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Abstract

Ambient concentrations of CO, as well as NOx and O; were measured as a part of the PARADE campaign
conducted at the Taunus Observatory on the summit of the Kleiner Feldberg between the 8th of August and 9th
of September 2011. These measurements were made in an effort to provide insight into the characteristics of the
effects of both biogenic and anthropogenic emissions on atmospheric chemistry in the rural south-western
German environment. The overall average CO concentration was found to be 100.3+18.1 ppbv (within the range
of 71 to 180 ppbv), determined from 10-min averages during the summer season. The background CO
concentration was estimated to be ~90 ppbv. CO and NOx showed bimodal diurnal variations with peaks in the
late morning (10:00-12:00 UTC) and in the late afternoon (17:00-20:00 UTC). Strong correlations between CO
and NOx indicated that vehicular emission was the major contributor to the notable CO plumes observed at the
sampling site. Both local meteorology and backward trajectory analyses suggest that CO plumes were associated
with anthropogenically polluted air masses transferred by an advection to the site from densely populated city
sites. Furthermore, a good linear correlation of R? = 0.54 between CO and O; (AOs;/AC0O=0.560+0.016
ppbv/ppbv) was observed, in good agreement with previous observations.
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1. Introduction

Carbon monoxide (CO) is considered to be one of the most important atmospheric trace
gases that play a key role in the oxidative chemistry of the troposphere [1-3]. It is an
important trace gas for the budget and distribution of the hydroxyl (OH) radical, which exerts
a controlling influence on the gas phase chemistry of many atmospheric species. The reaction
of OH and CO is believed to be a major mechanism for removal of atmospheric OH. An
increase in CO could lead to a corresponding decrease in OH, thereby reducing the ability of
the troposphere to scavenge other greenhouse gases such as methane (CHs) and other volatile
organic compounds (VOCs). CO has a mean atmospheric lifetime of about two months in
summer against oxidation by OH. The CO mixing ratio exhibits a highly spatial and temporal
variance, and ranges from around tens of ppbv (lower stratosphere) to ~100 ppbv in a clean
atmospheric troposphere [4]. The main sources of CO are photo-chemical production from
oxidation of methane and non-methane hydrocarbons, biomass burning and incomplete
combustion of carbon-based fuels that are widely used for power generation, industrial
heating, petrochemical refining, and propulsion [5—7]. Due to its moderately long lifetime,
CO is considered as an ideal tracer of atmospheric transport processes, and it is also a useful
indicator of the anthropogenic pollution and biomass burning [8].

Measurements of atmospheric CO have been made by many laboratories around the world
using a variety of analytical techniques. Most of the techniques used for measuring CO are
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described by Novelli [9], including GC-HgO (Gas Chromatography with a mercuric oxide
detector), GC-FID (Gas Chromatography with a Flame Ionization Detector), NDIR (Non-
Dispersive Infrared Absorption), Gas Filter Correlation, and VUVF (Vacuum Ultra-Violet
Fluorescence), as well as a semiconductor gas sensing method [10]. Recently, new
spectroscopic techniques such as a CRDS (Cavity Ring-Down Spectroscopy), an ICOS
(Integrated Cavity Output Spectroscopy) and a mid-infrared (MIR) direction absorption
spectroscopy have been demonstrated for high precision CO measurements in the ambient air,
as well as for the calibration of standards [10]. The MIR spectroscopy has proven to be a
powerful technique for the atmospheric trace gases detection with a high precision, accuracy,
high specificity and fast time resolution from aircraft, balloons, ship-based and mobile van
platforms, as well as from fixed sites at remote locations [11—14]. The small size, simplicity,
high output power, wide tunable frequency range and long-term reliability of novel quantum
cascade lasers (QCLs) are promising MIR spectroscopic sources, and making them suitable
for a wide variety of applications to map stratospheric CO distributions [15—17] and to
perform isotopic measurements [18—19], high temperature combustion diagnoses [20] and
human breath analyses [21].

In the present study, measurements of atmospheric carbon monoxide at a rural site were
performed using a novel continuous-wave (CW) room temperature (RT) QCL based sensor
during the summer 2011 PARADE field campaign at Taunus Observatory, a low elevation
mountain site in south-western Germany. The sampling had been done at a high frequency
(1 second) for approximate one month, to provide insights into short-term variability and
diurnal cycles. Ancillary measurements of nitrogen oxides (NO and NO;), O3 and
meteorological parameters enabled us to study the oxidative chemistry of the troposphere and
the air mass origin at the measurement site.

