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Abstract—The measurement of monocyclic aromatic hydrocarbons by Differential Optical Absorption
Spectroscopy (DOAS) and Differential Absorption LIDAR (DIAL) in the atmosphere suffers from interfer-
ence by the three forbidden Herzberg band systems of O

2
and a fourth band system due to the dimers

O
2
—O

2
and O

2
—N

2
at wavelengths below 287 nm. Due to the lack of reference spectra in digital form, until

now the oxygen absorptions were difficult to eliminate from atmospheric absorption spectra. In this work,
reference spectra of the Herzberg bands of oxygen are presented, that allow to eliminate this oxygen
interference for practical purposes. Two sets of oxygen reference spectra were recorded between 240 and
290 nm with spectral resolutions of 0.15 nm (FWHM) and 0.05 nm. Spectra were taken at 240 and 720 m
absorption path lengths in several mixtures of oxygen and nitrogen from 10% O

2
/90% N

2
to 100% pure

O
2

at atmospheric pressure (O
2

column densities from 6]1022 to 1.8]1024 molecules cm~2). At the
resolution of the measurements, the rotational structure of the Herzberg I band Q-branches is not resolved.
Therefore, saturation effects of individual transitions of the Herzberg I bands can cause the observed band
shape to vary with the column density of oxygen. This apparent deviation from Lambert Beer’s law can lead
to problems with the oxygen correction of atmospheric DOAS measurements. In the practical application
of the oxygen reference spectra, additional problems arise, because the ratio of molecular absorption in the
Herzberg bands and dimer absorption changes when the partial pressure of oxygen is varied. Even though
this effect is reduced due to the presence of N

2
it needs to be accounted for, if the spectra are applied to

atmospheric measurements. Solutions to these problems are discussed and demonstrated together with
methods to optimize DOAS measurements of aromatic hydrocarbons. As sample application the oxygen
reference spectra were used to correct DOAS measurements of monocyclic aromatic hydrocarbons carried
out in the urban air of Heidelberg. Simultaneous time series of mixing ratios are presented for benzene,
toluene, p-xylene, m-xylene and phenol. Mean concentrations were found to be 1.8, 2.5, 0.8, 1.2 ppb and
77 ppt, respectively. The spectra are available in digital form from the authors upon e-mail request. ( 1998
Elsevier Science Ltd. All rights reserved

Key word index: Herzberg bands, oxygen, DOAS, monocyclic aromatic hydrocarbons, phenol, atmo-
sphere.

1. INTRODUCTION

1.1. ¼hy measure monocyclic aromatic hydrocarbons
in the atmosphere?

Aromatic hydrocarbons represent an important
fraction (about 30 % (w/w) in urban air) of all non-
methane hydrocarbons (NMHCs) (Ioffe et al., 1979;
Becker, 1994). This fraction is nowadays increasing,
because larger amounts of aromatics are added to
presently used fuel. Even in rural areas, monocyclic
aromatic hydrocarbons can contribute about 10% of
the NMHCs (Nutmagul and Cronn, 1985).

*Author to whom correspondance should be adressed.
Now at: CEAM, ES-46980 Paterna, Valencia, Spain. E-mail:
volkamer@ceam.es

Monocyclic aromatic hydrocarbons contribute to
urban air pollution in four ways: First, they are in part
toxic (e.g. phenol, isomers of cresol) and carcinogenic
(i.e. benzene). Second, due to their high reactivity
towards the OH-radical (Atkinson, 1994) they under-
go photochemical oxidation and thereby promote
photo-oxidant formation. Even though these mecha-
nisms are not understood in detail till now, model
calculations indicate that daytime oxidation of aro-
matics leads to the formation of up to 40% of the
photooxidants formed from VOCs (Derwent et al.,
1996). Additionally, OH-substituted aromatic (phen-
olic) compounds like phenol and cresol-isomers are
highly reactive towards the NO

3
-radical. Even the

low NO
3

concentrations during daytime (around
0.1 ppt) might be of importance for their daytime
degradation. Third, NO

3
reactions with aromatic
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species, i.e. phenolic compounds initiate their oxida-
tion at nighttime since the NO

3
levels at night exceed

the daytime concentrations by about three orders of
magnitude. NO

3
radical attack on VOCs leads to the

formation of RO
2

radicals, which directly contribute
to the oxidation capacity of the nighttime atmosphere
(Platt et al., 1990) and indirectly promote higher rad-
ical and ozone formation during the day. Fourth,
photochemical degradation products from aromatic
hydrocarbons are likely to be an important aerosol
source in urban air (Odum et al., 1997).

Overall aromatic species are a potential risk for
human health and promote photochemical smog in
the urban atmosphere.

1.2. Sources of monocyclic aromatic hydrocarbons

Major sources of monocyclic aromatic hydrocar-
bons are linked to anthropogenic activity. In urban
air, cars are the dominant source for benzene, toluene
and the isomers of xylene (BTX). These aromatics are
added to fuel and are emitted to the urban atmo-
sphere as part of automobile exhaust (Westerholm et
al., 1992). In recent years higher amounts of aromatics
are being added as a lead substitute and their urban
atmospheric concentration has increased consider-
ably (Perry and Gee, 1994). Additional BTX sources
are gasoline evaporation and spillage, fuelwood utilis-
ation (Piccot et al., 1992), emission during chemical
manufacturing (e.g. solvent use, refuse disposal) (Eit-
zer, 1995) as well as household chemicals (Sack et al.,
1992).

In rural areas, an important contribution to the
aromatic budget is transport from polluted and indus-
trialized regions (Penkett, 1993). Natural sources of
aromatic compounds include biomass burning (Black
et al., 1994; Eyde and Richards, 1991), volcanic erup-
tions (Isidorov et al., 1990) as well as the biogenic
production in sediments (Hunt et al., 1980), seawater
and lakes (Juettner and Henatsch, 1986).

1.3. Measurement techniques for aromatic hydrocar-
bons in the atmosphere

With aromatic hydrocarbons gaining importance
for atmospheric chemistry a number of measurement
techniques has been developed for their detection.
Table 1 sumarizes these methods and gives detectable
aromatic compounds as well as respective time resolu-
tion and approximate detection limits. To date, the
most common method for measuring aromatic VOCs
is the combination of gas chromatography (GC) with
flame-ionisation detection (FID), photoionzation de-
tection (PID) or mass-spectrometry (MS). The major
advantage of GC techniques are low detection limits
(below 2 ppt) for a large number of aromatics (and
other VOCs) (Dewulf and Langenhove, 1997). On the
other hand similar retention times for different
isomers of one species and complications due to
chemical loss in the sampling procedure, e.g. of cresol-
isomers may cause problems. In contrast to that,
spectroscopic techniques allow a direct in-situ detec-

tion without wall losses. Aromatic hydrocarbons ab-
sorb radiation in both, the infrared (IR) and ultra-
violet (UV) spectral range, and until now, were
detected by Fourier Transform InfraRed (FTIR)
(Fateley et al., 1995) spectroscopy (2.5—14 km) as well
as by Differential Absorption Light Direction and
Ranging (Differential Absorption LIDAR or DIAL)
(Milton et al., 1992) and Differential Optical Absorp-
tion Spectroscopy (DOAS) in the UV region
(240—290 nm) (Axelsson et al., 1995; Trost, 1997). UV
spectroscopic techniques prove to be more sensitive
than FTIR. DOAS detection limits for a number of
aromatic VOCs are well below one ppb, while DIAL
detection limits for benzene and toluene, the only
compounds detected with DIAL so far, are of the
order of a few ppb.

