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Abstract. In this study ozone profiles of the differential-
absorption lidar at Garmisch-Partenkirchen are compared
with those of ozone sondes of the Forschungszentrum Jülich
and of the Meteorological Observatory Hohenpeißenberg
(German Weather Service). The lidar measurements are qual-
ity assured by the highly accurate nearby in situ ozone
measurements at the Wank (1780 m a.s.l.) and Zugspitze
(2962 m a.s.l.) summits and at the Global Atmosphere Watch
station Schneefernerhaus (UFS, 2670 m a.s.l.), at distances of
9 km or less from the lidar. The mixing ratios of the lidar
agree with those of the monitoring stations, with a standard
deviation (SD) of 1.5 ppb, and feature a slight positive offset
of 0.6± 0.6 ppb (SD) conforming to the known −1.8 % cal-
ibration bias of the in situ instruments. Side-by-side sound-
ings of the lidar and electrochemical (ECC) sonde measure-
ments in February 2019 by a team of the Forschungszen-
trum Jülich shows small positive ozone offsets for the sonde
with respect to the lidar and the mountain stations (0.5 to
3.4 ppb). After applying an altitude-independent bias correc-
tion to the sonde data an agreement to within just ±2.5 ppb
in the troposphere was found, which we regard as the winter-
time uncertainty of the lidar. We conclude that the recently
published uncertainties of the lidar in the final configuration
since 2012 are realistic and rather small for low to moderate
ozone concentrations. Comparisons of the lidar with the Ho-

henpeißenberg routine measurements with Brewer-Mast son-
des are more demanding because of the distance of 38 km be-
tween the two sites implying significant ozone differences in
some layers, particularly in summer. Our comparisons cover
the 3 years September 2000 to August 2001, 2009, and 2018.
A slight negative average offset (−3.64± 3.72 ppb (SD)) of
the sondes with respect to the lidar was found. We conclude
that most Hohenpeißenberg sonde data could be improved in
the troposphere by recalibration with the Zugspitze station
data (1978 to 2011 summit, afterwards UFS). This would
not only remove the average offset but also greatly reduce
the variability of the individual offsets. The comparison for
2009 suggests a careful partial re-evaluation of the lidar mea-
surements between 2007 and 2011 for altitudes above 6 km,
where occasionally a negative bias occurred.

1 Introduction

The development of tropospheric ozone has been studied
over more than a century (e.g. Gaudel et al., 2018; Tara-
sick et al., 2019). For many decades, balloon-borne ozone
sondes have been a primary work horse of ozone profiling.
Their measurement principle is based on the oxidation of io-
dide (I−) to iodine (I2) by ozone in a wet-chemical potas-

Published by Copernicus Publications on behalf of the European Geosciences Union.



5146 T. Trickl et al.: Local comparisons of tropospheric ozone

sium iodide (KI) cell. Between the cathode and the anode
of the wet-chemical cell, the oxidation reaction drives an
electrical current that can be measured (two electrons per
ozone molecule). Recently, nearly all stations have used the
so-called ECC (electro-chemical-cell) sonde type (Komhyr,
1969; Komhyr et al., 1995), featuring two cells with dif-
ferent potassium iodide concentrations (anode and cathode
cell). Only the Hohenpeißenberg station, discussed here, still
uses the older-type Brewer-Mast sondes (Brewer and Mil-
ford, 1960), which use one cell only (with a platinum cathode
and a silver anode), and a less efficient pump design (Stein-
brecht et al., 1998). Ozone sondes have been characterized
in numerous studies, both in flight (e.g. Attmannspacher and
Dütsch, 1981; De Muer and Malcorps, 1984; Beekmann et
al., 1994; Kerr et al., 1994; Jeannet et al., 2007; in recent
years: Gaudel et al., 2015; Van Malderen et al., 2016; Desh-
ler et al., 2017; Tarasick et al., 2021; Ancellet et al., 2022;
Stauffer et al., 2022), and in a laboratory simulation cham-
ber (Smit et al., 2007; Smit and ASOPOS panel, 2014; Smit
and Thompson, 2021). Generally, the relative uncertainty of
individual ECC soundings for ozone in the mid-latitude tro-
posphere is about 5 % to 10 % (Logan et al., 2012; Smit and
ASOPOS panel, 2014; Tarasick et al., 2016, 2019). Follow-
ing rigorous best practices, 5 % accuracy can be achieved
(Vömel et al., 2020; Smit and Thompson, 2021; Tarasick et
al., 2019, 2021). For Brewer-Mast soundings, the relative un-
certainty in the troposphere is slightly higher, about 10 % to
15 % (Stübi et al., 2008; Smit and ASOPOS panel, 2014;
Tarasick et al., 2016, 2019). For tropospheric ozone from
Canadian Brewer-Mast soundings prior to 1980 Tarasick et
al. (2002, 2016) found a negative bias of about 20 % com-
pared with ECC soundings.

The ozone soundings at the Meteorological Observatory
Hohenpeißenberg (MOHp) of the German Weather Service
(Deutscher Wetterdienst, DWD) in southern Bavaria have
been routinely carried out since November 1966, yielding
one of the longest ozone-sonde time series. Brewer-Mast
ozone sonde data tend to have a low bias above about 25 km
altitude (Steinbrecht et al., 1998). European Brewer-Mast
stations have generally used a much more extensive prepara-
tion procedure for their sondes (Claude et al., 1987), and no
significant tropospheric bias has been reported for their rou-
tine Brewer-Mast soundings (de Backer et al., 1998; Stübi et
al., 2008; Logan et al., 2012), as well as in chamber experi-
ments (Smit and ASOPOS panel, 2014).

Routine measurements with ozone sondes yield time series
free from a fair-weather sampling bias. However, the bal-
loon ascents take place at intervals of several days. Ozone
profiles at short intervals (less than 1 min to several min-
utes) can be provided by lidar sounding, but are limited to
clear atmospheric conditions. Lidar measurements can gen-
erate altitude-time curtain plots and, thus, give much better
insight into the impact of atmospheric transport (e.g. Brow-
ell et al., 1987; Ancellet et al., 1991; Langford et al., 1996).

At IFU (Fraunhofer-Institut für Atmosphärische Umwelt-
forschung; now: Karlsruher Institut für Technologie, IMK-
IFU) in Garmisch-Partenkirchen (Germany), a differential-
absorption lidar (DIAL) with a particularly wide operating
range from next to the ground up to the upper troposphere
was completed in 1990 within the framework of the TES-
LAS (Tropospheric Environmental Studies by Laser Sound-
ing) subproject of EUROTRAC (TESLAS, 1997; EURO-
TRAC, 1997; Kempfer et al., 1994). Subsequently, the sys-
tem was applied for a full year (1991) within the TOR (Tro-
pospheric Ozone Research; Kley et al., 1997) subproject of
EUROTRAC (Carnuth et al., 2002). The operating range of
this system was extended upwards to roughly 15 km in 1994
by introducing a three-wavelength operation (Eisele et al.,
1999). Owing to its design, the IFU ozone DIAL features
particularly low uncertainties (Trickl et al., 2020a).

