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Abstract. A Zeppelin airship was used as a platform for
in situ measurements of greenhouse gases and short-lived
air pollutants within the planetary boundary layer (PBL)
in Germany. A novel quantum cascade laser-based multi-
compound gas analyzer (MIRO Analytical AG) was de-
ployed to simultaneously measure in situ concentrations of
greenhouse gases (CO3, N»O, H,O, and CHy4) and air pollu-
tants (CO, NO, NO3, O3, SO,, and NH3) with high precision
at a measurement rate of 1 Hz. These measurements were
complemented by electrochemical sensors for NO, NO3, O,
(NOz 4+ 0O3), and CO, an optical particle counter, tempera-
ture, humidity, altitude, and position monitoring. Instruments
were operated remotely without the need for on-site interac-
tions. Three 2-week campaigns were conducted in 2020 com-
prising commercial passenger as well as targeted flights over
multiple German cities including Cologne, Monchenglad-
bach, Diisseldorf, Aachen, Frankfurt, but also over industrial
areas and highways.

Vertical profiles of trace gases were obtained during the
airship landing and take-off. Diurnal variability of the Zep-
pelin vertical profiles was compared to measurements from
ground-based monitoring stations with a focus on nitrogen
oxides and ozone. We find that their variability can be ex-
plained by the increasing nocturnal boundary layer height
from early morning towards midday, an increase in emissions
during rush hour traffic, and the rapid photochemical activity
midday. Higher altitude (250-450 m) NO, to CO ratios are
further compared to the 2015 EDGAR emission inventory

to find that pollutant concentrations are influenced by trans-
portation and residential emissions as well as manufacturing
industries and construction activity. Finally, we report NO,
and CO concentrations from one plume transect originating
from a coal power plant and compare it to the EURopean Air
pollution Dispersion-Inverse Modell (EURAD-IM) model to
find agreement within 15 %. However, due to the increased
contribution of solar and wind energy and the impact of lock-
down measures the power plant was operating at max. 50 %
capacity; therefore, possible overestimation of emissions by
the model cannot be excluded.

1 Introduction

Favorable meteorological conditions can trigger severe pol-
lution episodes in which anthropogenic emissions of pol-
lutant concentrations accumulate and drastically exceed the
World Health Organization (WHO) guideline values. Mete-
orologically induced air pollution is consistently observed
globally in Asia (He et al., 2017; Li et al., 2019; Cai et
al., 2017; Zhao et al., 2019), America (Jury, 2020; Zhao
et al., 2011; Lin and McElroy, 2010), and Europe (Dupont
et al., 2016; Pernigotti et al., 2012) even during periods
when certain anthropogenic emission sectors are diminished
(Gkatzelis et al., 2021a). With air quality being the num-
ber one environmental health risk globally (WHO, 2021;
Lelieveld et al., 2015), there is an increasing need to mon-
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itor pollutant concentrations in time and amplitude in order
to identify the driving factors for degraded air quality. An
essential first step towards this goal is to accurately deter-
mine the effect of local meteorological parameters such as
surface relative humidity, wind speed, turbulence, and plan-
etary boundary layer (PBL) depth development on pollutant
concentrations. Up to date, various studies highlight the need
for accurate PBL depth data as they pose the most uncertain
parameter for efficient air quality forecasts (e.g., Dupont et
al., 2016; Lin and McElroy, 2010; Silcox et al., 2012; Horel
et al., 2016). Vertical mixing of air tracers within the PBL
can influence their tropospheric distributions with a turbu-
lent mixed layer leading to a more uniform vertical distribu-
tion and a stable boundary layer resulting in greater vertical
gradients.

Numerous European ground-based networks (e.g., the Eu-
ropean Environment Agency, EEA) together with the Euro-
pean Monitoring and Evaluation Programme, (EMEP; http:
/lebas.nilu.no, last access: 13 June 2022) and infrastruc-
ture such as the Aerosols, Clouds and Trace gases Research
Infrastructure (ACTRIS; https://www.actris.eu/, last access:
13 June 2022) provide data for criteria pollutant concen-
trations worldwide. However, there is still a lack of infor-
mation for the vertical distribution. Satellite retrievals allow
global coverage of pollutant concentrations but only obtain
the nadir total column with limited information on the ver-
tical distribution of pollutant concentrations (e.g., Veetkind
et al., 2012). On the other hand, aircraft campaigns provide
pollutant concentrations at various altitudes (e.g., Molina et
al., 2010; Ryerson et al., 2013; Benedict et al., 2019); how-
ever, obtaining vertical profiles is challenging and the data
availability is limited due to high rental aircraft costs. A
way to overcome such a limitation has been to deploy in-
strumentation in commercial airliners, as has been done in
the last decades by the In-service Aircraft for a Global Ob-
serving System (IAGOS; https://www.iagos.org, last access:
13 June 2022; Marenco et al., 1998; Petzold et al., 2015).
Such measurements provide regular data on the PBL dynam-
ics but are limited to areas in proximity to airport locations
during the aircraft’s landing and take-off (Boschetti et al.,
2015). Commercial airborne measurements have also been
extended to routine helicopter flights to monitor vertical pro-
files for pollutant concentrations in Utah, USA (Crosman et
al., 2017). Balloon-borne (e.g., Ouchi et al., 2019) and small
unmanned aerial vehicles (i.e., drones; Villa et al., 2016)
are also frequently used for vertical profile measurements;
however, they cover a limited number of pollutants due to
weight restrictions. Finally, ground-based LIDAR measure-
ments can provide a diagnosis on the PBL height and verti-
cal concentration profiles but are often limited to only one
pollutant (e.g., Dang et al., 2019).