The paper is structured as follows: In Sect. 2, we describe the instrumentation and typical
measurement procedure as well as the sampling site. We then present time series of CO
mixing ratios and discuss the diurnal variability and correlations with other species (NOx and
0O3). Finally, we present a case study of high CO plumes observed at the sampling site and
analyse these high plumes by combining local meteorological parameters and regional
atmospheric transport model, HYSPLIT (HYbrid Single-Particle Lagrangian Integrated
Trajectory).

2. Method and instrumentation
2.1. CO measurements

The RT-QCL system employed in the field campaign is a new generation instrument
developed by our group. It has been designed for real-time monitoring of atmospheric trace
gases. Details of the RT-QCL sensor have been described previously [22]. Here, only a brief
overview will be presented. The QCL-based sensor uses a wavelength modulation
spectroscopy technique (WMS) and consists of a CW- QCL operating in the wavelength
region of 4.56 um (2188 to 2202 cm™), a multi-pass cell and a reference cell, and two room
temperature detectors. The laser beam is firstly collimated and sent through an astigmatic
Herriott absorption cell of 300 ml (AMAC-36, Aerodyne Research, USA), offering a total
optical path length of 36 m and which consists of two concave mirrors where light is reflected
multiple times, enhancing the effective path length through the breath sample. After exiting
the absorption cell, the QCL beam is re-collimated and divided by a CaF, beam splitter into a
reference and signal part. The reference beam is sent to a short reference cell (3.5 cm) with
low pressure pure CO for laser frequency locking. Finally, both laser beams are focused onto
two TE-cooled mercury cadmium telluride detectors (PVI-4TE-5, Vigo System) working at
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the room temperature, thus eliminating a need for liquid nitrogen cooling, simplifying daily
use of the system and allowing a long-term automated operation.

In order to improve the sensitivity, the WMS is implemented by modulating the injection
current of the laser with the combination of a low frequency triangle ramp (30.5 Hz) for
wavelength tuning and a high frequency sinusoidal modulation (31.5 kHz). The 2nd harmonic
signal of WMS is demodulated at the double modulation frequency using a digital lock-in
amplifier programmed with the Labview software. The ambient CO concentration is
determined by fitting the ambient spectra to the calibration spectra measured from standard
gas cylinders with a known concentration, using a multiple linear regression algorithm [23].

Measurement Procedure and Performance

For the field deployment, the instrument was installed in an air-conditioned mobile
laboratory container used previously for various ground- and ship-based field campaigns,
together with other instruments (for HCHO, H>O,, NO/NO> and O3 measurements). For
ambient CO measurements, a constant sample flow of 1.21 SLM (standard litres/min) was
shared from the main sampling line. The main air inlet (*2 inch PTFE tube, about 15 m length)
extends through a hole in the roof of the container to sample the ambient air on the upper
platform (~ 10 m above the mountain ground) with a ~20 SLM flow rate.

The CO absorption line at 2190 cm™ was selected for its spectroscopic characteristics with
respect to the line strength, freeness of cross sensitivity to water vapor and other atmospheric
constituents [24], as well as a coincidence with the emission wavelength of the available
QCL. Since the detection technique employs an indirect spectroscopic method, a suitable
calibration procedure had to be developed for retrieving the ambient CO concentration.
Typically, a 1-hour calibration cycle was used during the entire field campaign. During the
initial stage (10 - 22 Aug.), a single measurement cycle consisted of a 1 min working standard
(primary standard, 94 ppbv) for acquiring calibration spectra, followed by a periodic
measurement of 9-min real ambient air spectra and 1-min reference spectra (commercial
compressed air, 269 ppbv) for evaluating the instrument performance (stability and precision)
during each calibration cycle (i.e. 1-hourly interval). Considering the gas stabilisation periods
(a sampling delay of ~ 3 s) during each gas exchange process, the instrument thus had a duty
cycle of ~88.3%. At a later stage (23 Aug. - 09 Sep.), the reference sample was no longer
used, thus increasing the duty cycle to ~ 98.3%. Additionally, non-periodic calibrations of the
working standard are accomplished by using cylinders of two known air-CO mixtures (Scott
Marrin Specialty Gases, Inc., CA), which are traced to the NOAA scale.