Until 2003 the system was used for individual research
projects. Between 2007 and 2018 routine measurements took
place, parallel to lidar measurements of water vapour (Vo-
gelmann and Trickl, 2008) and aerosol (Trickl et al., 2020b).
The complementary information from these instruments has
made possible a large number of investigations related to at-
mospheric transport. The IFU ozone DIAL was recently fully
described by Trickl et al. (2020a).

The distance between MOHp and IFU is just 38 km, which
offers a good chance for comparisons. However, such com-
parisons must be made with care as the atmospheric vari-
ability is high on a rather small temporal and spatial scale
(Vogelmann et al., 2011, 2015), mostly caused by the advec-
tion of air masses from rather different source region and al-
titudes, with different concentrations (e.g. Stohl and Trickl,
1999; Trickl et al., 2003, 2011). The variability of the ver-
tical distribution of ozone measurements rarely yields very
strong concentration changes, but the concentration changes
are extreme for water vapour. Our lidar measurements of wa-
ter vapour exhibit a concentration span of more than two
decades, with minima of the relative humidity (RH) clearly
below 1 % in layers descending from the stratosphere (Trickl
et al., 2014, 2015, 2016; Klanner et al., 2021).

Comparisons between the MOHp sonde and the IFU ozone
lidar were made in the second half of the 1990s and in
2001, after the first upgrading of the lidar. A few of these
comparisons in 1996 and 1997 were published by Eisele et
al. (1997, 1999). For the six cases with supposedly sufficient
air-mass matching a principal agreement in the free tropo-
sphere to within 5 % prevailed, with occasional departures
of the order of 10 %. Several unpublished comparisons in
2001 showed principal agreement, but also some structural
issues due to focussing on stratospheric air intrusions with
the STACCATO project (Stohl et al., 2003).

Afterwards, just routine comparisons with the nearby
summit stations were made. Until 2010 the lidar re-
sults were compared with the long-term measurements at
Wank and Zugspitze. Apart from occasional orographi-
cally induced deviations, an agreement mostly to within
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±2 ppb was found. After these in situ measurements ended
(2011) the lidar measurements were compared with the
ozone measurements at the Schneefernerhaus high-altitude
station (Umweltforschungsstation Schneefernerhaus, UFS,
2671 m a.s.l.). UFS is located just below the Zugspitze sum-
mit. Mostly, a similar agreement was found.

However, the need for a validation of the lidar at higher
altitudes has been obvious. Such an effort became more and
more attractive with the growing technical performance of
the system. In addition, hints on ozone differences between
the Zugspitze (2962 m a.s.l.) in situ data and the MOHp val-
ues (Hans-Eckhart Scheel, personal communication, around
2010) for 3 km a.s.l. have led to a revived interest in a thor-
ough comparison. There have been speculations about an in-
fluence of a different air composition outside the mountains
at low altitudes up to a few kilometres.

In this paper we first characterize the lidar by side-by-side
ascents of ozone sondes by a team of the Forschungszentrum
Jülich (FZJ). This effort, also based on the measurements at
UFS, demonstrates a high performance of the DIAL within
the entire free troposphere, at least under winter-time condi-
tions. Then, based on this performance, we give a statistical
assessment of the measurements at IFU and MOHp for the
year 2018. For that year we achieved the best coverage by
DIAL measurements. This allows us to make an air mass-
related data selection to improve the comparison. Finally, we
also compare lidar and MOHp sonde for two earlier devel-
opment phases of the lidar, for which ozone reference data at
the local summit stations Wank (1780 m a.s.l.) and Zugspitze
exist.

2 Methods

2.1 Brewer-Mast sonde system at Hohenpeißenberg

MOHp (975 m a.s.l., 47.80◦ N, 11.00◦ E) is located on an iso-
lated mountain outside the Alps, 38 km to the north of IMK-
IFU and 50 km to the south-west of Munich. Brewer-Mast
ozone sondes have been launched on a regular basis since
November 1966. The sondes undergo a rigorous preparation
procedure (Claude et al., 1987), which has remained essen-
tially unchanged since the early 1970s. From 1995 to 2005,
Vaisala RS80 radiosondes and a Vaisala PC-CORA ground
station have been used in combination with the ozone sondes.
This was changed to Vaisala RS92 radiosondes and Digi-
Cora III MW31 ground equipment in 2005, to an MW41
ground station in 2018, and to Vaisala RS41 radiosondes
in 2019. The standard processing does not subtract a back-
ground current, but ozone sondes with non-negligible back-
ground current on the ground (corresponding to more than
2.5 ppb ozone) are not flown. The background of most son-
des launched is well below this threshold. The pump tem-
perature is assumed to be constant at 300 K, which compen-
sates to some degree for too weak a pump correction in the

stratosphere (Steinbrecht et al., 1998). The time lag is com-
parable with that of ECC sondes (about 20 s; see Vömel et
al., 2020). A time-lag correction is not applied, but this is not
critical outside regions with steep ozone gradients as the cor-
responding vertical shift is just of the order of 0.1 km. Each
ozone profile is adjusted by multiplication with an altitude-
independent correction factor (typically around 1.08, stan-
dard deviation 5 %), so that the total ozone column estimated
from the sounding (including an extrapolation above approx-
imately 30 km) matches the more accurate total ozone mea-
surement from on-site Dobson or Brewer spectrometers, or
from satellite instruments. This so-called “Dobson correc-
tion” generally improves the accuracy of the ozone sounding
data in the stratosphere, but may introduce a small bias in the
tropospheric data of some soundings (e.g. Stübi et al., 2008;
Logan et al., 2012).

The MOHp ozone-sonde and radiosonde data are stored
in the database of the Network for the Detection of Atmo-
spheric Composition Change (NDACC), from which they
were imported for the study presented here.

2.2 ECC sonde system of the Forschungszentrum
Jülich

A mobile balloon-borne sonde system of the Forschungszen-
trum Jülich (FZJ) was operated at IMK-IFU (at 730 m a.s.l.),
in close vicinity to the ozone DIAL (35 m), during the Far
Infrared Radiation Mobile Observation System (FIRMOS)
measurement campaign (Klanner et al., 2021; Palchetti et al.,
2021; Di Natale et al., 2021; Belotti et al., 2023). Several bal-
loons with cryogenic frostpoint hygrometers (CFHs; Vömel
et al., 2007, 2016), standard Vaisala RS-41-SGP radioson-
des, En-Sci ECC ozone sondes (Komhyr et al., 1995; Smit et
al., 2007), and COBALD backscatter sondes (Brabec, 2011)
were launched. The data were transmitted to a ground sta-
tion installed for this campaign at the Zugspitze summit. The
combined balloon payload is well tested and regularly also
used by the GCOS Reference Upper Air Network (e.g. Dirk-
sen et al., 2014).