A Zeppelin is an ideal airborne platform to capture the
vertical distribution of pollutant concentrations and gain in-
sights into their origin and emission sources (Lampilahti et
al., 2021; Li et al., 2014; Nieminen et al., 2015). It offers
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enough room to deploy equipment and flies precisely and
slowly at desired heights. Such airborne measurements pro-
vide unique opportunities to compare to modeling efforts and
evaluate and update air quality forecasts and emission inven-
tories for single point sources.

Here, we present commercial and targeted Zeppelin flights
in Germany using state-of-the-art instrumentation to investi-
gate the vertical, spatial, and temporal distribution of pol-
lutant concentrations including nitrogen oxides (NO, NO»,
and NO,), ozone (O3), carbon monoxide (CO), carbon diox-
ide (CO,), and others. We compare these results to obser-
vations from ground-based monitoring stations and emission
inventory estimates. Finally, we report emissions from a coal
power plant and compare our measurements to the EURo-
pean Air pollution Dispersion-Inverse Modell (EURAD-IM)
model hindcast (Elbern et al., 2007).

2 Methods
2.1 Zeppelin platform

The airborne platform used in this study was the
Zeppelin New Technology (NT) developed by Zep-
pelin Luftschifftechnik GmbH & CO. KG (ZLT) in
Friedrichshafen, Germany, in 1997. Zeppelin NT is an eco-
nomical airship with a length of 75 m, a diameter of about
14m, and a maximum payload of around 1.8t. It offers a
unique combination of capabilities not available in other air-
borne platforms including a high scientific payload, high ma-
neuverability in all directions due to a vectored thrust propul-
sion system, flight speeds from 0—115kmh~!, a horizontal
reach of up to more than 600 km, operating altitude of 20—
1500 m, and a maximum flight endurance of 15h.

Figure la shows the Zeppelin flights over Germany and
Fig. 1b the vertical and diurnal distribution of these flights.
Detailed information on the take-off and landing times, air-
port locations, and flight paths are provided in Table 1. In
this study, 14 d of commercial flights, 4 d of targeted flights,
and 6d of transect flights with overall 172 take-offs and
landings were performed and analyzed. The Zeppelin flew
over various cities, including Cologne, Modnchengladbach,
Diisseldorf, Aachen, Jiilich, and Frankfurt, but also over in-
dustrial areas and highways. The majority of the measure-
ments ranged from 200 to 450 m in altitude. Measurements
below 200 m were predominantly during the Zeppelin land-
ing and take-off periods and higher altitude measurements
above 400 m were during transect and targeted flights. Flights
were distributed in summer 2020 to 9, 7, and 10 flight days
in May, June, and September, respectively, ranging from 3—
10 flight hours per day. Four airports were chosen to re-
fuel the Zeppelin, namely, Friedrichshafen, Bonn-Hangelar,
Monchengladbach, and the Bad Homburg airfield.

Zeppelin NT has been previously used as an airborne plat-
form fully equipped with instrumentation to conduct atmo-
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Figure 1. (a) The Zeppelin flight tracks over Germany (© OpenStreetMap contributors 2021. Distributed under the Open Data Commons
Open Database License (ODbL) v1.0.) and (b) their vertical and diurnal coverage in UTC.

spheric research during the PEGASOS project (Li et al,,
2014; Nieminen et al., 2015). Here, measurements were pre-
dominantly performed during commercial passenger flights
providing low cost but limited space to deploy instrumenta-
tion. Two main instrument setups were fitted in the cabin of
the Zeppelin: the MIRO instrument and the hatch box with
diverse low-cost sensors as discussed in the following sec-
tions.

2.2 MIRO instrument

We deployed a MIRO MGA!'-GP multi-compound gas ana-
lyzer, a newly available commercial instrument (MIRO Ana-
lytical AG, Wallisellen, Switzerland). The analyzer measures
10 trace gases NO, NO,, O3, SO;, CO, CO,, CHy, H,O0,
NH3, and N,O with a time resolution of 1s and precisions
(1o) as summarized in Table 2. The stated precisions were
determined by Allan—Werle variance (Werle et al., 1993). A
detailed description of the measurement principle and the in-
strument’s data processing and characterization of the instru-
ment can be found elsewhere (Liu et al., 2018; Hundt et al.,
2018).

The instrument is a quantum cascade laser-based (QCL)
spectrometer containing five distributed feedback (DFB)
QCLs. The gas mixing ratios are measured by direct laser ab-
sorption spectroscopy of selected vibrational absorption lines
of the target molecules. Beer—Lambert’s law provides the re-
lation between the light transmission and the mixing ratios
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of an absorbing species. To obtain the transmission spectra,
the laser light is steered through an astigmatic Herriott cell
to a mercury cadmium telluride (MCT) detector. The Her-
riott cell is constantly flushed with the sampled gas providing
an online in situ measurement. The pressure in the cell was
maintained at 95 hPa using a pressure controller in combina-
tion with a membrane pump. For temperature stabilization of
the QCLs, an external water chiller is connected to the in-
strument to minimize drifts caused by ambient temperature
variations. During the Zeppelin flights, the instrument’s inlet
was switched to a zero-air supply of NO,- and Os-free air
by sampling cabin air through zero air cartridges for 2 min
every 20 min. The obtained zero points were used to apply
a background correction to the NO, NO;, and O3 data to re-
duce their drift. For consecutive zero air measurements me-
dian background drift values were 0.56, 0.34, and 2.9 ppb for
NO, NO3, and O3, respectively.