1.4. DOAS measurements of aromatic hydrocarbons

DOAS is based on detecting narrow absorption
features of molecules, which absorb light following
Lambert—Beer’s law:
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Equation (1) defines the optical density D, where
I
0
(j,¸) represents the light intensity in the absence of

any extinction and I (j, ¸) is the remaining intensity
after the light has been reduced by attenuation due to
Rayleigh- and Mie-scattering (absorption coefficients
k
R!:-%*')

(j) and k
M*%

(j)) as well as by several atmo-
spheric absorbers (n absorbers, absorption cross sec-
tion p

i
(j)), concentration C

i
) (Platt and Perner, 1983).

The quantitiy ¸ represents the absorption path length
in the atmosphere (typically a few 100 m to some
1000 m).

High-pass filters remove broadband (continuum)
variation of the cross section as well as the wavelength
dependency of the measured spectra due to Rayleigh-
and Mie-scattering and the lamp. Reference spec-
tra (p(j)) taken in the laboratory then allow each
absorber to be identified by its specific ‘‘fingerprint’’ in
the measured spectrum using nonlinear least square
fitting (Stutz and Platt, 1996). Concentrations of the
respective species are then calculated from the fit
coefficients using Lambert—Beer’s law. If all absorbers
that show absorption in the observed wavelength
interval are removed from the measured spectrum by
subtracting their scaled reference spectra, a residual
structure will remain, basically representing the elec-
tronic noise of the instrument. Major advantages of
the DOAS technique are the absence of wall losses e.g.
in sampling tubes, a good time resolution (see Table 1)
and its inherent calibration, which only depends on
the cross sections applied for data evaluation (Platt,
1994).

DOAS measurements of monocyclic aromatic hydro-
carbons in the atmosphere so far include benzene,
toluene (Loefgren, 1992; Sandroni et al., 1994;
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Table 1. Measurement techniques for aromatic hydrocarbons in the atmosphere. The major advantage of gas chromato-
graphic measurement techniques are low detection limits, meanwhile spectroscopic measurement techniques allow a non
invasive and inherently calibrated detection of e.g. aromatic hydrocarbons. With these techniques DOAS proves to be most

sensitive

Measurement Detectable aromatic Time Sensitivity References
Technique hydrocarbons resolution

GC—FID Benzene 20 min to 0.3—1.2 ppt Nutmagul and Cronn (1985)
Toluene 1 h 30 min Greenberg et al. (1994)

Xylene-Isomers
F

GC—MS Benzene 0.5—1.8 ppt Helmig and Greenberg (1994)
Toluene Dewulf et al. (1996)

Xylene-Isomers
F

GC—PID Benzene 0.5—2 ppt Rudolf et al. (1986)
Toluene

Xylene-Isomers
F

REMPI- Benzene 10 ms 1 ppm Franzen et al. (1995)
TOF MS Toluene 1 ppm

Xylene-Isomers 1 ppm

FTIR Benzene 4 ppb! Fateley et al. (1995)
Toluene 6 ppb!

Xylene-Isomers 2 ppb!

F

DIAL Benzene 25 s to 10 ppb Milton et al. (1992)
Toluene 20 min 5 ppb Weitkamp et al. (1996)

DOAS Benzene 1 min" to 0.2 ppb"—0.8 ppb# This work
Toluene 30 min# 0.2 ppb"—0.7 ppb#

p-Xylene 0.1 ppb"—0.4 ppb#

m-Xylene 0.4 ppb"—1.5 ppb#

o-Xylene 0.8 ppb"—3.4 ppb!

Benzaldehyde 46 ppt"—190 ppt!
Ethylbenzene 560 ppt"—2.4 ppb!

Styrene 122 ppt"—510 ppt!
Trimethylbenzene-Isomers 0.6 ppb"—2.6 ppb!

Phenol 14 ppt"—60 ppt#
p-Cresol 19 ppt"—80 ppt!
m-Cresol 65 ppt"—270 ppt!
o-Cresol 86 ppt"—360 ppt!

Dimethylphenol-Isomers (0.7 ppb"—(3 ppb!

! Corresponding pathlength ¸"480 m.
"Long path DOAS, path length ¸"2000 m, 0.15 nm resolution, calculated from Etzkorn et al. (1998).
# White Cell DOAS, path length ¸"480 m, 0.15 nm resolution, observed in this work.

Partridge et al., 1995; Ottobrini et al., 1996), xylene-
isomers (Conner and Stevens, 1991; Wilkerson et al.,
1992; Barrefors, 1996), benzaldehyde (Pitts et al., 1984;
Trost, 1997), ethylbenzene, trimethylbenzene-isomers
(Axelsson et al., 1995; Brocco et al., 1997) and phenol
(Trost, 1997). DOAS measurements of cresol-isomers
are reported from outdoor smog chamber experi-
ments (Etzkorn, 1998; Marti&n-Reviejo et al., 1996).

1.5. Problems with DOAS measurements of aromatic
species in the atmosphere

The major problem with DOAS measurements of
aromatic hydrocarbons is oxygen interference with
the aromatic species, as illustrated in Fig. 1 for some
of the most important aromatic species in the atmo-
sphere. Overlap of oxygen absorption consequently
has to be accounted for, when reliable measurements

of aromatic concentrations in semipolluted urban air
and rural air are to be carried out. In the DOAS
literature on measurements of aromatic hydrocarbons
only sparse information is given about the correction
of the O

2
absorption (Wilkerson et al., 1992; Brocco

et al., 1997). Conner and Stevens (1991) simulta-
neously measured benzene concentrations by GC
techniques and DOAS on two different light paths
with different path lengths. They found average con-
centrations of benzene (averaged over a period of
several weeks) measured by DOAS to be 60% higher
on the short light path and to be 120% higher on the
long light path than the corresponding ‘GC’ concen-
trations, which in part might be due to O

2
contribu-

tion to the benzene signal at low resolution. Sandroni
et al. (1994) state that benzene data need an offset
adjustment. Moreover, Wilkerson et al. (1992) found
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striking discrepancies with DOAS measurements of
toluene and suggests O

2
interference as a possible

error source.
For atmospheric conditions no reference spectrum

of the Herzberg bands is available in the literature,
and the O

2
absorption, if accounted for at all, was

corrected by a ‘‘zero’’ reference spectrum taken in
‘‘clean’’ air (Axelsson et al., 1995; Trost, 1997). The
disadvantage of this method is that it only allows
access to the variations of the aromatic concentra-
tions in the atmosphere, and introduces an unknown
negative offset for all species present in the ‘‘zero’’
spectrum, as this spectrum is subtracted from each
measured spectrum.

To characterize the magnitude of the O
2

interfer-
ence with DOAS measurements of aromatic hydro-
carbons the signal of benzene in a measured spectrum
can be compared to that of the nearby O

2
band at

259 nm. At a path length of 500 m, atmospheric
O

2
bands have an optical density (see equation (1))

of +8]10~2 (measured value) at a resolution of
0.15 nm. Assuming a mixing ratio for benzene of
2 ppb, a typical level in the urban air of Heidelberg,
the optical density of the benzene absorption will be
2.5]10~3. That means, that the O

2
absorption will

dominate the measured spectrum being larger by a
factor of +30 than the benzene signal. Fortunately,
most aromatic species show their strongest absorp-
tion bands towards longer wavelength, where the
O

2
absorption is weaker (see Fig. 1), but still the

O
2
absorption bands are likely to be stronger than the

aromatic absorption, since most aromatics are pres-
ent at lower concentrations than benzene.