We followed the standard operating procedures of Smit
and ASOPOS panel (2014) for the sonde preparation using
a solution composition of 1 % and 1/10 (one-tenth) buffer
for best results with sondes from the manufacturer En-Sci
(Thompson et al., 2019).

For the analysis of the ECC data, the methods described
by Vömel et al. (2020) are used, i.e. time lag correction and
background current correction. The overall uncertainty of the
ozone measurements of the ECC sondes is 5 %. Owing to
the obstruction of the line of sight between the launch site at
IMK-IFU and the ground station at the summit by the Wax-
enstein mountain allowed data recording only from approxi-
mately 1500 m altitude upwards. Therefore, we used the es-
timated ECC background current from the sonde preparation
1 d before a flight as the starting value for the background
correction instead of the actual measured profile from the
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ground up to 1500 m. This results in an additional uncertainty
in the lower part of the profile (2 to 3 km a.s.l.).

2.3 IFU ozone DIAL system

The ozone DIAL of IMK-IFU (Garmisch-Partenkirchen), lo-
cated at 47.477◦ N, 11.064◦ E, and 740 m a.s.l., has been de-
veloped and optimized since 1988 (Kempfer et al., 1994;
Trickl et al., 2020a). It is based on a krypton fluoride ex-
cimer laser, operated at 400 mJ per pulse (40 W) of narrow-
band radiation at 248.5 nm, two Newtonian receiving tele-
scopes (diameter of the primary mirrors: 0.13 and 0.5 m),
and 1.1 m grating spectrographs for wavelength separation.
Efficient stimulated Raman shifting in hydrogen and deu-
terium yields emission at the three operating wavelengths
277.2, 291.8, and 313.2 nm. The shorter-wave spectral com-
ponents are absorbed by ozone (“on” wavelengths), that at
313.2 nm (“off” or reference wavelength) is almost outside
the absorption region of 3. The laser system is operated with a
repetition rate of 99 Hz, which allows a short data-acquisition
time of 41 s for the maximum number of 4096 laser shots ac-
cepted by the 24-bit memory of the electronics. More shots
are advisable under noisy daytime conditions in summer, but
a longer acquisition was prevented by laser issues.

The data evaluation is based on differentiating the
backscatter signals, which is highly sensitive to the noise
and imperfections of the raw data (stored in 7.5 m bins).
Therefore, the generated ozone profiles are smoothed with
a numerical filter. The noise fraction in the strongly de-
creasing backscatter signal grows with altitude. Thus, the
smoothing interval must be dynamically enhanced towards
the tropopause (yielding a vertical resolution 0.05 to 0.5 km).
The entire procedure is described in detail by Trickl et
al. (2020a).

The shortwave 277.2 nm emission yields particularly accu-
rate measurements, but the strong extinction of this radiation
by ozone limits the range to about 8 km. The performance
in the two 277.2 nm channels is robust with respect to mi-
nor misalignment, with uncertainties of about 2 to 4 ppb up
to 5 km (the estimated uncertainties are listed in Table 4 of
Trickl et al., 2020a). This is not the case for 291.8 nm, where
the optical alignment must be controlled with care because
of less tight focussing into the entrance slit of the far-field
spectrograph. In addition, the 291.2 nm backscatter signal is
three times noisier than that for 277.2 nm, which necessitates
stronger smoothing of the retrieved ozone profiles (Trickl et
al., 2020a). For 5 to 8 km we specify uncertainties of 3 to
7 ppb. The noise of the 313.2 nm signal becomes important
at large distances. As a consequence, the uncertainty of the
ozone mixing ratio can be rather high in the upper tropo-
sphere and the tropopause region, in particular in summer
owing to the stronger loss of signal caused by the higher
levels of ozone. Sometimes the uncertainty just below the
tropopause can even exceed 10 ppb.

The DIAL data processing is made for different wave-
length combinations (Eisele and Trickl, 2005). By compar-
ing the resulting ozone profiles, an internal quality control
can be achieved. The optical alignment is optimized immedi-
ately after detecting an ozone mismatch in the first quicklook
data evaluation. Just the laser beam overlap of the different
wavelength components (Trickl et al., 2020a) and the beam
pointing must be optimized.

The calibration of the ozone lidar measurements has
been based from the very beginning (1991) on the accu-
rate temperature-dependent ozone absorption cross sections
of the University of Reims (Daumont et al., 1992; Malicet
et al., 1995). These cross sections were verified for four
wavelengths below 300 nm by Viallon et al. (2015) to within
±0.06 %. In the presence of aerosol an aerosol correction
is made with the algorithms of Eisele and Trickl (2005).
This correction is rather robust for the wavelength pair 277–
292 nm because of the strong absorption at the short “on”
wavelength and the moderate wavelength difference (Völger
et al., 1996). Meteorological data for calculating density and
temperature profiles are taken from the Munich radiosonde
(station 10868). The retrieved 313 nm aerosol backscatter co-
efficients have been routinely stored in the database of the
European Aerosol Lidar Network (EARLINET) since 2007.

After repeated system upgrading the final performance of
the lidar was reached in late 2012. In the absence of aerosol
the far-field ozone could be evaluated with high reliability
from the 291.9 nm signal alone, after precisely modelling
the air number density from radiosonde data (Trickl et al.,
2020a). In this way the influence of the daytime noise caused
by the high solar background in the 313 nm reference profiles
in summer could frequently be avoided.

During the final decade of the lidar operation a fitting pro-
cedure was applied in noisy situations in the upper tropo-
sphere (i.e. under high-ozone conditions in summer). This
procedure reduces unrealistic curvature of ozone structures
caused by enhanced data smoothing, and, thus, abrupt con-
centration changes (in particular at the tropopause) visible in
the raw data are reproduced in the mixing ratio.

From 1991 to 2003 the DIAL was operated for focussed
research projects. Routine measurements took place from
2007 to 2018, until 2015, parallel to measurements with a
water-vapour DIAL (Trickl et al., 2014, 2015, 2016, 2020b).
In 2012 the highest data quality was finally reached, which
included significant improvements for the near-field tele-
scope (Trickl et al., 2020a). Thus, the conditions for a mean-
ingful system validation were obtained. The operation was
discontinued in February 2019, after the retirement of the
first author of this paper.