A typical measurement procedure at the original 1-s time resolution over a 1-hour
calibration cycle is shown in Fig. 1. As can be seen, a replicate precision of 1.04 ppbv
(o, standard deviation) was obtained from 1-min integrations of measurements of a constant
reference sample. The measurement precision can be largely improved (ow, the standard
deviation, as shown in Fig. 1) by using a wavelet filtering technique during post signal
processing [25]. With the utilization of wavelet filtering, the instrument performance has been
largely improved. Finally, the replicate precision of 1.55 ppbv and 0.79 ppbv (at 269 ppbv,
1 sigma) without and with wavelet filtering, respectively, was obtained during an evaluation
cycle of 11 days. The instrument detection limit, based on reproducibility of the zero air
measurement, was 3 ppbv for an integration time of approximate ls. Based on an error
propagation analysis of all the random and systematic components, we estimated that ambient
CO concentrations were determined with an absolute uncertainty of less than 10%, which is
mainly limited by the accuracy of the calibration gas standards.
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Fig. 1. The lower panel: alternating measurements of a primary standard CO, the compressed air sample from
a gas cylinder, and the ambient air during a typical 1-h data acquisition period with the 1 Hz sampling rate.
Also shown is the application of a wavelet filter. The upper panel presents a zoom-in on an approximate 2-min
measurement interval to indicate the approximate 1-min replicate precision evaluated from the compressed air.

Site Description

The field deployment of the instrument as a part of the PARADE (PArticles and RAdicals:
Diel observations of the impact of urban and biogenic Emissions) campaign was conducted at
the Taunus Observatory, located at 50°13°25" N, 8°26°56" E and 825 m above the sea level at
the summit of the "Kleiner Feldberg", a mountain in the Taunus range in south-western
Germany [26]. The area directly around the observatory is mainly covered by the spruce
coniferous forest. The hill top itself (50 m in radius) has been cleared of trees for
meteorological measurements. The direct vicinity of the measurement containers is covered
by shrubs and blueberry plants, except small pine and beech trees at lower levels. The station
is known for its quite remote character for central Germany, with only a few main roads and
some small towns located within a 5 km area. The PARADE field campaign was undertaken
between the 8™ of August and 9™ of September 201 1. Intensive instruments based on different
techniques (optical and non-optical) allow us to examine the effects of both biogenic and
anthropogenic emissions on radical chemistry (both day and night). Basic meteorological
parameters (e.g. the temperature, pressure, relative humidity, wind speed and wind direction)
are measured routinely by the German Weather Service (DWD) station and the local
environmental agency station (HLUG) which is located directly next to the measurement site.

2.2 NOy and O3 measurements

Collocated with the RT-QCLS in the container was a modified commercial
Chemiluminescence Detector (CLD 790 SR) originally manufactured by ECO Physics
(Duernten, Switzerland) and a primary standard UV photometric O3 analyzer (Model 49,
Thermo Environmental Instruments Inc.). The two-channel CLD based on the
chemiluminescence of the reaction between NO and O3 was used for measurements of NO
and NO»>. NO> was measured as NO using a blue light converter from Droplet Measurement
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Technologies, Boulder USA. In the current study, data were obtained at a time resolution of
2 seconds. The CLD detection limits (determined by continuously measuring the zero air at
the measuring site) for NO and NO> measurements were 4 pptv and 55 pptv, respectively, for
an integration period of 2 s. O3 was measured by UV absorption with a detection limit of
1 ppbv for an integration period of 20 s. The total uncertainties (20) for the measurements of
NO, NO; and O; were determined to be 4%, 10% and 5%, respectively, based on the
reproducibility of in-field background measurements, calibrations, the uncertainties of the
standards and the conversion efficiency of the photolytic converter. For a more detailed

discussion of this technique the reader is directed to references [27].
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Fig. 2. CO, NOx and Os variations (the 10-min average interval) over the entire field campaign at Taunus

Observatory (UTC = local time — 2 h).
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3. Results and discussion
3.1. Diurnal variation of CO concentrations

The measurements of ambient CO concentrations were performed originally at a resolution
of 1-s. For the inclusion into a merged file containing all data, 10-min averages are calculated
and used for this study. Missing data or data gaps are mainly due to the routine calibrations.
The data were analysed to examine the diurnal variation of CO in this rural area. The time
series (UTC = local time — 2 hours) in Fig. 2, indicates variations of the measured CO from
the minimum of 71.0 ppbv to the maximum of 179.6 ppbv (on average, 100+18 ppbv). Most
enhancements of CO levels occurred during the afternoon and night hours, except on Sep. 6
when a high CO peak occurred at ~ 6:00 UTC. No regular diurnal pattern with recurring
peaks (over 150 ppbv) at fixed hours of the day was observed, indicating that pollution
transport to the measurement site was spatially and temporally varying. For NOx and O3, the
observed values are ranging from 0.15 to 19.4 ppbv and from 27 to 88.7 ppbv, respectively.