In fact, DOAS measurements of aromatic hydro-
carbons pose further problems that are not necessarily
related to the O

2
interference. Comparison of atmo-

spheric DOAS long path measurements of aromatic
hydrocarbons (benzene, toluene, o-, p-xylene) with
simultaneous measurements using GC techniques at
several points along the light pass have demonstrated
correlations of varying quality (Conner and Stevens,
1991; Loefgren, 1992; Barrefors, 1996) suggesting that
interference effects (see below) and incorrect calib-
ration may explain the differing results. Good correla-
tions were found only in homogeneously mixed rural
air with poorer correlations at low concentrations
(Loefgren, 1992) where O

2
interference is a major

problem.
Barrefors (1996) found poor correlation of long-

path DOAS data with simultaneously measured GC
data, that can not be explained by inhomogenities of
the atmosphere. He suggests, that severe interference
effects due to the simultaneous presence of several
aromatic hydrocarbons with similar spectra may be
the cause for incorrect DOAS results. Similar consid-
erations were first mentioned by Conner and Stevens
(1991) and are discussed in more detail by Axelsson
et al. (1995). Partly these problems are due to low
resolution of the spectrometers used for the measure-
ments. The overlap of spectral structures of indivi-

dual aromatic species (see Fig. 1) in principle is no
problem for DOAS measurements (with the exception
of higher alkylbenzenes), since at the resolution of the
cross sections shown the absorption bands are well
separated. Furthermore, the high pass filters applied
in the evaluation procedure can be optimized to re-
duce cross sensitivities (see Section 3.3.1). Another,
more general problem is due to the calibration of the
measurements. In the literature only sparse informa-
tion is given on the absorption cross sections used for
the calibration of DOAS measurements of aromatic
hydrocarbons (see Etzkorn et al., 1998 for details).

1.6. ¹he Herzberg bands of O
2

In the UV spectral region below 300 nm O
2

mol-
ecules show weak absorption due to electronic excita-
tion in the Herzberg I (A3&`

6
QX3&~

'
), Herzberg II

(c1&~
6
QX3&~

'
) and Herzberg III (A@3*

6
QX3&~

'
)

transitions, the latter giving rise to additional diffuse
absorption bands due to O

2
-dimers. Classified as elec-

tric dipole forbidden transitions, the Herzberg bands
gain strength by inner mixing processes (Kerr and
Watson, 1986; England et al., 1996). All four band
systems strongly overlap, extending from the joint
dissociation limit of O

2
at 242.9 nm towards longer

wavelengths with the absorption becoming negligible
above 287 nm.

Since their discovery by Dr. Gerhard Herzberg
(Herzberg, 1932, 1952) the Herzberg bands have been
extensively studied in the past to quantitatively
understand odd oxygen (O, O

3
) formation (Chapman

cycle) in the stratosphere, most recently in conjunc-
tion with the ‘‘ozone deficit problem’’ (Miller et al.,
1994). Measurements on the Herzberg band systems
were therefore carried out in order to quantify the
relative contributions of the three transitions to the
absorption in the Herzberg continuum, which at
wavelengths shorter than 242.9 nm adjoins the Herz-
berg bands and is a primary source for 3P oxygen
atoms in the stratosphere (Amoruso et al., 1996). The-
oretical approaches were made to estimate potential
curves of the Herzberg states and transition moments
of the Herzberg band systems. More accurate molecu-
lar constants of the X3&~

'
ground state and the

A3&`
6
, c1&~

6
, A@3*

6
Herzberg states were determined

by Ramsay (1986), Borrell et al. (1986) and Coquart
and Ramsay (1986), who re-examined Herzberg’s
work using longer absorption paths and higher re-
solution. Huestis et al. (1994) used the discrete struc-
ture of the Herzberg bands below 258 nm to calculate
absolute oscillator strengths for all three systems,
showing the Herzberg I transition to be more than
one order of magnitude stronger than the Herzberg II
and Herzberg III systems. Recently, Yoshino et al.
(1994) presented rotationally resolved data of the Herz-
berg I bands below 270 nm yielding significantly high-
er results for the absolute oscillator strength than
Huestis et al. (1994), which is in agreement with data
from other authors (Hasson and Nicholls, 1971; Bao
et al., 1995). England et al. (1996) used Yoshino’s data
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Fig. 1. Interference of O
2

with the DOAS measurement of aromatic species: Comparison of the differential
structure of O

2
(Herzberg band system) as described in Section 2.1 with the absorption cross sections of

some of the most important aromatic hydrocarbons in the atmosphere (Trost et al., 1997). The strong
spectral overlap of oxygen absorption with aromatic absorption bands is clearly visible. In most cases,
oxygen absorption in a measured spectrum will be stronger by an order of magnitude than the aromatic

absorption features.

to calculate absolute electronic transition moments
for the Herzberg I bands obtaining quantitative
agreement with the experiment with respect to absol-
ute band oscillator strength.

Regarding the transparency of the ground level
atmosphere in the UV (below 300 nm), Ditchburn and
Young (1962) concluded that attenuation by O

2
in the

Herzberg systems is comparable to extinction by
tropospheric ozone and consequently has to be taken
into account in transparency calculations (Tran-
kovsky et al., 1989). Nevertheless these calculations do
not include attenuation by the dimer, which might be
comparable with O

2
and ozone at wavelengths below

260 nm (Dianov-Klokov, 1966a). Table 2 summerizes
the properties of the individual Herzberg band sys-
tems, the spectroscopic notation of these transitions

and the respective violated selection rules. The oscil-
lator strength f given in Table 2 only refers to the
structured absorption of the Herzberg bands neglect-
ing contribution of the Herzberg continuum. In the
case of the Herzberg I transitions of O

2
, both contri-

buting electronic states A3&`
6

and X3&~
'

show a trip-
lett splitting of rotational levels. This fine structure
causes each observed Q-branch to consist of seven
individual Voigt-shaped ro-vibronic lines and the
weaker O- and S-branches to consist of three lines,
respectively (Herzberg, 1952).