2.4 High-elevation surface observations

Quality-assured ozone measurements at the summit stations
Wank (1780 m a.s.l., 7.0 km to the north-east of IMK-IFU,
47.511◦ N, 11.141◦ E) and Zugspitze (2962 m a.s.l., 8.4 km
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to the south-west of IMK-IFU, 47.421◦ N, 10.986◦ E) were
made from 1978 to 2012. Since the 1990s, two or three TE 49
ozone analysers (Thermo Environmental Instruments, USA)
were operated simultaneously at each station. These instru-
ments are based on ultraviolet (UV) absorption at 253.65 nm.
Several comparisons using transfer standards (O3 calibrators
TE 49 PS) were made with the World Meteorological Or-
ganization (WMO) Global Atmosphere Watch (GAW) ref-
erence instrument kept at the WMO/GAW calibration cen-
tre operated by EMPA, Switzerland (Klausen et al., 2003).
The most recent comparison was conducted in June 2006 and
confirmed that the Zugspitze O3 data are on the GAW scale.

Apart from the two mountain stations, measurements were
also performed at IFU at about 740 m a.s.l. (47.477◦ N,
11.064◦ E). This laboratory was adjacent to that of the ozone
DIAL.

At UFS (0.70 km to the south-east of Zugspitze,
47.417◦ N, 10.980◦ E) ozone has been continuously mea-
sured since 2002 by a team of the German Environment
Agency (Umweltbundesamt, UBA) using TEI 49i instru-
ments (Thermo Electron Corporation). The gas inlet is at
2671 m a.s.l. For weekly and monthly calibration of the
ozone measurements a TEI 49C-PS station ozone calibrator
was applied. This primary standard was annually adjusted
to the German ozone standard operated by UBA (UBA 204
SRP#29) that was adjusted via the Bureau International des
Poids et Mesures in Paris to the National Institute of Stan-
dards and Technology ozone reference standard of GAW.
The measurements were supported by a second instrument
(Horiba APOA-370), which is equivalent to the TEI-49i.
GAW performance audits at the station for surface ozone
took place in 2001, 2006, 2011, and 2020 (Zellweger et al.,
2001, 2006, 2011, 2021).

The uncertainty of the in situ ozone measurements is
±0.5 ppb with respect to the WMO standard (Hearn, 1961).
This fulfils the GAW requirement.

The ozone data for all sites are stored at half-hour inter-
vals. The times are specified for the end of the averaging in-
terval in Central European Time (CET, =UTC+1 h). One-
hour averages for the Zugspitze stations were made available
to the World Data Center and the TOAR database (Schultz et
al., 2017). In the present study we use data at half-hour time
resolution. The ozone series at the two Zugspitze sites have
been discussed in two recent scientific studies (1970 to 2020;
Parrish et al., 2020; Trickl et al., 2023a, b).

2.5 LAGRANTO Trajectories

Fifteen-day backward trajectories were calculated with the
Lagrangian Analysis tool (LAGRANTO; Sprenger and
Wernli, 2015; Wernli and Davies, 1997). The driving
wind fields are obtained from the ERA5 reanalysis dataset
(Hersbach et al., 2020), which we interpolated to a 0.5◦

latitude/longitude grid, and on 137 vertical hybrid levels.
The input ERA5 data are available at a 1-h temporal res-

olution; the output positions of the trajectories are written
at 15 min time intervals to allow for a more refined anal-
ysis. The start coordinates of the backward trajectories are
11.064◦ E, 47.477◦ N, and the start altitudes match the alti-
tudes of interest in the soundings (see Sect. 4). The start times
of the trajectories correspond to the sounding times within 5
min. Finally, the start times are also shifted by several hours
relative to the sounding time to assess the sensitivity of the
trajectory calculation in time.

3 Results

The main problem in comparing vertical-sounding instru-
ments is illustrated in Fig. 1, which shows several ozone mea-
surements at Garmisch-Partenkirchen and Hohenpeißenberg
on the morning of 2 October 2017. The vertical distributions
during that period are characterized by a descending strato-
spheric intrusion layer (indicated by low relative humidity) of
rapidly diminishing width and significant changes at all alti-
tudes on a short time scale. This reveals a considerable spatial
inhomogeneity of the air mass. The approximate agreement
of lidar and Hohenpeißenberg ozone sonde before 06:00 CET
is, thus, to some extent fortuitous, although a good matching
of the peak ozone mixing ratio in intrusion layers at both
sites is quite frequently found. Different air masses at differ-
ent altitudes must be assumed, as indicated by matching of
the sonde ozone with lidar measurements at different times.
The spatial and temporal requirements for comparisons can
be even of the order of 1 km and 15 min at times (see Intro-
duction).

3.1 Comparisons of the IFU ozone lidar and the Jülich
ECC sonde

An optimal lidar validation became possible in early 2019.
On 5 and 6 February 2019 a side-by-side instrument com-
parison took place at Garmisch-Partenkirchen as a contribu-
tion to the FIRMOS validation project of the European Space
Agency. Two of the three balloons launched on 5 February
were equipped with ozone sondes, while both balloons on
6 February carried an ozone sonde. The ascents took place
during night-time because of comparisons of the CFH son-
des with the water-vapour channel of the UFS Raman lidar
that provides humidity profiles up to at least 20 km (Klanner
et al., 2021).

The first night of the campaign was clear. The condi-
tions for the comparison were excellent: the sondes rose
almost vertically up to 8.5 km and then slowly drifted to
the south-east (Innsbruck), ideal for the tropospheric com-
parison. The balloons stayed within 20 km distance from
IMK-IFU up to the tropopause (12.8 km a.s.l.) and remained
within 30 up to 20 km a.s.l. The launch times of the bal-
loons on 5 February were 18:03 CET (ascent to 16.147 km),
19:03 CET (29.475 km), and 23:00 CET (29.469 km). During
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Figure 1. Ozone measurements at Garmisch-Partenkirchen (IFU,
UFS) and Hohenpeißenberg (MOHp) on 2 October 2017; the low
relative humidity between 5.2 and 8.3 km (RH= 2 %) verifies the
presence of a stratospheric air intrusion. The time for MOHp is the
launch time of the sonde.

the second night a cirrus layer occurred in the upper tropo-
sphere, which resulted in enhanced uncertainties of the DIAL
data evaluation.

In Fig. 2 we present the results of the four comparisons
made. The agreement between UFS and lidar is almost per-
fect, as known from the routine comparisons with the ele-
vated sites between 2007 and 2018 and a number of separate
comparisons (Trickl et al., 2020a). For the first three sonde
ozone profiles, very small, almost altitude-independent off-
sets exist (0.5 to 3.4 ppb). For the fourth sonde ascent at
23:33 CET on 6 February no simultaneous lidar measure-
ment was made. Up to 4.8 km a pronounced positive offset
of the sonde ozone profile with respect to the two earlier li-
dar measurements (at 18:33 and 19:00 CET) is seen, but the
deviation at 2.67 km is just 2 ppb if one takes the 23:30 CET
measurement at UFS as the reference. We are highly content
that the difference in ozone between sonde and lidar does
not significantly change in the upper troposphere consider-
ing the low differential absorption for the wavelength pair
292–313 nm typically used above 6 km, which implies high
sensitivity to potential technical imperfection.