For a more clear comparison, Fig. 2 (the upper panel) shows the diurnal profiles of
1-hourly average CO and other trace gases (NOx and O3) mixing ratios during the sampling
period. As seen from this figure, the CO concentration retains an almost constant low level
(slightly below 100 ppbv) from late midnight (2:00 UTC) to early morning hours (8:00 UTC);
this probably indicates the background level of CO at the measurement site. Then, it begins to
slowly rise and finally yielding two broadly spread CO plumes in the late morning (9:00-
12:00 UTC) and in the late afternoon (16:00-20:00 UTC), respectively. Unlike city areas, the
first high CO plume is not observed during the morning rush hours (local time), but several
hours later. The second enhancement in CO mixing ratios can be observed with increasing
traffic volumes between 15:00-17:00 UTC, followed by a decrease at night due to less CO
sources. These broad CO plumes between 9:00-20:00 UTC are potentially due to transport of
anthropogenically polluted air mass to the site, rather than being induced by local vehicular
emissions.

= S o

T Y T e T P s B U B B W B kU B s na s e
Hour of day (UTC)

Fig. 3. The diurnal profiles of 1-hourly average trace gases mixing ratios over the entire field campaign at
Taunus Observatory. The bottom whisker, box bottom, line inside the box, box top, and top whisker
represent the minimum, 25th, 50th, 75th, and maximum of the data, and the continuous lines

represent mean values, respectively.
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Fig. 3 (middle panel) shows the diurnal profile of NOx mixing ratios at the measurement
site that exhibit trends similar to that for CO, with an intermittent increase in the early
morning hours (4:00-9:00 UTC), but showing a significant decrease during the night hours
(22:00-4:00 UTC). Since both NOx and CO have anthropogenic sources, one would expect
these two species to be well correlated if motor vehicle exhaust emissions are important.
However, NOx - like CO - peaks occur later than expected morning rush hours showing that
emissions take place elsewhere and are subsequently transported to the site. According to the
report by Hastie et al., SO data can be used to distinguish between NOx and CO from mobile
sources and those from stationary sources, as the latter have much higher SO> to NOx ratios
[28]. Therefore, by comparison with SO> data measured by another PARADE team, the lack
of correlation between NOx (or CO) and SO, (not shown in this study) indicated that the CO
and NOx appear to be from mobile sources rather than stationary sources. Since the average
wind speed was 3.8 m/s (i.e. 13.8 km/h), and the lifetime of NOx being only a few hours in
the planetary boundary layer (PBL) [29], the observed NOx and CO peaks at the measurement
site were, on average, produced within a distance of ~ 40 km, assuming that the 3 hours
difference from the regular rush hour is the transport time. The O3 concentration (Fig. 3, the
bottom panel) displayed a typical diurnal variation with the maximum concentration
occurring in the afternoon (15:00 UTC), whereas the minimum one - in the early morning
(6:00 UTC). The increase and decrease in the O3z concentration coincide well with the
decrease and increase in the NOx concentration, respectively. The decrease in O3 in the night
time probably is the result of the dry deposition under the subsiding boundary layer and
titration with NO [30].

It is noteworthy that large weekday-weekend differences in CO mixing ratios were
observed throughout the measurements (as shown in Fig. 4). The CO build-ups during night
hours between 15:00 and 22:00 UTC were higher on weekends than weekdays. This may be
attributed to vehicular emissions related to some late night human activities in the warm
season. Being a clean rural mountain site, with a limited traffic and no local industries, the
strong correlation between CO and NOy indicates that the major pollution sources at the site
were vehicular emissions, transferred by an advection to the site from up-wind motorways.
This point will be discussed in more detail below.
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Fig. 4. The diurnal profiles of 1-hourly average CO mixing ratios on weekdays and weekends, respectively.
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Fig. 5. Time series plots of CO, NOx and O3 for some typical plumes observed over the measurement
period (panel a-f), and scatter plots of CO versus NOx (panel g). Linear regression fitting parameters
are listed in the box.