The instrument’s software runs on an integrated portable
computer, which offers remote access and full remote con-
trol over the analyzer and its settings if an internet connec-
tion is provided. For operation on the Zeppelin, the analyzer
and its peripheral devices were integrated into a standardized
48 cm wide rack as shown in Fig. 2. The instrument is four
rack units (18 cm) high and 61 cm deep. The sample inlet line
connected to the MIRO consisted of an unheated 8 m long
PFA (perfluoroalkoxy alkane) tube with an internal diameter
of 4mm. The sample air was drawn from the inlet located
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Table 1. Zeppelin flight details.

R. Tillmann et al.: Air quality observations onboard commercial and targeted Zeppelin flights

Date Local start Localend  Airport Code  Flight Details

(dd.mm.yyyy) time time

29.04.2020 08:17:00 15:00:00  FDH -BNJ Friedrichshafen—Bonn/Hangelar

05.05.2020 09:43:00 16:22:00  BNJ Ko6ln & Monchenlagdbach

06.05.2020 07:14:00 14:30:00 BNJ Weisweiler

07.05.2020 08:30:00 15:30:00  BNJ Monchengladbach & Duisburg

08.05.2020 07:00:00 11:50:00  BNJ Hiirtgenwald & FZJ

09.05.2020 07:29:00 15:23:00  BNJ -FDH Hangelar—Stuttgart—Friedrichshafen

27.05.2020 07:22:00 12:00:00 FDH - BNJ Friedrichshafen—Stuttgart-Bonn

29.05.2020 08:00:00 18:04:00  BNJ Bonn-Koln—Diisseldorf-Monchengladbach-Bonn
01.06.2020 07:00:00 16:28:00  BNJ Bonn-Koln—Diisseldorf-Monchengladbach-Bonn
02.06.2020 08:00:00 17:46:00  BNJ Bonn-Koln-Diisseldorf-Monchengladbach-Bonn
03.06.2020 06:30:00 11:15:00  BNJ Bonn-Koln—Diisseldorf-Monchengladbach—Bonn
11.06.2020 08:10:00 17:52:00  BNJ Bonn-Koln—Diisseldorf-Monchengladbach-Bonn
12.06.2020 07:35:00 18:00:00  BNJ Bonn-Koln-Diisseldorf-Monchengladbach-Bonn
13.06.2020 06:15:00 13:45:00 BNJ Bonn-Koln-Bad Honnef-Bonn

15.06.2020 06:19:00 12:51:00 BNJ - FDH Bonn-Bad Honnef-Friedrichshafen

02.09.2020 07:23:00 16:39:00 FDH Friedrichshafen—-Bodensee

03.09.2020 07:16:00 12:32:00 FDH - BNJ Friedrichshafen-Bonn/Hangelar

06.09.2020 08:13:00 17:45:00  BNJ Bonn-Bad Honnef-Kéln—-Bonn

07.09.2020 07:45:00 17:00:00 BNJ Bonn-Bad Honnef-Ko6ln-Bonn

08.09.2020 13:15:00 16:05:00  BNJ Bonn-Bad Honnef-K&ln-Bonn

10.09.2020 07:48:00 12:37:00 BNJ-BadH  Bonn—Frankfurt-Bad Homburg

11.09.2020 09:10:00 17:00:00  BadH Bad Homburg—Frankfurt—-Bad Homburg
12.09.2020 07:08:00 16:23:00  BadH Bad Homburg—Frankfurt-Bad Homburg
13.09.2020 07:07:00 16:22:00  BadH Bad Homburg—Frankfurt-Bad Homburg
14.09.2020 06:19:00 11:14:30 BadH-FDH  Ban Homburg—Friedrichshafen

FDH: Friedrichshafen, BNJ: Bonn-Hangelar, BadH: Bad Homburg airfield.

at the hatch box below the Zeppelin cabin at a flow rate of
1.2 L min~! resulting in a residence time of around 5s.

The performance of the MIRO with its sampling line to
measure sticky molecules including NH3 and H>O was fur-
ther examined by laboratory measurements which mimicked
the conditions during the Zeppelin flights. Fast changes of
pollutant concentrations were applied to determine the re-
sponse times (f9p) of the measurement system, which were
240 and 9 for NH3 and H;O, respectively (see Fig. S1 in
the Supplement). This highlights the future need for a heated
sampling line in order to provide quality assured data, es-
pecially for NH3. We therefore omitted NH3; from our dis-
cussion. For H,O and less sticky molecules, response times
below 9 s result in a spatial horizontal resolution of < 150 m
considering a horizontal Zeppelin flight speed of 60 kmh~!
and a vertical resolution of < 15m for a vertical speed of
1.7ms~!. This provides the upper limits of the spatial reso-
lution of pollutant concentration but is sufficient for the anal-
ysis included in this work. Finally, the instrument detection
limit for SO, is 1.7 ppbi.e., 4.9 ug m~3 (1) and the expected
SO, concentrations in European urban areas are mostly be-
low 5 g m™3 (Henschel et al., 2013). Therefore, SO, mea-
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surements are omitted from further discussions within this
paper.