In addition, we show in Fig. 2 the results of three humid-
ity measurements with the UFS Raman lidar slightly revised
with respect to Klanner et al. (2021). For comparison, we
added the water-vapour mixing ratios (MRs) for the corre-
sponding CFH sonde ascents of FZJ. The MRs indicate a
high variability of the air composition on both days, up to
7 km, with several rapidly changing dry layers. The vari-
ability grows with time, as can also be concluded from the

differences in the Raman lidar and CFH sonde caused by
the 1 h measurement duration of the lidar needed for good
stratospheric data quality. Although the vertical concentra-
tion change is much less pronounced in the ozone profiles, it
is obvious that a good air-mass matching by the side-by-side
ozone soundings at IMK-IFU is crucial for the quality of the
comparison achieved.

As mentioned, on 6 February the quality of the lidar re-
trievals was deteriorated above 9 km by a layer of cirrus
clouds, which required an aerosol correction. The increased
level of ozone in this layer is remarkable, but is verified by
the sonde. By contrast, Reichardt et al. (1996) reported full
ozone depletion in a cirrus layer that we traced back to the
surface of the Pacific Ocean, where ozone destruction can
be assumed to prevail (Kley et al., 1996). The fourth com-
parison shows less perfect agreement because the lidar mea-
surements ended at 19:00 CET, hours before the last sonde
ascent. This was the final measurement of the DIAL before
its operation was terminated after almost three decades.

Ozone profiles are also available for the descent of the bal-
loons. The descents took place over Northern Italy and in-
tersected different air masses. As a consequence, strong dis-
crepancies are seen, and we do not include these data.

From the comparison of the vertical soundings with the in
situ measurements at UFS we conclude that the ozone pro-
files of the lidar are slightly more quantitative than those of
the sonde. The differences are rather constant as a function
of the altitude. This allows us to derive uncertainties of the
ozone from the DIAL measurements after subtracting the off-
sets of the individual sonde ascents. To quantify the quality
of the lidar measurements we took just the first three compar-
isons. We averaged the offset-corrected differences (Fig. 3;
altitude grid 52.5 m). The averages up to 9.2 km stay within
±2.5 ppb (about±5 %). This approximately matches the per-
formance of the lidar at the station altitudes and now also
characterizes the winter-time specifications of the lidar in the
entire free troposphere after 2011. This result justifies use of
the lidar as a quality standard in the comparisons with the
MOHp Brewer-Mast sondes described in the following sec-
tion.

The quality of the comparison shown in this section ben-
efits from low to moderate ozone densities during the cold
season, which ensures limited absorption of the laser radia-
tion within the troposphere. In Sect. 3.2 we assess the perfor-
mance for all seasons.

3.2 Comparison of MOHp ozone soundings with IFU
lidar and in situ measurements for 2018

The routine measurements with the IFU ozone DIAL since
2007 exhibit rather different annual coverages, with gaps due
to system damage or upgrading periods. Starting in late 2012,
the final technical performance was reached. Retrieval strate-
gies have been further improved. The best coverage of a sin-
gle year was achieved in 2018, with a total of 587 measure-
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Figure 2. Four ozone measurements on 5 and 6 February 2019 with lidar (IFU), ECC sonde (FZJ) and an in situ sensor at UFS; for two
measurements the FZJ ozone mixing ratios are slightly higher than the lidar results. The fourth FZJ ozone measurement took place much
later than the final lidar measurements, which resulted in slightly larger differences up to 4.8 km, confirmed by the 23:30 CET measurement
at UFS. The lidar results around 10 km on 6 February are uncertain owing to a cirrus correction. In order to visualize more details on the
complex layering we also show water-vapour mixing ratios for roughly coinciding measurements of the UFS Raman lidar and the FZJ CFH
sonde. The tropospheric structures are strongly smoothed for the lidar owing to the 1 h data-acquisition time. At 3.3 km 250 ppm corresponds
to roughly 5 % RH.

ments and 16 (March) to 79 (September) measurements per
month. Therefore, we use this year for a thorough compar-
ison with the MOHp ozone sonde. Because of the excellent
performance of the lidar verified in Sect. 3.1 we use the lidar
as the reference in this comparison, together with the ozone
mixing ratios from UFS.

The sonde ascents at MOHp usually take place around
06:00 CET on Monday, Wednesday, and Friday, in summer

just on Monday and Wednesday. We found a total of 46 of
these days on which early-morning lidar measurements exist,
not later than around 10:00 CET. On 36 of these days MOHp
soundings are available. Thirteen of the days provided partic-
ularly good conditions, with favourable temporal proximity.
In the figures shown in this paper we eliminated ozone pro-
files for times later than 10:00 CET during a given day.
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Figure 3. Averaged differences between FZJ ozone sonde and IMK-
IFU lidar for the first three comparisons after a slight offset correc-
tion of the sonde profiles (see text).

Similar to the comparisons of lidar and ECC sondes the
comparisons of the lidar with the MOHp Brewer-Mast son-
des reveal altitude-independent offsets of the mixing ratios.
The sonde-to-sonde variations of the offsets are larger than
those of the ECC sondes, consistent with the considerable un-
certainties of the Brewer-Mast sondes specified by the liter-
ature (see Introduction). There is clearly an influence of lay-
ers with different ozone concentrations at both sites, but also
good agreement in wide altitude ranges up to the upper tropo-
sphere after subtracting the offset. Because of this agreement
it is hard to believe that the offsets are caused by systematic
atmospheric differences. It is more reasonable to assume an
instrumental issue as an explanation for these shifts. Further-
more, the frequently good matching of the high peak ozone
in some of the stratospheric intrusion layers demonstrates the
absence of concentration-dependent artefacts.

3.2.1 Winter

During the cold parts of the year the comparisons between
the MOHp sondes and the lidar usually exhibit better qual-
ity. This is explained by less structure in the ozone vertical
distributions and a wider operating range of the lidar owing
to the low ozone level allowing for a higher, less noisy far-
field signal. We found just one example with some deviating
structures of the order of±10 ppb (10 January 2018). For the
2018 comparison we give one example in Fig. 4 (15 January).
The lidar mixing ratio is of the order of 45 ppb, verified by
the measurements at UFS (2660 m a.s.l.). The Brewer-Mast
ozone sonde shows a negative bias of 5.8 ppb relative to the
lidar above 2.1 km. After removing this bias (cyan curve) the

Figure 4. Ozone measurements on 15 January 2018: the MOHp
ozone (red) is also shifted (cyan) by 5.8 ppb to match the lidar ozone
and the UFS value (cyan), in part the black, in part the blue curve.
Differences exist in the tropopause region, which is frequently the
case. The sawtooth structure in the MOHp data is due to insufficient
digital resolution in the NDACC database.

sonde ozone matches the lidar and the UFS values well for
altitudes above 2.1 km. This performance almost reaches that
in the examples of Sect. 3.1. Just below the tropopause there
is a minor discrepancy that could be either due to the higher
uncertainty of the lidar measurement at these altitudes or an
air-mass difference.