3.2. Correlation between CO and NOx

CO is widely considered as a tracer for the anthropogenically polluted air. Similar to NOXx,
it mostly stems from automotive sources in the Rhine-Main area. Thus, it is of interest to
investigate the relationship between both species. NOy is a generic term for mono-nitrogen
oxides, i.e. the sum of NO (nitric oxide) and NO; (nitrogen dioxide). In order to assign CO
emissions to motor vehicle exhaust sources, we investigate the correlation between CO and
NOx. For this purpose, we have done a regression analysis for the whole data set from the
entire field study. The analysis yielded a poor R? of 0.315 and the following dependence:
[CO] = 4.96(£0.13)%X[NOx] + 90.26(%0.41) ppbv. This relationship suggests that for this rural
site in summer time, assuming NOy concentrations are near zero, the CO background is
approximately 90 ppbv. Two reasons might play a role in the poor correlation. First, the
correlation strongly depends on the plume age. Secondly, the emission ratio [CO]/ [NOx]
varies with vehicle types, as is evident in the analysis of individual observed plumes shown in
Fig. 5, where the linear regression of 6 typical plumes sampled over the measurement period
indicates that the [CO]/[NOx] ratio ranges from 3.33 to 14.98 ppbv/ppbv, which is consistent
with emission ratios measured by Backer et al. in Germany [31], who reported [CO]/ [NOx]
ratios between 0.63 and 38.33 for vehicles with different fuel types, and mean values of 3.05
and 5.56 for cars and trucks, respectively. Evidently, each plume shows a very high
correlation between CO and NOx concentrations with R? ranging from 0.77 to 0.90. The
observed difference in the emission ratios for an individual plume is probably associated with
many factors such as an engine/catalyst age and type, an engine state (hot or cold), a fuel type,
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a plume age and environment conditions. For example, industry and electrical power
generation sources emit little CO; lawn and garden gasoline engines dominate CO emissions,
while diesel engines dominate NOx emissions; thus, these emission sources will introduce a
poor or no-correlation. Generally, the tight correlation between CO and NOx concentrations
indicate that, despite a clearer environment, these highly correlated plumes observed at the
measurement site are potentially due to nearby common sources, or the transport of the
polluted air from anthropogenic sources, e.g. the influence of pollution plumes from the
Frankfurt city and the Rhine-Main area (such as Mainz and Wiesbaden cities). By referring to
the meteorological data and O3 concentrations, we found that the plume with the highest
emission ratio of 14.98 (Fig. 5(c)) was due to the vehicular emissions (relatively fresh
air masses) transferred by an advection to the site from up-wind motorways, as mentioned
before. Other plumes mainly attributed to the influence of aged air masses from the Frankfurt
city (Fig. 5(a) and (d)) and the Rhine-Main area (Fig. 5(b), (e) and (f))). From the point of
view of emission ratios, it is difficult to define the difference of air masses from these two
locations. However, the results indicate that air masses from the Frankfurt region were
normally observed at afternoon and midnight, while those from the Rhine-Main area were
observed at morning hours at the sampling site.

3.3 Correlation between CO and O3

The relationship between O3 and CO can be used to determine the potential for oxidant
that is produced as a result of anthropogenic precursor emissions, and also can be used to
distinguish between the fresh emission and the aged air mass. Therefore, we analyzed the
whole O3 and CO dataset using the linear regression, which yielded a slope AO3;/ACO of
0.438+0.011 ppbv/ppbv, with the correlation coefficient R? of 0.33. Generally, when ozone
and CO are highly positively correlated, we can conclude that there is a greater oxidant
production with increasing the CO concentration, while a highly negative correlation of fresh
emissions leads to the titration of O3 by NO. In the current study, both positive and negative
correlations were observed, as shown in Fig. 5. By grouping the data according to the
correlation (negative, positive and non-related), an improved positive correlation R? = 0.54
with AO3/ACO = 0.560+0.0156 ppbv/ppbv can be calculated, which is slightly higher than
other measurements (the order of 0.3 ppbv/ppbv) at Izafia observatory, Tenerife, by Fischer et
al. [32] and in eastern North American by Parrish et al. [33] and by Chin et al. [34], but
consistent with observations ranging from 0.17-0.62 and 0.20-0.69 reported by Wofsy et al.
[35] and by Mauzerall et al. [36] observed at surface sites in eastern North America,
respectively, as well as 0.4 to 1.0 observed over the eastern United States by Zhang et al.
[37]. The negative correlation observed during the night hours for CO values over 100 ppbv
might indicate a downward transport of the polluted air to the measurement site after
photochemical processing or the O3 titration by the NO, associated with the freshly emitted
CoO.