2.3 Hatch box for low-cost sensors and optical particle
counter

Figures 2 and S2 show the hatch box arrangement for mul-
tiple sensors deployed below the Zeppelin cabin. Six setups
were installed each including an amperometric electrochem-
ical gas sensor (ECS) for CO, NO, NO,, and O, (O3 + NO>)
measurements (Baron and Saffell, 2017), a ChipCap2 sen-
sor for temperature (7)) and relative humidity (RH) mea-
surements, and a GPS locator for latitude, longitude, and
altitude measurements. Particle-phase size distribution mea-
surements were performed by two optical particle counters
(OPCs). Currently, the optical counter has been used based
on the available instrument recommendations with and with-
out an isokinetic inlet. The isokinetic inlet was a 3-D-printed
L-shaped inlet of 10cm length and an internal diameter of
5 mm. The second OPC was used without any inlet line, sam-
pling perpendicular to the flight direction. No further sam-
ple preparation or quality assurance has been performed. We
therefore exclude the OPC data in its current state from fur-

https://doi.org/10.5194/amt-15-3827-2022
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Table 2. Instrumentation onboard the Zeppelin airship.
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Installation ~ Method Parameter Time resolution  Precision Reference
(response time)
Cabin rack  Mid-infrared (MIR) O3 Is +0.6 ppb (10) MIRO AG
direct laser NO +0.3ppb (1lo)
absorption NO, +0.04 ppb (10)
spectroscopy CO +0.04 ppb (10)
SO, +1.7ppb (1o)
NH3 +0.05ppb (10)
H,O +12 ppm (lo)
CHy +0.7ppb (1o)
N>O +0.08 ppb (10)
CO, +750ppb (1o)
Hatch box  Capacitive polymer  RH 1s(4s) +2 % RH
sensor chip T 1s(5s) +0.3°C
Electrochemical NO 1s(<455s) +15ppb (20) Alphasense NO-B4
sensor CO 1s(<30s) +4ppb (20) Alphasense CO-B4
NO, 1s(<805s) +15ppb (20) Alphasense NO2-B43F
Ox (NOy +03) 1s(<80s) +15ppb (20) Alphasense OX-B431
Optical particle Aerosol particles 1.3s - Alphasense OPC-N3
counter (0.3—10 um)
GPS Latitude, Longitude, 5s - NAVIN miniHomer 2.8

Altitude

ther discussion. Two long term evolution (LTE) antennas
were used for real-time communication to the instruments
from the ground and wireless communication for onboard de-
cisions. Details on the performance of the sensors including
their time resolution, the limit of detection, and references
are found in Table 2. Furthermore, the potential of the ECSs
to measure nitrogen oxides is shown in Fig. S3. On average,
ECS NO, data are higher by 20 % compared to the MIRO for
concentrations above 15 ppbv which is the limit of detection
for NO, measured by ECS. This makes the ECSs ideal for
the identification of high NO, emission sources during the
Zeppelin flights but limited in determining NO, variability
at low-NO, environments. Calibrations, sensitivity analysis,
and associated uncertainties of the ECSs measurements will
be further discussed in a separate publication and are not the
focus of this work. In the following, all measured pollutant
concentrations are acquired from the MIRO instrument.

2.4 The EURAD-IM model

The EURAD-IM model output was compared to the Zep-
pelin observations by focusing on the emissions and evolu-
tion of an industrial plume as discussed in Sect. 3.4. Details
of the model are provided by Elbern et al. (2007). Briefly,
the regional emission inventory provided by the Coperni-
cus Atmosphere Monitoring Service (CAMS) (Kuenen et al.,
2014; Errera et al., 2021) was used and further refined us-
ing land use information. The Weather Research and Fore-
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casting (WRF) model version 4.0.3 (Skamarock et al., 2008;
Powers et al., 2017) was initialized using the global analysis
of the European Centre for Medium-Range Weather Fore-
casts (ECMWF) to account for the meteorological effects
whereas theRegional Atmospheric Chemistry Mechanism -
Mainz Isoprene Mechanism (RACM-MIM) (Poschl et al.,
2000) was applied to account for the effects of atmospheric
chemistry on pollutant concentrations. Here, we focus on 1 h
time resolution model concentrations for NO, and CO on a
1 km horizontal grid. The observational average flight height
during the comparison periods was around 300m and the
model level centered at about 268 m was chosen as the clos-
est vertical grid point in proximity to these measurements. A
challenge in accurately determining the location of different
emission sources in the model is that the horizontal resolu-
tion of the inventory emissions is coarser (approx. 7 km in
western Germany) than the model resolution (1 km). When
refining the emissions to match the model grid, it is often
hard to match single emission patterns with an operational
forecast model. This was the case for the modeled industrial
emission source investigated in Sect. 3.4 that was offset by
3km to the southeast compared to the original location of
the power plant. Here, NO, concentration fields that are as-
sociated with the significant point source were reallocated to
match the location of the industry and improve the compar-
ison to observations. Reallocation of the CO concentrations
was not applied since this studied power production facility
had negligible CO emissions. CO background concentrations

Atmos. Meas. Tech., 15, 3827-3842, 2022
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Figure 2. Instrumentation onboard the Zeppelin aircraft (Zeppelin picture by Michael Hifner).

were variable due to the numerous other point sources and
the longer CO lifetime.