For the other 2018 winter-time comparisons the constant
offsets of the sondes with respect to the lidar and UFS are
just +1.5 to −3.0 ppb.

3.2.2 Summer

During the warm season the ozone distribution in the middle
and upper troposphere shows structured maxima caused by
long-range transport, in particular stratosphere-to-tropopause
transport (STT) layers (Trickl et al., 2020b). In this alti-
tude range a summer maximum of STT exists. Usually, these
structures do not perfectly match for both sites. An example
for 9 July 2018 is shown in Fig. 5.

Figure 5 shows good agreement in structure between the
soundings at both sites up to 9 km. Again, despite the pro-
nounced ozone layering, the agreement was improved on the
absolute scale by adding an altitude-independent correction
to the sonde values (6 ppb). The offset is usually determined
up to 6 km owing to the reliable performance of the 277–
313 nm DIAL measurements, but the agreement is mostly
reasonable also to higher altitudes. After shifting the sonde
mixing ratio we can estimate the uncertainty of the lidar mea-
surements.
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Figure 5. Summertime ozone measurements (9 July 2018) with
pronounced layering; the sonde ozone (red) is brought to reason-
able agreement with the lidar (black curve) above 2.7 km by adding
6 ppb (cyan curve). Above 9 km the air masses are no longer compa-
rable. The particularly strong discrepancy of the UFS in situ ozone
can be explained by orographic lifting of the ozone edge at 2.7 km.
The low to moderate RH (grey) in parts of the free troposphere indi-
cates that the elevated ozone values could be due to a stratospheric
air component.

The elevated ozone in Fig. 5 between 3.3 and 4.7 km can
be explained by a stratospheric air intrusion, as is verified by
the low RH. In the upper troposphere the agreement deterio-
rates, but at least the increase of ozone with altitude is seen
in all profiles up to about 12 km. The ozone minimum around
13 km is just seen in the lidar data, with just a small ozone
dip in the sonde profile. It is unreasonable to ascribe this con-
siderable discrepancy to a temporary technical problem in
such a limited altitude range. This example documents the
difficulty of quantitative comparisons of tropospheric ozone,
even on a horizontal scale of just 38 km.

In order to clarify the origin of the difference of the ozone
mixing ratio in the upper troposphere we calculated back-
ward trajectories with the HYSPLIT model (http://ready.
arl.noaa.gov/HYSPLIT.php, last access: 29 October 2023;
Draxler and Hess, 1998; Stein et al., 2015). These trajec-
tories reveal northerly advection which implies a southward
drift of the sonde towards the lidar during the ascent. In the
upper troposphere they did not fully explain the observations
within the limited maximum backward time span of 315 h for
the few start altitudes selected.

Therefore, the trajectory calculations were extended to
350 h by using the LAGRANTO model for full-hour start
times between 03:00 and 08:00 CET, initiated at a large num-
ber of altitudes in the low-ozone range in the upper tropo-

sphere. Results for start times of 07:00 and 08:00 CET are
shown in Figs. 6 and 7. Up to a start time of 04:00 CET
the trajectories stayed almost completely at high altitudes. At
05:00 CET three of the trajectories ended in the lower tropo-
sphere above the subtropical Pacific near a longitude of 180◦,
the first sign of an air-mass change. Later (Figs. 6 and 7), we
see a clear influence of a Pacific source.

The low ozone level in the boundary layer above
(sub)tropical oceans is well known (Eisele et al., 1999; Grant
et al., 2000; Trickl et al., 2003, 2010), in particular over the
Pacific (Kley et al., 1996; Davies et al., 1998). In this way,
the lidar observations on 9 July 2018 can be understood.
The launch time of the MOHp ozone sonde, 05:42 CET, is
between the two lidar measurements. However, a delay is
caused during the ascent, which makes a quantitative under-
standing difficult.

The moderate sonde RH above 12.3 km indicates a poten-
tial admixture of aged stratospheric air in this altitude range
above MOHp, which would explain the high ozone mixing
ratios of more than 120 ppb.

Figures 5 and 8 show a rather constant negative ozone off-
set of the sonde profiles. The ozone profiles can be brought
into much better agreement with the lidar and UFS by up-
ward shifts of 6 and 10 ppb respectively. In Fig. 9 one sees
one of the very rare cases of an ozone mismatch between
sonde and lidar up to elevations clearly above the mountain
sites (1 km above the Zugspitze summit). We did not shift the
MOHp profile (e.g. by 3 ppb) to reduce the mismatch, as this
would cause the agreement to deteriorate above 4 km.

3.2.3 Offsets

The offsets of the MOHp data from the DIAL profiles were
evaluated for all 36 comparison days. The result of the statis-
tical assessment is displayed in Fig. 10, where also the dif-
ferences between the lidar results for 2671 m a.s.l. and the
GAW measurements at UFS are shown. Just one case was
eliminated in the comparison of lidar and UFS: a strong neg-
ative shift of −7 ppb can be seen in Fig. 5, where UFS is
located in the falling edge of a high-ozone range.

As found for the lidar measurements over many years (ex-
amples: Trickl et al., 2014, 2015, 2016, 2020b) the lidar
ozone agrees with that at UFS to within ±3 ppb (mostly
±2 ppb). The agreement would perhaps be better if oro-
graphic vertical displacements and air flows on the ozone
profiles were considered (Carnuth and Trickl, 2000; Carnuth
et al., 2002; Yuan et al., 2019; Trickl et al., 2020a). The av-
erage difference between lidar and UFS for 2018 (blue hor-
izontal line in Fig. 10) is 0.736± 1.46 ppb (standard devi-
ation). A positive offset had also been found for an earlier
4 d comparison with the Zugspitze summit, but with even
greater uncertainty (Trickl et al., 2020a). A positive offset of
this size could be expected from the highly accurate cross-
section measurements of Viallon et al. (2015), who deter-
mined a negative bias of 1.8 % of in situ ozone data cali-
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Figure 6. 350 h LAGRANTO backward trajectories, started above Garmisch-Partenkirchen (G) on 9 July 2018 at 07:00 CET.

Figure 7. 350 h LAGRANTO backward trajectories, started above Garmisch-Partenkirchen (G) on 9 July 2018 at 08:00 CET.

brated with the WMO standard. This relative difference be-
comes more important on the absolute scale in summer than
in winter because of the higher ozone values. However, the
statistical noise of the differences is too high to allow such
an effect to be resolved.

