All values are in units of ppb/hr.
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