3 Results and Discussion
3.1 Vertical profiles in Frankfurt and Bonn

Zeppelins can climb and descend slowly at confined loca-
tions to obtain the vertical distribution of pollutants. Each
day, multiple flights were performed with vertical measure-
ments obtained during the Zeppelin landing and take-off at
the airports. Figure 3 shows the vertical profiles of NO, and
O3 at different times of the day for measurements performed
nearby Frankfurt in September and Bonn in May, June, and
September. For Bonn, larger variability in pollutant concen-
trations due to the broader seasonal coverage was not evident
with measurements in May and June showing on average
similar vertical trends as in September (Fig. S4). Zeppelin
data below 25m were excluded from the analysis as they
were affected by the Zeppelin engine exhaust emissions. In
the early hours from 06:00 to 08:00 UTC, NO, mixing ratios
close to the ground were higher with a median (25th-75th
percentile) of 8 (5-19) ppbv and 5.7 (3-20) ppbv for Frank-
furt and Bonn, respectively. In Frankfurt, the median NO,

Atmos. Meas. Tech., 15, 3827-3842, 2022

concentration sharply decreased down to 1 (0.27-6) ppbv
when above 125 m, whereas in Bonn, a moderate decrease
to 5 (2.7-10) ppbv was observed. O3 showed the opposite
trend with low mixing ratios close to the ground and an O3
increase above 125 m in height. During the period from 08:00
to 10:00 UTC, an increase of NO, at all heights compared to
06:00 UTC was evident in Frankfurt, whereas in Bonn, NO,
was similar to earlier hours with a slight increase of ground-
level NOy to 9.2 (3.1-14.5) ppbv. In parallel, O3 decreased
at higher altitudes and increased closer to the ground for
Frankfurt and Bonn compared to earlier hours. From 10:00 to
18:00 UTC, the lower PBL was well mixed with NO, and O3
concentrations agreeing within their variability at all heights
from 25 up to 375 m. NO, concentrations decreased through-
out the day down to less than 1 ppbv, whereas O3 increased
up to more than 60 ppbv for both Frankfurt and Bonn. Same
trends were observed for other criteria pollutants including
CO, CO3, and CHy4 (Fig. S5), whereas N,O, H>O, and NH3
were less variable (Fig. S6).

Changes in PBL dynamics, anthropogenic emissions, and
atmospheric chemistry are the drivers of the observed diur-
nal and vertical variability. During nighttime, a shear devel-
ops between the residual layer and the more stagnant noc-
turnal boundary layer that grows higher and reaches a morn-

https://doi.org/10.5194/amt-15-3827-2022
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ing maximum (see Fig. S7). Shortly after sunrise, the surface
heats up and a mixed layer evolves increasing with height
until the former nocturnal boundary layer and the residual
layer are finally fully mixed. From 08:00 to 10:00 UTC,
the Zeppelin captured the evolving convective mixed layer
that developed after sunrise and reached on average up to
125 m. The increased ground-level NO, concentrations dur-
ing the early hours are the result of fresh emissions from
ground sources into a shallow mixed layer. As the convective
mixed layer increases, ground-level NO, concentrations are
expected to decrease due to dilution effects. Higher altitude
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concentrations increase as more concentrated ground-level
NO, is distributed vertically. The morning anthropogenic
emissions including rush-hour traffic increase the ground-
level NO,, but dilution mitigates the level of NO, concen-
trations at low altitudes in Frankfurt and Bonn during the
morning hours. O3z is a secondary product from the interplay
of NO,, volatile organic compound emissions, and meteo-
rology. Under dark conditions, O3 is expected to react away
and its concentration decreases, whereas during the day, it
is expected to reach maximum concentrations midday when
photochemistry peaks. These trends are verified by the Zep-
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pelin flights in Frankfurt and Bonn where early morning
O3 titration is followed by photochemical O3 production/in-
crease midday with uniform vertical distributions obtained
after 10:00 UTC.

3.2 NO; vertical profiles compared to ground-based
monitoring stations

The above field-derived vertical profiles show the influence
of PBL dynamics in diluting pollutant concentrations but also
highlight the influence of anthropogenic emissions. Compar-
ison of these profiles to ground-based measurements pro-
vides insights into their origin and location. Figure 4 com-
pares the NO, vertical profiles in Frankfurt to ground-based
observations from various monitoring stations (provided by
Unweltbundesamt, Table S1). Twelve ground-based moni-
toring stations were chosen located in the broader Frank-
furt metropolitan area as shown in Fig. 4a. Monitoring sta-
tions in the inner city namely, Frankfurt-Hochst, Frankfurt-
Niedwald, Frankfurt-Ost, Frankfurt-Schwanheim, Frankfurt-
Friedberger Landstrale, and Offenbach-Untere Grenzstrafe
are categorized as urban. Monitoring stations in the outer
Frankfurt area including Hanau, Raunheim, Wiesbaden-Siid,
Wiesbaden-Ringkirche, and Wiesbaden-Schiersteiner Strafie
were categorized as suburban. Finally, Kleiner Feldberg was
considered a remote station at a higher altitude, 700 m above
the city center of Frankfurt and 300400 m above the Zep-
pelin flight track. Figure 4b shows a detailed comparison
of the NO, diurnal variability of the ground stations and
the Zeppelin measurements. For the urban and suburban
stations, a NO, peak was evident with an average (£lo)
concentration of 46.3 (£4.9)ppbv and 35.6 (£10.1) ppbv
in the morning hours. Midday, the NO, concentrations de-
creased due to the increasing convective mixed layer height
as well as reduced traffic emissions and increased again in
the evening due to rush-hour traffic reaching a maximum of
56.6 (£25)ppbv and 41.3 (£23.7) ppbv for the urban and
suburban stations, respectively. At the remote station, the
NO, concentrations were at background levels and no sig-
nificant anthropogenic contribution was evident. Zeppelin
data followed the same morning increase as the urban and
suburban monitoring stations with maximum NO, at 21.7,
21.3, 11.4, and 5 ppbv for measurements at 50, 100, 150, and
200 m, respectively, during the time from 08:00-10:00 UTC.
For higher altitude measurements at 250 and 300 m, the NO,
concentrations were the highest from 10:00-12:00 UTC with
concentrations of 6.3 and 8.85 ppbv, respectively.