1.7. ¹he O
2
-dimer absorption

Additionally broad band absorptions (full width at
half maximum+3 nm) superimpose the molecular
discrete structure of the Herzberg bands as a system of

Oxygen interference with UV spectroscopic measurements 3735



Table 2. Spectroscopic properties of the Herzberg transitions. The transition probability of these forbidden band systems is
reduced by a factor of about 10~7 as compared to allowed electronic transitions. Comparing the oscillator strength f it is seen
that the Herzberg I band system dominates the oxygen absorption in the Herzberg bands between 243 and 287 nm. Due to
the fine structure of the participating triplett states, this band system appears as a series of Q-branches, with each Q-branch

consisting of seven lines (see text)

System Spectroscopic Selection rule Oscillator Relative
notation violated ! strength f strength

Herzberg I A3&`
6
QX3&~

'
&`%/ &~ 8.64]10~10" 22

Herzberg II c1&~
6
QX3&~

'
*&O0 +4]10~11# 1

Herzberg III A@3*
6
QX3&~

'
*""0,$1 +10~10# 2.5

! Herzberg (1952).
"Calculated from Yoshino et al. (1995) using relative strength for (3—0) to (0—0) transitions from recommended strengths by

Huestis et al. (1994).
# Calculated from relative strength to Herzberg I given by Huestis et al. (1994).

diffuse triplets. Warburg (1915) first mentioned a
quadratic pressure dependence of the absorption of
gaseous oxygen at these wavelengths and Wulf (1928)
first ascribed this behavior to the formation of oxygen
dimers (O

4
). With regard to the dimer’s nature Van

der Waals molecules in (1) bound, (2) metastable form
and (3) colliding pairs are discussed. Only bound Van
der Waals dimers should exhibit structured absorp-
tion features, possibilities (2) and (3) would result in
broadened absorptions. In any case, dimer formation
forces the cross section to increase linearly with pres-
sure, which for dimer absorption in the Herzberg
band’s wavelength range was observed in pure oxygen
gas (Finkelnburg and Steiner, 1932; Shardanand,
1969) as well as in mixtures with other gases, e.g.
nitrogen, argon (Warburg, 1915; Dianov-Klokov,
1966a; Shardanand, 1977; Johnston et al., 1984). Dia-
nov-Klokov (1966a) found the observed diffuse trip-
lets in O

2
/N

2
mixtures under pressures up to 20 bar

and at a temperature of ¹"293 K, to be analogous
to the Herzberg III transition. These were classified
as absorption of O

2
—O

2
and O

2
—N

2
collision com-

plexes in the Herzberg III system of oxygen with the
transition probability in the complexes increased by
two (Blake and McCoy, 1987) to three (Dianov-
Klokov, 1966a; Johnston et al., 1984) orders of magni-
tude as compared to the unperturbed molecular
transition. Moreover, he found the O

2
—N

2
complex to

be a half as strong absorber as the O
2
—O

2
complex,

leading to a predominant fraction (66%) of the dimer
absorption to be due to O

2
—N

2
complexes under

atmospheric conditions. Dimer absorption begins to
dominate O

2
absorption at a pressure of about 4 bar

of pure O
2

(Dianov-Klokov, 1966a).
With regard to the nature of the dimer, temperature

dependence studies on dimer absorption find diverse
results for the enthalpy of formation (*H

&
) of bond

type Van der Waals dimers ranging from *H
&
"

!1.1$0.5 kcal/mol~1 (Orlando et al., 1991) to be
essentially zero (*H

&
"!0.2$0.4 kcal/mol~1)

(Horowitz et al., 1989). Nevertheless recent progress in
modelling Van der Waals molecules’ potential surfa-

ces (Epifanov and Vigasin, 1994) strongly support the
classification of oxygen dimers under atmospheric
conditions as mixtures of metastable Van der Waals
dimers and colliding pairs (Perner and Platt, 1980;
Dianov-Klokov, 1966b; Horowitz et al., 1989; Green-
blatt et al., 1990).

1.8. Problems in measuring oxygen reference spectra in
the laboratory

The measurement of oxygen reference spectra poses
several problems:

1. Due to the low transition probability of the forbid-
den Herzberg bands, long light paths (a few hun-
dred meters to a few kilometers) comparable to
those used in the atmospheric detection of aro-
matic hydrocarbons are needed, which in the lab-
oratory only can be reached by the use of
a multireflexion cell, e.g. a White system (White,
1976).

2. The Herzberg bands consist of a series of narrow
ro-vibronic lines with a width of the order of 1 pm.
In order to fully resolve these lines a spectral re-
solution well below 1pm would be required. If at
a lower resolving power the individual lines can
not be separated the apparent optical density will
not increase linearly with the O

2
concentration. As

a consequence, the shape of the spectral features
will depend on the O

2
column density and i.e. for

each observed O
2

column density an individual
O

2
reference spectrum is needed (see Section 3.1).

In the laboratory this can be accounted for by
varying the observed O

2
column density by chang-

ing the O
2

partial pressure.
3. When the O

2
partial pressure is changed, addi-

tional problems arise due to absorption of O
2
—O

2
and O

2
—N

2
dimers that overlap the discrete

O
2

lines of the Herzberg bands as relatively broad
band absorptions (see Section 1.7). While absorp-
tion features of O

2
—O

2
and O

2
—N

2
are also present

in the atmospheric spectra, their relative strength
scales differently than the O

2
partial pressure and
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Fig. 2. Calculated optical densities of O
2

at ‘‘high’’ and
‘‘low’’ spectral resolutions as well as dimer absorption to
illustrate the problem of the oxygen correction. At ‘‘low’’
resolution, the apparent optical density of O

2
yields satu-

ration as the O
2

partial pressure is increased. Dimer ab-
sorption is shown for O

2
—O

2
dimers and O

2
—N

2
dimers

separately. Due to the presence of N
2
, the measured dimer

absorption (equal to the sum) varies less than quadratic with
the O

2
partial pressure (see text).

Fig. 3. The experimental setup. See text for details.

needs to be separated in order to use the oxygen
references measured at different O

2
partial pres-

sures (see Section 2.2).
4. To enhance the quality of the measurements of

atmospheric trace gases, DOAS spectra taken with
a White system can be evaluated as quotient
spectra of a long (720 m) and a short (240 m) path
length to give an effective absorption path of 480 m
(see Section 2.2). In the case of O

2
absorption in the

Herzberg bands the above mentioned nonlinear
effects cause this quotient spectra not to reflect the
relative strength of the absorption bands as they
would be observed at a path length of 480 m in the
atmosphere.

Figure 2 illustrates the above mentioned problems
and roughly scales the molecular and dimer absorp-
tion as observed under our experimental conditions.
The saturation effect of the apparent molecular ab-
sorption with increasing O

2
concentration can be seen

at ‘‘low’’ resolution (fat line in Fig. 2) if compared to
that at ‘‘high’’ resolution (straight line in Fig. 2, scaled
to fit into the diagram). The O

2
—O

2
dimer absorption

should increase quadratically with the O
2

partial
pressure (dashed line in Fig. 2). The O

2
—N

2
dimer

absorption peaks at O
2
and N

2
being present at equal

concentration (dotted line in Fig. 2). Even though the
presence of N

2
reduces the quadratic increase of total

dimer absorption (dashed dotted fat line in Fig. 2),
total dimer absorption varies nonlinearly with the
O

2
partial pressure.

We here present oxygen reference spectra, which
allow to virtually eliminate the O

2
interference in

atmospheric measurements of aromatic hydrocar-
bons.

2. EXPERIMENTAL

2.1. Recording of the oxygen reference spectra

Measurements were performed using a White type f/100
multireflection cell (White, 1976) improved for stability (Ritz
et al., 1992) with a basepath of 15 m. The mirrors were coated
with aluminium and spectra were taken at 16 and 48
traverses, corresponding to 240 and 720 m absorption paths,
respectively.