The offsets between the MOHp sonde and the lidar, again
preferentially determined within the range up to 6 km, are
substantially higher than those between the lidar and UFS
(red filled squares in Fig. 10). The offsets of the ozone sondes
range from −12 to +4 ppb, with an average of −3.77 ppb
(red horizontal line in Fig. 10) and a standard deviation of
4.22 ppb.

We exclude the lowest altitudes from the comparison
where obvious differences in ozone exist, e.g. owing to lo-
cal night-time ozone depletion effects. It is important to note
that in just seven cases of the 36 comparisons for 2018 lower
ozone in the sonde profiles reached up to more than 2.67 km
(UFS), in three cases to more than 3 km (Zugspitze summit).
We conclude that differences between the Zugspitze sites and
the MOHp sonde are mostly related to sonde calibration is-
sues and not to differences in air composition as suspected
earlier.
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Figure 8. Ozone measurements on 13 August 2018: the agreement
of the shifted MOHp ozone profile (cyan) with the lidar curves is
rather good up to 12 km given the high summertime variability. The
low to moderate RH above 4.4 km (grey) indicates that the elevated
ozone is partially caused by stratospheric air.

Figure 9. Ozone measurements on 15 October 2018: the MOHp
ozone (red) is not shifted. The agreement above 4.3 km is better
with the earlier lidar measurement (black); above 7 km it is better
with the blue curve. The lidar data are strongly smoothed in the
stratosphere, as can be seen from the more detailed ozone structure
in the sonde data. This example is one of the two examples with a
pronounced low-altitude discrepancy between lidar and sonde ex-
tending to more than 3 km.

Figure 10. Differences between the ozone values of the IFU DIAL
at 2670 m and the UFS routine measurements as well as the offsets
of the MOHp profiles with respect to the DIAL for 35 of the 36 mea-
surement days of the 2018 comparison. The blue and red horizontal
lines are the arithmetic averages for the full year (for the values see
the text).

3.2.4 Differences

In order to determine the quality of the lidar measurements
within the free troposphere we show in the three panels
of Fig. 11 average differences between lidar and offset-
corrected MOHp sonde data as a function of altitude and
for three different ozone conditions, roughly below 50 ppb
(low ozone; top panel), between 50 and 70 ppb (moderate
ozone; second panel), and more than 70 ppb (high ozone;
bottom panel), respectively. On a given day, the lidar ozone
profiles agreeing best with the MOHp profile were taken.
We also give the percentages of the averages with respect to
the offset-corrected sonde ozone. At high altitudes the sonde
ozone is a more useful reference than the lidar in the case of
high ozone because of the considerable absolute uncertainty
caused by the loss of laser radiation by absorption in ozone.

For winter-type conditions (top panel) the six examples
averaged do not exhibit a significant vertical ozone structure,
which made the analysis straightforward and yields small
average differences between ±1 and ±3 ppb, in agreement
with the conclusions in Sect. 3.1. For moderate ozone (sec-
ond panel) and high ozone (bottom panel), mostly during the
warm season, the vertical distributions are more complex,
with changes on a time scale of even less than 1 h. Here, we
eliminated the data for a few pronounced ozone peaks and
dips that differed at both stations. The six high-ozone cases
were restricted to July and August.

The averaged distributions of the differences exhibit oscil-
lations. These oscillations were analysed for coherency (not
shown), but no systematic behaviour was identified. Thus,
we ascribe the structure to noise. The noise contains both an
atmospheric and an instrumental component.
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Figure 11. Average differences between IFU lidar and offset-
corrected MOHp sonde in 2018 for low, moderate, and high con-
ditions (based on six, seven, and six comparisons respectively);
the uncertainties may be estimated from the maximum differences
around the respective altitudes. We also indicate the approximate
altitude ranges of the two wavelength pairs used for the lidar data
evaluation.

Beyond the days and years of the comparison there are
occasionally extreme cases with 100 to 150 ppb in the middle
and upper troposphere. This can lead to lidar uncertainties
even up to more than 20 ppb during daytime, also because
the raw signal becomes comparable with the additional solar
background noise. In the most severe cases the stratospheric
ozone rise cannot be seen in the lidar data during daytime,
and the ozone profile is cut off in the upper troposphere for
archiving.

The analyses for 2018 do not reveal significant systematic
differences between the lidar values and the offset-corrected
sonde data in the entire free troposphere (based on the num-
bers underlying Fig. 10). This confirms the conclusion in
Sect. 3.1 for the quality of the lidar, now for all seasons. The
maximum noise excursions can be interpreted as maximum
combined uncertainties of lidar and corrected sonde within
a given altitude range (slightly overestimated owing to at-
mospheric differences in ozone between the two sites). The
results of this analysis confirm the estimates in Table 4 of
Trickl et al. (2020a).

3.3 Comparisons of MOHp sonde, IFU lidar, and in
situ measurements at summits in 2009

The results in Sect. 3.2 suggested also looking at a few earlier
years. We select 2009 from the period of routine measure-
ments as another year of comparison. The lidar raw data were
noisier than for the period after 2012 and a tiny electronic
ringing effect had to be removed mathematically. Thus, the
uncertainties of the ozone profiles above 6 km are higher than
after the final system upgrading in 2012, particularly in sum-
mer. As a consequence, a lidar validation is desirable at least
for the upper troposphere. More importantly, in 2009, high-
quality ozone data still exist for the summit stations Wank
(1780 m a.s.l.) and Zugspitze (2962 m a.s.l). These stations
benefit from more frequent direct advection than UFS.

In 2009, the lidar was operated just until October, which,
nevertheless, allows us to make a reasonable number of com-
parisons with MOHp. The lidar operation was stopped after-
wards as there were more and more cases of single-bit errors
in channel 5 of the transient digitizer system, which had to
be sent for repair. These errors induced unrealistic data in the
upper troposphere.

We identified a total of 23 d suitable for comparisons. On
just 8 of these days lidar measurements were made in optimal
temporal proximity. We find more deviations in the profiles
than for 2018. In part, this can be explained by atmospheric
variability and insufficient air-mass matching. In addition, as
mentioned, the raw data of the lidar are noisier and some
weak ringing had to be removed. This caused elevated un-
certainties above 6 km. Nevertheless, the data allowed us to
determine offsets for the MOHp ozone profiles, after verify-
ing the data quality of the lidar with the Zugspitze and Wank
in situ ozone.
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Figure 12. Differences between the ozone mixing ratios of the li-
dar (IFU) and the stations Zugspitze (Z), Wank (W) at the summit
altitudes, and offsets between lidar and MOHp sonde for 2009.

In Fig. 12 we show the results of the analysis for
2009. The difference between IFU DIAL and Zugspitze is
−0.165± 1.36 ppb (standard deviation), between DIAL and
Wank +0.714± 1.20 ppb. The DIAL ozone below the Wank
altitude is increasingly uncertain because of alignment issues
of the near-field telescope.