3.4 Source identification

In order to investigate the influence of local vs. regional sources on atmospheric CO levels
at the measurement site, Fig.6 illustrates the dependence of trace gases (CO, NOx and O3) and
wind speed (WS) mixing ratios on the wind direction (WD) for the duration of the campaign.
As expected, the wind rose plot shows that most of high CO levels (over 94.1 ppbv) and other
enhanced trace gases (NOx and O3) were associated with the wind blowing between W-S-W
and E-S-E direction where numerous cities (such as Frankfurt, Wiesbaden and Mainz) are
located, while the lowest pollution sources are mainly form the directions between W-S-W
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and N-N-W, where a broad forest was densely located, but sometimes CO plumes with high
concentrations are also observed form these directions, e.g. the CO plume from N-W, which
is potentially due to the influence of a motorway located there. In particular, the highest CO
levels from S-S-E are closely correlated with the highest NOx levels indicating the influence
of the pollution air mass from the Frankfurt city.

1796
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72.8 143

i
@
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Fig. 6. Wind rose plots showing the dependence of trace gases mixing ratios and the wind speed

on the wind direction.
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Fig. 7. Wind rose plots showing the statistical results for each trace gas mixing ratio on the wind direction.
For clarity, the mean, median, maximum and minimum of NOx data was multiplied by 30, 30, 8 and 100,
respectively.
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Fig. 7 displays the statistical results for each trace gas mixing ratio on the wind direction.
The statistical distributions of CO and NOx are quite similar. The maxima and maximum
mean and median values for each species are mainly associated with three sectors: S-S-E, S-E
and E-S-E (i.e. the direction to the Frankfurt city). The minima and minimum mean and
median values also show some distinct dependencies on the wind direction (i.e. between S-W
and W-N-W, the direction to the dense broad forest).

The findings mentioned above suggest that the measurement site is significantly influenced
by anthropogenically polluted air masses via the atmospheric transport process. Indeed, the
influence of pollution plumes from Frankfurt and the Rhine-Main area on the atmospheric
component and chemistry of the planetary boundary layer at the Taunus Observatory was also
observed by other studies [38].

NOAA HYSPLIT MODEL
Backward trajectory ending at 1200 UTC 26 Aug 11
GDAS Meteorological Data

Source * at 5022N 845E

Fig. 8. The backward trajectory calculated by the HY SPLIT model (each triangle represents a 1 h period).

To study the effects of the wind driven long range transport in altering the atmospheric CO
level at the measurement site, backward trajectories of 24 hours duration were computed
using the NOAA HYSPLIT model available online at www.arl.noaa.gov/ready/hysplit4.html.
Backward trajectories give only a highly averaged picture, as the minimum data interval
available is one hour. Wind trajectories were calculated at the height of 825 m above the mean
sea level. As an example, a backward trajectory (see Fig. 8) calculated during 24 hours
between 12:00 UTC of Aug. 25 and 12:00 UTC of Aug. 26 depicted a consistent flow of air
masses from the Frankfurt city for the high CO plumes shown in Fig. 5(d). Additional
analyses suggest that the atmospheric transport from heavily populated cities (e.g. Frankfurt
am Main and the Rhine-Main area) by a meteorological situation is a crucial factor in
affecting the ambient CO levels of this rural area throughout the whole campaign.

4. Conclusions

In this work we demonstrated in situ atmospheric CO measurement results using a novel
RT-QCL based sensor employing high-sensitivity WMS technique with high temporal
response. The results showed apparent diurnal variations. Strong correlations between CO and
NOx indicate the vehicular emissions as the major contributors to the notable CO plumes
observed at the sampling site. A combination of a local meteorological situation and
backward trajectories analyses suggested that the high CO plumes were associated with
anthropogenically polluted air masses by the atmospheric transport from nearby cities, such as
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Frankfurt and the Rhine-Main area. We also characterized the oxidant production of ozone,
which is consistent with other observations. In the future, other trace gases data will be used
to better characterize the importance of CO for the composition and chemistry of the
planetary boundary layer and the free troposphere.
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