The system was mounted inside a reference cell (see Fig. 3)
consisting of two aluminium cases for mirror protection
(equipped with gas inlet ports, water manometers and
a quarz window for light beam in- and output), which were
connected by a hose made of teflon sheet (120 km thickness,
450 mm diameter) flange mounted to both cases. The refer-
ence cell was flushed and filled with oxygen (99.995%
purity,grade 4.5) and mixtures of O

2
/N

2
(grades 4.5/5.0)

at pressures slightly exceeding atmospheric pressure
(*p(1 mbar). Gases were premixed by the manufacturer
and taken from gas tanks connected by teflon tubes to the
gas inlet ports of the cell. Leakage of the system was compen-
sated by a massflow controlled gas inlet during the experi-
mental runs.

The transfer optics used to match the f-numbers of the
White system and the spectrograph consisted of two separate
Newton telescopes. A quartz fibre mode mixer (Stutz and
Platt, 1997) was inserted between the transfer optics and the
spectrograph in order to provide for homogeneous ilumina-
tion of the spectrograph/detector system. A f/6.9 Czerny
Turner spectrometer (ACTON 500) with two reflection
gratings interchangable under computer control (3600
groovesmm~1, 68]68 mm2, blaze : 240 nm; 1200 grooves
mm~1, 68]86 mm2, blaze : 300 nm) was used, which was
thermostated to ¹"30$0.1°C. The spectrograph slit
width was set to 80 km yielding a spectral resolution
(FWHM of an atomic emission line) of 0.05, 0.15 nm
(0.16 nm for atmospheric measurements) for the two grat-
ings, respectively. A photodiode array detector (Stutz and
Platt, 1992) (Reticon, 1024SRU-011, 1024 diodes of 25 km
center to center spacing, height : 2.5 mm) flange mounted to
the spectrograph was used for detecting the spectra. The
array was cooled by a three stage peltier cascade with
a forced air cooled heat sink to ¹"!40°C in order to
reduce dark current to less than 6% (3600 groovesmm~1
grating) and 0.5% (1200 grooves mm~1 grating) of the
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Table 3. Column densities of the oxygen/nitrogen mixtures investigated. Relative enhancement factors of the dimer
absorption were calculated by dividing the nonlinearly increasing dimer absorption by the factor O

2
is scaled relative to 21%

O
2
. In pure oxygen, dimer absorption will be 8 times higher than under atmospheric conditions, which must be divided by the

roughly five times higher O
2

concentration to give the relative enhancement factor of 1.65

O
2
/N

2
Temperature Column density! Equivalent! Relative enhancement of

conc. ratio ¹ C )¸ path length the dimer absorption
(%) (K) (1023 molecules cm~2) (m) (D(Dimer) /D(Dimer

!5.
)/[O

2
]/[O

2
]
!5.

)

10 294.5 0.60 (1.79) 114 (341) 0.91
20.6 294 1.22 (3.66) 232 (697) 0.98
40 294 2.37 (7.11) 451 (1354) 1.16
60.1 295 3.58 (10.73) 682 (2046) 1.32
80.2 293 4.76 (14.27) 907 (2720) 1.49
99.995 295.5 5.95 (17.85) 1133 (3400) 1.65

! For short path length, data for long path length are given in brackets.

Table 4. Observed spectral intervals. Two sets of oxygen reference spectra were recorded at different
resolution. At wavelengths below 300 nm, the relative fraction of stray light increases as the light intensity
emitted by the lamp decreases. Especially with measurements at high resolution (0.05 nm FWHM) stray

light needs to be removed from the measured spectra (see text)

Observed wavelength Estimated error due Resolution Resolving power
intervals (nm—nm) to straylight after (nm) R

correction (%)

3600 grooves mm~1 grating
240—250 (6 0.051 4800
250—260 (4 0.051 5000
260—270 (3 0.050 5300
269—279 (3 0.051 5375
279—289 (2 0.051 5570

1200 grooves mm~1 grating
225—265 (1 0.15 1630
250—290 (0.1 0.15 1800

signal, respectively. The software system MFC 1.98 (Gomer
et al., 1993) provided for automatic data aquisition as well as
control of the spectrometer and the stepper motors that were
used to change the light path of the White system and to
place the filter for the stray light measurements.

For the measurements the spectrograph was operated in
the spectral range between 240 and 290 nm. Different spec-
tral intervals were observed as summerized in Table 4. For
each gas filling spectra were taken at 240 m (short) and
720 m (long) absorption path. Oxygen/nitrogen concentra-
tion ratios investigated are given in Table 3, together with
the equivalent path length under atmospheric conditions
(21% oxygen) and the temperature of the gas filling. The
relative enhancement of dimer absorption with increased
O

2
/N

2
concentration ratios is also given in Table 3 divided

by the factor that the O
2

concentration is enhanced as
compared to 21% mixing ratio. Integration times were ad-
justed to reach at least 60% (25% in the deeper UV at high
resolution) of the detector saturation and typically were
25—100 s for the 1200 grooves mm~1 grating, not exceeding
400 s for the 3600 grooves mm~1 grating. Spectrometer
stray light was reduced by placing a UG5 bandpass filter
(Schott) of 3 mm thickness in the lightbeam. Spectra were
coadded in sets of ten and stored to disk. Additionally, with
each measured spectrum, a stray light spectrum was taken.
This was done by placing a cut off filter in the light path,
blocking the light below 300 nm but transmitting most of the
light from other wavelengths. All measured spectra were
corrected for (1) stray light, (2) dark current and (3) electronic
offset. Straylight and dark current were corrected for by
subtracting the stray light spectrum from the measured spec-

trum. The estimated error is given for each observed spectral
range in Table 4. Electronic offset was measured separately
in the laboratory and subtracted from the measured spec-
trum. In a next step the 720 m spectrum was divided by the
240 m spectrum to eliminate detector etalon structure, lamp
structure and effects of variations in the sensitivity of indi-
vidual photodiodes. About six ratio spectra (consisting of ten
coadded individual spectra) of one wavelength interval were
adjusted for thermal shifts and then added to further minim-
ize total noise. Spectral shift was found to be less than
4]10~3 (corresponding to 2.5 km on the diode array) due to
the thermostated spectrometer.

As an example, Fig. 4 shows a spectrum taken in pure
oxygen with an absorption path length of 240 m at 0.05 nm
spectral resolution.

2.2. Atmospheric measurements

Measurements were carried out 20 m above the ground
using a very similar experimental setup as the one described
above, with the teflon hose removed, and the equipement
mounted on the flat roof of the institute building. Lamp,
transfer optics, spectrometer/detector system and control
units were placed inside a temperature stabilized measure-
ment container. The White-system itself was set up outside
the container with a window in the container wall allowing
light input and output.

Spectra were recorded in the wavelength interval from 250
to 290 nm at a slightly lower spectral resolution (0.16 nm)
than in the laboratory using the 1200 groovesmm~1 grating.