At lower altitudes, Zeppelin flew close to the outer urban
airfield while at higher altitudes it was located closer to the
city center of Frankfurt as shown in Fig. 4a. It is therefore ex-
pected that measurements taken at low altitudes are compa-
rable to those from suburban monitoring stations in particu-
lar during the early morning hours when the convective mix-
ing layer starts evolving and the dilution of fresh emissions
is less pronounced. However, ground-based (sub-)urban sta-
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tions are located close to roads or even in road canyons catch-
ing fresh emissions and observed concentrations of primary
emissions were higher on average than the respective low
altitude Zeppelin data (Fig. 4b). In the morning hours, the
effect of rush hour traffic emissions on both the Zeppelin
and urban/suburban stations is evident with a peak in NO,
concentrations at altitudes below 200 m at 08:00-10:00 UTC.
For higher altitude measurements (250—300 m) the NO,. con-
centrations peak at 10:00-12:00 UTC which highlights the
effect of PBL dynamics, where morning emissions are dis-
tributed vertically to generate a well-mixed layer resulting in
a dilution of the mixed air masses. This results in a later and
weaker peak of the NO, concentration at high altitudes. As
the convective layer reaches altitudes above the upper flight
range of the Zeppelin, this observed change in dynamic is no
longer captured. In the afternoon, no significant concentra-
tion differences are observed between the different heights.
The evening peak captured by the monitoring stations is only
partially measured by the Zeppelin. Future Zeppelin cam-
paigns to capture the nocturnal boundary layer development
in the evening hours will provide further insights into the di-
urnal variability of the PBL.

These results provide evidence of effective vertical mixing
in particular during the afternoon but limited to the heights
captured by the Zeppelin. Future studies to convey whether
mixing is as efficient at higher altitudes, which have been
previously achieved by aircraft studies (e.g., Flynn et al.,
2014, 2016; Choi et al., 2020; Li et al., 2021), will be of great
interest. Furthermore, comparison of the Zeppelin flights not
only to ground-based monitoring stations, but also to mod-
eling efforts and satellite measurements, would be of great
value as geostationary satellites come on-line in the future.

3.3 Comparison to the EDGAR 2015 emission
inventory

Airborne Zeppelin measurements are an ideal platform to in-
vestigate pollutant concentrations on the vertical; however,
the majority of flight hours were at heights ranging from
250-450 m. During these periods, the Zeppelin flew over var-
ious cities, including Cologne, Monchengladbach, Diissel-
dorf, Aachen, and Frankfurt, but also over industrial areas
and highways. This provided the opportunity to better char-
acterize anthropogenic emissions and compare observations
to emission inventory estimates for Germany. Here, we use
the 2015 Emissions Database for Global Atmospheric Re-
search (EDGAR v5) (Crippa et al., 2020), which is the most
recent year for which data are publicly available. Emissions
in EDGAR are provided in Gg yr~! while pollutant concen-
trations detected onboard the Zeppelin are measured in ppbv.
A direct comparison of the emission inventories and obser-
vations is challenging. From emission to detection, measured
pollutant concentrations can drastically change due to dilu-
tion as well as chemical and physical loss processes whereas
the annual inventory emission estimates may differ from
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Figure 4. (a) Map of Frankfurt overlaid with the Zeppelin flight tracks in red and yellow that are used to generate the vertical profiles shown
on the right. Multiple flight paths to the city center of Frankfurt are overlaid and appear as a thick red line. Also shown are the urban, suburban,
and remote monitoring station locations with brown, green, and blue circle markers, respectively (Data provided by the Umweltbundesamt)
(© OpenStreetMap contributors 2021. Distributed under the Open Data Commons Open Database License (ODbL) v1.0.). (b) Average
diurnal NO, concentration profiles for the urban, suburban, and remote monitoring stations and the Zeppelin diurnal profiles at different

heights.

daily or even hourly emission rates. A common strategy to
reduce the above described uncertainties has been to focus
on pollutant mass ratios (Gkatzelis et al., 2021b; Coggon et
al., 2021). For example, if CO and a volatile organic com-
pound are co-emitted from a pollution source their ratio is
constant as they travel downwind of the source if their phys-
ical and chemical loss pathways are not different and they do
not have other sources.