Prior to the atmopheric measurements, reference spectra
of benzene, toluene, p-xylene, m-xylene and phenol were
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Fig. 4. Oxygen reference spectrum of the Herzberg bands taken in pure O
2

at a resolution of 0.05 nm. The
spectrum was taken with 240 m absorption path length and corrections were applied as described in the
text. Shown is the logarithm of the spectrum which was high pass filtered using a 5000 times triangular

smoothing routine. The strong Q-branches of the Herzberg I band dominate the spectrum (see text).

recorded in the same experimental setup by sequentially
placing a gas cell sample of each compound in the light
beam. Spectra were taken on the short light path with and
without the gas cell sample inserted in the light path. With
each spectrum a stray light spectrum (see Section 2.1) was
recorded and spectra were corrected as described above. By
dividing the spectrum with the sample by the spectrum
without the sample inserted in the ligthpath, detector etalon,
lamp structure, diode effects and absorption due to atmo-
spheric absorbers were eliminated. The thus obtained gas cell
reference spectra were calibrated using the absolute cross
sections remarked by Etzkorn et al. (1998). For the evalu-
ation of atmospheric spectra, interfering absorption features
of oxygen, ozone and sulfur dioxide were taken into account.
Two oxygen reference spectra (ratio spectra taken in 21%
and 40% O

2
) were used to account for the nonlinearities

caused by atmospheric density variations, as described in
Section 3.1. Ozone absorption cross sections depend on
temperature. A variation of ambient temperature of some
ten degrees, therefore, introduces residual structures if
only a single ozone reference spectrum for a particular tem-
perature is fitted to the measured spectra. Ozone refer-
ence spectra were taken from Bass and Paur (1985) for
three temperatures (¹"273, 278, 295 K) and adjusted to the
resolution of the spectrometer to account for this temperature
dependence. The SO

2
reference spectrum was measured as

described for the aromatic species and absolute cross sec-
tions were taken from (Vandaele et al., 1994) for calibration.

Atmospheric spectra were recorded at short (240 m) and
long (720 m) light path and corrections were performed as
described above. The resulting effective absorption path
length was 480 m. Time resolution of the measurements
varied between 20 and 45 min, depending on the visibility in
the atmosphere.

All divided atmospheric spectra (see Section 2.1) and all
reference spectra (except the oxygen reference spectra) were
subsequently convoluted with the instrument function of the
oxygen reference spectra. In the same way, the oxygen refer-
ences were convoluted with the instrument function of the
atmospheric setup. In this way, congruent spectral features
were established in the reference- and the measured spectra.
In the next step, the spectra were high pass filtered. While
frequently polynomial- or triangular filtering algorithms
were used (the spectrum is divided by a fitted polynomial of

suitable degree or by a smoothed copy of itself) (Axelsson et
al., 1995; Barrefors, 1996; Brocco et al., 1997) we preferred
a filter based on Savitzky Golay smoothing (Savitzky and
Golay, 1964). This flexible smoothing routine allows on the
one hand, to almost eliminate the absorption due to dimers
and on the other hand, to optimize a high pass filter with
respect to the detection limit of individual species. The latter
was done by evaluating the atmospheric spectra for different
high pass filters to obtain the respective size of the mean
residual structure after subtraction of all reference spectra. If
the differential optical density of each high pass filtered
reference spectrum is compared to the respective residual in
the wavelength interval of interest, the thus defined signal to
noise ratio can be maximized for each species. The high pass
filtered reference spectra were adjusted to the measured
spectra using nonlinear least squares fitting routines (Stutz
and Platt, 1996) in the wavelength interval from 257 to
283 nm. Eleven reference spectra, i.e. two oxygen reference
spectra (21% O

2
, 40% O

2
, i.e. bracketing the atmospheric

O
2
column density), three ozone reference spectra (273 K O

3
,

278 K O
3
, 295 K O

3
), SO

2
, benzene, toluene, p-xylene, m-

xylene and phenol reference spectra were used. Since the
number of reference spectra, that can be fit simultaneously
by our software (Gomer et al., 1993) was limited to nine,
evaluation had to be done in two sequences. In a first step,
benzene, toluene, p-xylene, m-xylene and phenol reference
spectra were fit together with the two oxygen reference
spectra, the 278 K O

3
and SO

2
reference spectra. In a second

step, the 273 K O
3

and 295 K O
3

reference spectra were
adjusted to the residual of the first fit procedure. Hence, all
aromatic species were fitted simultaneously in the first step.
No spectral shift was allowed for aromatic reference spectra.
The oxygen reference spectra were shifted to coincide in their
relative band positions, fixed in this position and were al-
lowed only simultaneous shifts when fitted to the atmo-
spheric spectra. In the same way, the ozone reference spectra
of the second fit procedure were allowed only simultaneous
shifts.

Figure 5 shows examples of the evaluation of an atmo-
spheric spectrum. Sequentially, all reference spectra are sub-
tracted from the atmospheric spectrum (top thin line), the
thick line is a reference spectrum composed of both oxygen
reference spectra, all three ozone reference spectra and SO

2as scaled by the fit. The remaining residual structure after
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Fig. 5. Example for the evaluation of atmospheric DOAS measurements of aromatic hydrocarbons. The
atmospheric DOAS spectrum, taken on 7 February 1997, 18 : 30 local time is shown as the thin line on the
top. The thick line is a reference spectrum composed of oxygen, ozone and SO

2
reference spectra. The

remaining residual after subtracting this reference spectrum is shown below, clearly showing absorption
bands of p-xylene (thick line). In the next line p-xylene is subtracted and a toluene reference spectrum (thick
line) is overlayed on the remaining residual structure (thin line). In this way, m-xylene, benzene and phenol
reference spectra are subtracted. The remaining residual structure is shown at the bottom. Mean residual

structures over the period of observation were found to be 1.3]10~3 (peak to peak).

subtracting these reference spectra is shown below with the
reference spectrum of p-xylene showing strongest absorption
bands in the residual structure being overlayed, and subtrac-
ted in the next line. Subsequently, the reference spectra are
overlayed and subtracted from the respective residual struc-
ture in the sequence determined by the strength of the re-
spective absorptions. At the bottom of Fig. 5 the residual
structure after subtraction of all reference spectra is shown.

Concentrations of aromatic species, ozone and SO
2

were
then calculated from the fit coefficients of the calibrated
reference spectra. Only the aromatic concentrations will be
presented here. Over the period of observation the mean size
of the residual structure was 1.3]10~3 (peak to peak). Mean
detection limits were calculated for each detected species
from the mean residual and the ‘‘differential’’ cross section
that remains after the broad band variation is removed by
the high-pass filter and are given in Table 5.

The total error of the measured mixing ratios is due to the
experimental error of the DOAS system (+5%, due to e.g.
noise and stray light (Volkamer, 1996)), the error of the
evaluation procedure ((10%) and the error of the cross
sections used for the calibration ((5%). Accordingly, the
measured mixing ratios are estimated to be accurate within
an error of 12%.

3. RESULTS AND DISCUSSION

3.1. Model calculations on the elimination of the
Herzberg bands

Model calculations on the 5-0 band of the Herzberg
I band system were carried out for two reasons:
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Table 5. Measured concentrations of aromatic species. Absorption features of benzene, toluene, p-xylene and phenol
were detected in almost each measured spectrum, meanwhile that of m-xylene were detected only occasionally due to
the smaller cross section of this compound. This is reflected by the observed mean concentrations as they are

compared to the mean detection limit during the period of observation

Species Maximum mixing Mean mixing Mean absolute Mean detection
ratio (ppb) ratio (ppb) error (ppb) limit (ppb)

Benzene 3.8 1.8 $0.2 0.8
Toluene 7.6 2.5 $0.2 0.7
p-Xylene 4.8 0.8 $0.1 0.4
m-Xylene 10.2 1.2 $0.2 1.4
Phenol 0.24 0.077 $ 0.008 0.06

1. to demonstrate the nonlinear effects that limit the
elimination of the Herzberg bands if their spectral
structure is not resolved and

2. to give a solution to this problem.

In order to calcuate the model spectra, the following
steps were taken. Cross sections (Voigt profiles) for
ro-vibronic transitions were calculated using the
integrated absorption cross sections from (Yoshino
et al., 1995) with a Doppler width of 0.086 cm~1

(0.54 pm) (Yoshino et al., 1994) and a Lorentz width of
0.1 cm~1 (0.63 pm) to obtain the measured line width
at atmospheric pressure of 0.15 cm~1 (0.94 pm)
(Yoshino et al., 1994). The resulting cross section
spectrum was used to calculate absorption spectra for
three column densities of oxygen. The column densit-
ies were chosen to differ by a constant value and are
equivalent to a groundlevel path length in the atmo-
sphere of 240, 720 and 1200 m. Additionally, the effect
of density variations with changes of atmospheric
temperature and pressure was simulated for the 720 m
spectrum by varying this path length by 10% (792 m,
equivalent to *¹"!30°C). Subsequently, these
spectra were convoluted with a gaussian shaped in-
strument function of (1) 0.15 nm FWHM and (2)
0.05 nm FWHM, in order to (1) adjust them to a re-
solution comparable to atmospheric DOAS measure-
ments and (2) study the influence of resolution on the
nonlinearity. The results for the first three path
lengths are shown as optical densities in Fig. 6.II
for the 0.15 nm resolved spectra. As it can be seen in
Fig. 6.I, individual ro-vibronic transitions are not
resolved and appear as Q-branches in the spectrum,
with 7—20 lines contributing to a ‘‘measured’’ absorp-
tion band. As a consequence, apparent devations from
Lambert—Beer’s law are observed in three ways: First,
the observed optical density of a particular absorp-
tion band no longer depends linearly on the column
density of oxygen. This complicates the correction of
several absorption features of different size present in
a measured spectrum. A single reference spectrum
taken at a different column density then cannot be
scaled linearly to eliminate both, ‘‘weak’’ and ‘‘strong’’
absorptions in a measured spectrum at the same time.
As a consequence, residual structures remain. Second,
the shape of a measured absorption feature will be

dependent on the column density of oxygen. A lin-
early scaled reference (of different C ) ¸) thereby will
introduce additional features to the residual, i.e. will
be narrower than the respective absorption band.
These effects of unresolved bands generally limit the
linear range of DOAS measurements (Mellqvist and
Rosén, 1996) but are of special importance for the
correction of the Herzberg bands since at atmospheric
path lengths of a few hundred meters, the stronger
lines of the Herzberg I bands (p)1.6]10~22 cm2)
become saturated. Third, the absorption features of
O

2
may influence the apparent absorption features of

another atmospheric absorber, e.g. aromatic hydro-
carbon, at long path lengths if spectral features of
both species overlap and are measured at ‘low’ resolu-
tion. Hence, further residual structures may result
from an incomplete correction of the absorption fea-
tures of the atmospheric absorber in a way similar to
the so-called ‘‘solar I

0
-effect’’ (Johnston, 1996; Platt

et al., 1997).
The nonlinearity of the increasing absorption fea-

tures can already be seen in Fig. 6.II, as the vertical
spacing between the spectra (a) and (b) is larger than
that between the spectra (b) and (c). This becomes
more obvious when the absorptions of spectrum (c)
are normalized to fit the band of spectrum (a) near
260.5 nm, as was done for the dashed line, indicated
(c

/03.
) in Fig. 6.II. The change in the relative strength

of the bands is clearly visible. The first two effects can
be seen in the residual structures shown in Fig. 6.III
for both resolutions (solid line: 0.15 nm, dashed line:
0.05 nm). With (d), the 720 m absorption spectrum
was used to correct for the absorption features of the
1200 m spectrum. The residual (e) remains if the 720 m
spectrum is used to account for typical atmospheric
density variations of 10% at this path length. In case
(f ), two oxygen reference spectra (720 and 1200 m path
length) were used simultaneously to correct for the
same density variations as (e).

These results demonstrate the strong nonlinearities,
that are expected from the effects of unresolved bands
(residuals of a few 10~2). Especially with the better
resolved spectra, the change in band shape is clearly
visible. For the 0.15 nm resolved spectra, residual
structures were found to be half the size of the resid-
uals from the 0.05 nm resolved spectra. This is due to
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Fig. 6. Modelled cross section spectrum of the 5—0 vibronic band of the Herzberg I band system of O
2

(I
shows two parts). This spectrum was used to calculate absorption spectra at different O

2
column densities

and subsequently were convoluted with a gaussian shaped instrument function of 0.15 and 0.05 nm
FWHM. The shown spectra (II) correspond to path lengths in the atmosphere of 240 m (a), 720m (b) and
1200 m (c) and 0.15 nm spectral resolution. At this resolution the individual lines are not resolved and the
observed shape of the spectra depends on the column density of O

2
. This is seen in the spectrum (c

/03.
)

which corresponds to the spectrum (c), scaled to fit the absorption band of the spectrum (a) near 260.5 nm.
Residual structures remain (d, e), if a single oxygen reference spectrum is used to correct the oxygen
absorptions at a different O

2
column density, e.g. due to density variations with temperature at a fixed path

length (10%). Interpolation between two oxygen reference spectra of bracketing O
2

column density allows
to virtually eliminate the oxygen interference (f) (see text).

the lower optical densities that have to be corrected in
this case. Density variations in O

2
, which are due to

meteorological influence cause the same residual
structures but reduced by roughly an order of magni-
tude. Nevertheless, residuals were observed to be
2.3]10~3 (1) and 4.5]10~3 (2) (see Fig. 6.III, e),
respectively. It means that residual structures from
incomplete correction of oxygen absorption dominate
the residual spectrum, if only a single oxygen reference
spectrum is fitted. If two reference spectra of bracket-
ing O

2
column densities are scaled simultaneously

(0.15 nm resolution), the size of the residual structures
can be reduced to 2]10~4, i.e. a factor of five below
typical detection limits. Hence, interpolation between
two oxygen references allows to virtually eliminate the
oxygen absorption of a ‘‘measured’’ spectrum that is
taken at a column density in between that of the
reference spectra.

3.2. Cross interference of O
2

Oxygen reference spectra at different column dens-
ities were measured as summarized in Table 3. As can
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Fig. 7. Time profiles of mixing ratios of aromatic hydrocarbons measured by DOAS from 25 January 1997
until 12 February 1997 in Heidelberg, Germany. Additional with each species’ mixing ratio, the respective
detection limit is shown as a dashed line. Tick spacing was set to indicate days and ticks correspond to

00 : 00 local time.

be seen in Fig. 4 the spectra are dominated by unresol-
ved Q-branches of the Herzberg I band system as
described above and shown in the modelled spectra in
Fig. 6.I. In Fig. 4 the Q-branch groupings in the
vibronic bands of the Herzberg I progression are
clearly visible. Observed were 10 out of 11 vibronic
bands. The 0—0 band at 285.8 nm was not observed at
the column densities used in the measurements. In the
region between the Herzberg I vibronic band heads,
i.e. at Q-branches N*17 (N: total angular mo-
mentum apart from spin), weaker absorptions due to
the Herzberg II and III bands are visible.