Figure 5 shows the diurnal variability of the NO, to CO
slope for all Zeppelin flights between 250 and 450 m. A sen-
sitivity analysis was performed to derive the observed NO,
to CO slope by applying a linear fit function every 60, 100, or
1000s. Linear fits obtained from each time step were further
filtered depending on the goodness of fit with data discarded
if the coefficient of determination R? of the linear fit was be-
low 0.6, 0.7, or 0.8, respectively. An overview of this sensi-
tivity analysis to the different time steps and R? thresholds is
given in Fig. S8. Overall, the NO, to CO slopes were within
+0.05gg~! independent of the chosen time steps and R>
thresholds. Therefore, for Fig. 5 we choose a 1 min time step
and an R? threshold of 0.6 to discuss the observed variability
of the NO, to CO slopes. Figure 5 also shows the NO, to CO
emission ratios from numerous pollution sources based on
the EDGAR 2015. The EDGAR emission inventory was sep-
arated into different emission sectors including transporta-
tion, industry, building and miscellaneous, and other sources
by lumping the Intergovernmental Panel on Climate Change
(IPCC) emission categories. Road transportation with no re-
suspension is the dominant source of NO, in the inventory
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accounting for 40 % of the NO, emitted in Germany with a
NO, / COratio of 0.68 g g~ !. Other transportation categories
are not expected to contribute more than 6 % to the total NO,
emissions, however they have drastically higher NO, / CO
ranging from 3—10 g g~!. Industrial emissions are dominated
by the categories “main activity electricity and heat produc-
tion” and “manufacturing industries and construction” ac-
counting for 22 % and 18 % of the total NO,,, with NO, / CO
at 1.37 and 0.56, respectively. The remaining industrial emis-
sions account for 3 % of the total NO, and their NO, / CO
ranges from 0.017-24.32 g ¢~!. Building and miscellaneous
sources account for 11 % of the total NO, in EDGAR and are
predominantly related to residential emissions and off-road
vehicles with NO, / CO at 0.08. NO, to CO slopes during
the Zeppelin flights were relatively constant with a daily av-
erage of 0.36 (£0.03) g g~ !. These values were in the range
of the average emission ratio of road transportation, building
and miscellaneous emissions, and specific industrial sources
when compared to EDGAR 2015. Higher NO, to CO lev-
els by a factor of 2 to 5 compared to the daily average were
evident promoting sporadic detection of high NO, emission
sources compared to CO. Figure 6 shows that the spatial dis-
tribution of these higher NO, to CO emissions is predomi-
nantly related to petroleum refinery and chemical industries
along the flight tracks in North Rhine-Westphalia and Hessen
further promoting the potential of Zeppelin flights to locate
different pollution sources in space and time. A character-
istic example of higher NO, to CO industrial emissions is
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highlighted in Sect. 3.4 and further investigation of individ-
ual emission sources is the focus of a future study.

The observed NO, / CO slope can be influenced by the
longer lifetime of CO compared to NO, (Seinfeld and Pan-
dis, 2006) and therefore bias the measurements low. The
longer CO lifetime also leads to higher background levels;
however, when focusing on the NO, / CO slope this back-
ground is accounted for in the offset of the linear fit. The
major NO, daytime loss pathway is the reaction of NO»
with the OH radical yielding nitric acid. The net chemical
loss of NO, in the atmosphere is challenging to directly ob-
serve. Observational methods to determine the lifetime of
NO, have shown that under typical midday conditions in
an isoprene-dominated forest it was 11 h &+ 5h (Romer et al.,
2016), whereas for studies focused on the outflow of isolated
emissions the average range of NO, lifetimes was around 5—
8 h (Ryerson et al., 1998; Liu et al., 2016; Dillon et al., 2002;
Alvarado et al., 2010; Valin et al., 2013). The vertical trajec-
tory time for emissions to be detected onboard the Zeppelin
is expected to be below the above lifetime thresholds due to
the midday vertical mixing with vertical wind speeds in the
range of 1 to 2m g1 (Stull, 1988). However, the net chem-
ical loss of NO, cannot be neglected, especially if shorter
NO, lifetimes are evident due to the efficient production of
multifunctional nitrates (e.g., Valin et al., 2013). Therefore,
the observational ratios presented here are a lower estimate
compared to the ratios close to the emission source.

Uncertainties can also exist in the 2015 EDGAR emission
inventory estimates compared to the expected emissions in
2020 when the Zeppelin flights were performed. The Eu-
ropean Environmental Agency reports a drastic decrease in
NO, emissions by almost 60 % from 1990 to 2019 (EEA,
2021). Assuming the decrease in NO, emissions is stronger
compared to the decrease of CO from 2017 to 2020, this
could lead to an overestimation of the EDGAR NO, /CO
ratios presented here. Furthermore, 2020 was the year that
the COVID-19 pandemic led to unprecedented government
restrictions to limit the spread of the disease. Gkatzelis et
al. (2021a) show that reduced NO, and CO emissions cor-
relate with stricter government responses that could affect
the NO, and CO observations. Although transportation and
industrial emissions are expected to decline during lock-
down conditions, building emissions could have risen. The
increased contribution of building emissions could therefore
explain why observational NO, / CO ratios fall along with
the EDGAR transportation/industry and building emission
ratios.

3.4 Targeted flights to identify coal power plant
emissions

As highlighted in the previous section, emissions from in-
dustrial energy production are a major contributor to pollu-
tant concentrations in Germany. Industrial pollution sources
were identified in proximity to the Zeppelin airports us-
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ing the EURAD-IM model prior to flights performed in
North Rhine-Westphalia. The coal power plant in Weisweiler
(50.838° N, 6.321° E) was chosen to investigate the vertical
and horizontal evolution of industrial emissions on 8 May
2020, at 06:00-14:00 UTC.