By adjusting a spectrum taken in 10% oxygen/90%
nitrogen to one taken in 80% oxygen/20% nitrogen,
band positions and bandwidths of the dimer absorp-
tion below 267 nm could be determined. These
spectra cannot be used as dimer reference spectra
since residual structures due to the unresolved mo-
lecular absorption (see Section 3.1) superimpose with
the dimer absorption. Nevertheless, the observed
dimer band positions were found in good agreement

with the positions published by Finkelnburg and
Steiner (1932). From the observed width of the dimer’s
absorption structures the cut off of the high pass filter
could be chosen to almost eliminate the dimer absorp-
tion features.

No attempts were made to study the temperature
dependence of the differential structure of oxygen.
Even though the cross sections are expected to depend
on temperature, no dependency of the residuals size
on temperature was found over the temperature range
from 263 to 287 K.

3.3. Atmospheric measurements

Time series of aromatic mixing ratios measured
from 25 January to 11 February 1997 in the urban air
of Heidelberg are given in Fig. 7 for benzene, toluene,
p-xylene, m-xylene and phenol. Additionally with the
mixing ratios of the species, the detection limit is
shown as a dashed line (see Section 2.2). Absorption
lines of benzene, toluene, p-xylene and phenol were
detected almost in each spectrum, whereas m-xylene
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Fig. 8. Flexible high pass filters on the basis of smoothing
routines allow to optimize the cut off of the filter for the
species of interest. This can also be used to reduce cross
sensitivities of aromatic hydrocarbons as it is shown in the

example of p- and o-xylene.

due to its smaller cross-section was detected only
occasionally. Observed mean and maximum concen-
trations for detected aromatic hydrocarbons are given
in Table 5. The periods, lasting several days, when
concentrations of aromatics were observed to be con-
stantly elevated were found to correlate with the wind
direction. For instance, from 3 until 5 February 1997
mean concentrations of benzene, toluene, p-xylene
and phenol were 40—80% higher than their overall
mean concentrations. During this period the wind
came from eastern or southeastern directions, where
the centre of Heidelberg and a major road are located.
Peak concentrations were observed on Friday, 7 Feb-
ruary 1997 at 18 : 30 local time for toluene, p-xylene
and m-xylene. At this time, wind direction was con-
stantly east. Prominent is the steep increase of all
detected aromatic concentrations at this time. Simul-
taneously, wind speed was found to drop from about
5 m s~1 at 16 : 00 to 0.4 m s~1 at 19 : 00, nearly re-
covering the former value at 21 : 00. Hence, this peak
value can be attributed to less dilution of VOCs.
Variations in the detection limit, e.g. 26 until 27 Jan-
uary 1997 can be attributed to the poor visibility
during foggy periods resulting in increased shot noise
in the measured spectra. Toluene, p-xylene and phenol
were found to show good correlations (R'0.8) with
the benzene concentration. Observed ratios (on a ben-
zene basis) were 2.31$0.06 for toluene, 0.56$0.01
for p-xylene and 0.074$0.004 for phenol, respective-
ly. Additionally, diurnal variations of the aromatic
concentration were observed to coincide with daily
rush hours. It is therefore most probable that all
species are emitted by a common source, i.e. automo-
bile exhaust in Heidelberg.

3.3.1. Interference effects of aromatic species. At the
resolution used for the measurements absorption fea-
tures of individual aromatic hydrocarbons are well
selective due to minimized spectral overlap of their
absorption line positions and shape of their differen-
tial structure.

Reference spectra of aromatic species, measured
at higher resolution (3600 grooves mm~1 grating,
FWHM"50 pm) did not show a significant gain in
differential structure. Therefore, it is not expected to
greatly increase DOAS selectivity at this resolution.
Nevertheless light throughput at this resolution is
reduced by about an order of magnitude and thereby
time resolution would be limited. At lower resolution
spectral features will be lost and, as a consequence,
DOAS selectivity will be reduced. Moreover the linear
range (see Section 3.1) of DOAS measurements will be
further decreased.

With respect to the recording of DOAS spectra, the
chosen resolution (0.16 nm), therefore, is assumed to
be close to an optimum resolution, yielding high sen-
sitivity, good selectivity and a reasonable time resolu-
tion for the measurements of aromatic compounds.

Additionally, the applied high pass filters were opti-
mized with respect to maximum signal to noise ratios
for benzene, toluene, p-xylene and phenol as well as

m-xylene and thereby inherently minimize effects that
result from negative correlations. As an example, this
is demonstrated in Fig. 8 for the interference of o- and
p-xylene. To reconstruct the negative correlation of
the differential structures shown in (Axelsson et al.,
1995) a polynomal (4th order) high pass filter was used
(left panels in Fig. 8). The differential cross section of
p-xylene is 8 times larger than that of o-xylene and at
same mixing ratios the differential absorption features
of p-xylene will dominate in a measured spectrum. If
such a spectrum is evaluated only with respect to
o-xylene, a negative concentration will be found. On
the other hand, if o-xylene is omitted, the p-xylene
concentration will be underestimated (Axelsson et al.,
1995). By the application of an optimized Savitzky
Golay high pass filter (Savitzky and Golay, 1964;
Volkamer, 1996), this interference can be almost elimi-
nated (right panels in Fig. 8) and DOAS selectivity
thereby will be enhanced. As a consequence of opti-
mized high pass filtering, the signal to noise ratio
could be improved by a factor of up to 2.4 as com-
pared to using a polynomal high-pass filter, reflecting
in part a successful elimination of the dimer absorp-
tion.

Active control has to be taken of the fit parameters,
i.e. spectral shifts. Especially with the detection of
aromatic hydrocarbons, i.e. with those showing low
absorptions close to the detection limit, spectral shifts
need to be critically separated due to thermal effects
and numerical artefacts. Due to the thermostated
spectrometer unit, thermal shifts are expected to be
less than 8]10~3 (corresponding to 5 km on the
diode array) for our instrument. As a consequence, no
shifts were allowed for aromatic reference spectra.
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With the resolution used for the measurements and
the optimized high pass filter used for data evaluation,
mutual interference effects for aromatic species pres-
ent in the urban air of Heidelberg could almost be
eliminated.

4. CONCLUSIONS AND OUTLOOK

The reference spectra presented here eliminate the
interference of the Herzberg bands of oxygen with UV
spectroscopic measurements of aromatic hydrocar-
bons for practical purposes. This was demonstrated
with the application of the spectra to atmospheric
DOAS measurements of aromatic species and allowed
for the first time the sensitive DOAS measurement
of absolute concentrations of monocyclic aromatic
hydrocarbons.

For a general solution of the O
2

interference, cross
sections of all the three Herzberg band systems need
to be recorded at a resolution well below the line
width at ambient conditions. The temperature de-
pendence of the cross sections probably can be cal-
culated with sufficient precission. These cross sections
then could be used as ‘‘infinitly well’’ resolved cross
section spectra and could be adjusted to the re-
solution of the measurements to correct the O

2
inter-

ference (by convoluting them with the instrument
function) for any O

2
column density. Measurements

at room temperature are presently carried out by
Carleer et al. (1996).

In addition, a digitized reference spectrum of the
dimer absorption needs to be taken.

Furthermore, no measurements of monocyclic aro-
matic cross sections at a resolution better than 50 pm
(FWHM) are known. If rotational transitions of the
aromatic species were resolved, as it was shown for
naphthalene (Neuroth et al., 1991), DOAS selectivity
could be further enhanced.
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