Figure 7 shows the EURAD-IM model results (see
Sect. 2.4) for NO, and CO concentrations overlaid with ob-
servations on-board the Zeppelin for one transect crossing
the industrial plume at 07:30-08:30 UTC. Comparison of
the EURAD-IM model and observations at different indus-
trial plume heights and different time periods are the fo-
cus of future work; here we highlight the potential of Zep-
pelin measurements as valuable input for model evaluation
or data assimilation approaches. EURAD-IM NO, concen-
trations were at 25 ppbv close to the industrial emissions
and decreased moving downwind of the industry due to dilu-
tion. The Zeppelin flew in circles around the industry during
the same period. NO, background concentrations were at 5—
10 ppbv and increased to 10-25 ppbv when flying through
the industrial plume. Model concentrations ranged from 5 to
10 ppbv upwind of the industry location in the southern and
eastern regions and were in good agreement with observa-
tional trends. The model NO, concentrations were on aver-
age 18-20 ppbv for this industry and agreed within 12 % with
the Zeppelin measurements for this transect. Industrial CO
emissions were minimal both in the model and observations
and background CO levels agreed within less than 10 %.

Industrial emissions during the period of the measure-
ments were lower than the business-as-usual emission sce-
nario due to the increased contribution of solar and wind
energy (Burger, 2021) and/or the impact of lockdown mea-
sures. Particularly, the net electricity generation from the
Weisweiler coal power plant during the Zeppelin flight was
50 % less compared to the weekly average generation for
2020 (Burger, 2022). The good agreement between the model
and observations for NO, concentrations could therefore be
due to an overestimation of NO, emissions at this given time
by the model. However, the model NO, and CO background
concentration levels are in good agreement with observa-
tions. Although the period of the measurements was during
lockdown conditions, the background NO, and CO levels
seem to be unaffected by the stay-at-home orders.

4 Conclusions

We report in situ measurements of air pollutant concentra-
tions within the planetary boundary layer on board the Zep-
pelin NT airship in Germany. A novel quantum cascade laser-
based multi-compound gas analyzer (MIRO Analytical AG)
is deployed to simultaneously measure the concentration of
greenhouse gases (CO;, N>O, H>0, and CHy) and air pol-
lutants (CO, NO, NO,, O3, SO3, and NH3) with high preci-
sion at a measurement rate of 1 Hz. Electrochemical sensors
for NO, NO,, O, (NO3 + O3), and CO, an optical particle
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Figure 7. Evolution of industrial plume emissions of NOy and CO based on the EURAD-IM model overlaid by the field-derived Zeppelin

observations.

counter, temperature, humidity, altitude, and position moni-
toring are attached to a hatch box below the Zeppelin cabin.
In total, 14 commercial flights, 4 targeted flights, and 6 tran-
sect flights were performed in May, June, and September
2020, and include flights over urban, remote, and also indus-
trial areas and highways.

Vertical profiles of pollutants are obtained with a focus on
NO, and O3 during the airship landing and take-off close to
the airports of Bonn and Frankfurt. In the early hours from
06:00 to 08:00 UTC, NO, mixing ratios are higher close to
the ground and sharply decrease when above 125 m. O3 has
the opposite trend with low mixing ratios close to the ground
and an O3 increase above 125 m. This is due to a developing
convective mixing layer in which dilution of fresh emissions
is less pronounced leading to an increase in NO, concentra-
tions close to the ground, and the subsequent titration and
decrease of ground-level O3. From 08:00 to 10:00 UTC, an
increase of NO, mixing ratios is evident at all heights due
to the morning rush hour traffic emissions. From 10:00 to
18:00 UTC, the convective mixing layer is fully developed
within the max. flight height of 450 m above ground and well
mixed with NO, and O3 concentrations agreeing within their
variability at all heights. During these periods, NO, concen-
trations decrease throughout the day due to vertical dilution,
whereas O3 increases due to increased photochemical activ-
ity. We compare the diurnal variability of the Zeppelin verti-
cal profiles to measurements from ground-based monitoring
stations in Frankfurt to find that Zeppelin vertical concentra-
tions are predominantly affected by suburban emissions and
only the higher altitude measurements are influenced by ur-
ban Frankfurt emissions.

NO, to CO slopes at higher altitudes (250-450m) are
compared to the 2015 EDGAR emission inventory. A daily
average of 0.36 (+0.03) g g~! is found for the Zeppelin mea-
surements in the range of the inventory emission ratios for
transportation, residential emissions, manufacturing indus-
tries, and construction activity. Sporadic high NO, to CO
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slopes (2-5 g g~ 1) close to industrial sources are observed in-
cluding a coal power plant in Weisweiler. We compare dedi-
cated measurements in this industrial facility to the EURAD-
IM model to find agreement within less than 15 % for NO,
and CO concentrations during one plume transect. However,
due to the increased contribution of solar and wind energy
and/or the impact of lockdown measures the power plant was
operated at 50 % capacity; therefore, possible overestimation
of emissions by the model cannot be excluded. Nevertheless,
an agreement between the model and observations for back-
ground NO, and CO concentrations promotes that emissions
were not drastically affected due to lockdown restrictions as
they are adequately represented by the model calculations, in
which no emission reductions to account for the lockdown
have been included.

From obtaining vertical pollutant distributions to evaluat-
ing emission inventories and modeling efforts the findings
of this work highlight the unique scientific insights obtained
aboard a Zeppelin platform and promote the importance of
frequent airship measurements in Europe in the following
years. Furthermore, the low costs of commercial flights pro-
vide an affordable and efficient method to improve our under-
standing of changes in emissions in space and time. Future
efforts to include volatile organic compound measurements
along with the greenhouse gases and air pollutants obtained
by the MIRO MGA °-GP multi-compound gas analyzer will
further expand the capabilities of this platform and provide
insights into primary and secondary pollution observations.
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