In an earlier comparison for May 1999 (Trickl et al.,
2020a) we selected a lower altitude in the DIAL data
(2786 m) and found better agreement with the Zugspitze
data, but, still, a slight positive offset with respect to the sta-
tion. This is not attempted here, although we can see the ef-
fect of orographic lifting in some examples.

For 2009 the offsets between DIAL and MOHp sondes
were determined primarily by between 2 and 5 km. The
sonde offset obtained in this way is, again, negative on av-
erage (−1.500 ppb), with a standard deviation of 2.67 ppb,
both being less pronounced than in 2018.

Figure 13 shows a comparison on 12 January 2009,
demonstrating excellent agreement between the two systems
after offset correction, except for the upper troposphere and
lower stratosphere. In this case, the first lidar measurement
took place at 09:20 CET, i.e. substantially later than the sonde
ascent. Thus, the comparison has its limits. In the morning
of 12 January westerly advection was revealed by HYSPLIT
backward trajectories above at 7 km a.s.l. This air mass orig-
inated below 2 km over the subtropical Atlantic. This could
explain the slightly lower ozone level around this altitude in
the lidar results.

Another interesting example is 17 August (Fig. 14). The
agreement between lidar and ozone sonde is highly satisfac-
tory up to 5.4 km and quite reasonable up to 10 km. However,
between 10 and 14.5 km the lidar ozone is extremely low, in
contrast to the sonde data. The pronounced ozone increase
in the sonde data above 10 km is difficult to explain as the
elevated RH values suggest neither a low tropopause nor the

Figure 13. Ozone measurements on 12 January 2009.

Figure 14. Ozone measurements on 17 August 2009; the structure
in the upper troposphere is strongly influenced by smoothing. The
bias between 5.5 and 8 km has not been explained.

presence of a stratospheric intrusion that typically features
RH values of a few per cent at most (Trickl et al., 2014, 2015,
2016). On the other hand, the ozone peak above IMK-IFU
descending roughly from 10 to 8 km is attributed by HYS-
PLIT calculations to subsiding air, indicating the presence of
an intrusion layer. It is interesting that the rather short delay
of the lidar measurements (07:00 to 09:15 CET) with respect
to the sonde ascent (launch time 05:57 CET) can result in
such a considerable difference.
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Figure 15. 350 h LAGRANTO backward trajectories, started above Garmisch-Partenkirchen (G) on 9 July 2018 at 07:00 CET.

Again, 350 h LAGRANTO trajectories were calculated for
start times above IMK-IFU between 03:00 and 08:00 CET
(interval: 1 h) and start altitudes within the low-ozone layer.
Until 06:00 CET the influence of marine boundary layers is
almost absent. Afterwards, the trajectories reveal a growing
import from the first 600 m above the subtropical Atlantic
Ocean. In Fig. 15 the LAGRANTO results for 08:00 CET are
shown.

In some cases the lidar seems to exhibit a negative bias
with respect to the sondes in the upper troposphere. It is ad-
visable to re-examine a major part of the data between 2007
and 2011, also including strategies developed later. For ex-
ample, an exponential decay of the analogue signal was iden-
tified with the much lower noise of the final setup (Trickl et
al., 2020a), which must be addressed.

3.4 Comparisons of MOHp sonde, IFU lidar, and in
situ measurements of summits in 2000 and 2001

The period September 2000 to August 2001 is suitable for an-
other comparison when a large number of STT-related mea-
surement series were made as a contribution to the STAC-
CATO project (Stohl et al., 2003; examples: Trickl et al.,
2003, 2010, 2011; Zanis et al., 2003). These measurements
were made with the noisier detection electronics of Eisele et
al. (1999), but had the advantage that single-photon count-
ing was used for the “solar blind” “on” detection channels,
which added linearity above 5 km (starting in spring 1997).
The counting system could no longer be computer controlled
after 2006. A new one was installed after highly positive re-
sults in other IFU lidar systems (Klanner et al., 2021) in au-
tumn 2018, too late for this comparison effort.

The focus on STT during the STACCATO period made the
comparisons a challenge because of the pronounced layering.

However, on 11 of the useful 20 d of comparison there was
reasonable temporal proximity, owing to running long time
series. The agreement between the lidar and the MOHp sonde
was much better than expected in the entire free troposphere.
The agreement (after offset-correcting the MOHp profiles) is
almost perfect during the cold season. But also under high-
ozone conditions the comparisons do not reveal systematic
differences beyond the sonde offsets.

Two examples for elevated ozone are shown in Figs. 16
and 17. The good comparisons support our earlier work
(Trickl et al., 2003, 2010), and we tend to ascribe this to the
satisfactory performance of the single-photon counting sys-
tem.

For several weeks a strange ozone rise towards the ground
was observed in the lidar data below 1.5 km. This effect dis-
appeared after realigning the near-field telescope and the nor-
mal early-morning ozone drop returned.

However, the offsets of the MOHp mixing ratios neces-
sary to achieve good agreement are, again, quite substantial
(Fig. 18). Owing to the larger system noise during that pe-
riod the differences between lidar and the stations are also
higher than those in the preceding sections, and comparable
with those of the mentioned 4 d comparison for May 1999
(Trickl et al., 2020a). The statistical analysis yields the fol-
lowing average differences and standard deviations:

IFU DIAL – Zugspitze 1.22± 1.81 ppb
IFU DIAL – Wank −0.15± 2.26 ppb
MOHp – IFU DIAL −5.88± 3.35 ppb

4 Discussion and Conclusions

For some time tropospheric differential-absorption ozone li-
dar systems had a bad reputation: The method is highly sen-
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Figure 16. Ozone measurements on 11 September 2000 (see Fig. 13
of Trickl et al., 2003); in this case no offset was determined.

Figure 17. Ozone measurements on 20 June, 2001; the entire tem-
poral development of the stratospheric air intrusion around 7.3 km
is depicted in Fig. 6 of Zanis et al. (2003), and Fig. 3 of Trickl et
al. (2010).

sitive to imperfections in the signal acquisition as the ozone
number density is obtained by differentiating the backscat-
ter signals (Trickl et al., 2020a). In addition, a lidar covering
the entire troposphere and the lowermost stratosphere fea-
tures a dynamic range of the backscatter signal of about eight
decades, which means an extreme challenge for the detection
electronics.

Figure 18. Differences between the ozone mixing ratios of the lidar
(IFU) and the stations Zugspitze (Z), Wank (W) at the summit alti-
tudes, and between lidar and MOHp sonde, determined by shifting
the sonde profile, for the period September 2000 to August 2001.

Based on continual improvements, starting with the 1994
system upgrading, the IFU ozone DIAL gradually ap-
proached a high performance until 2012, but minor poten-
tial for improvements remains. Comparison with the nearby
mountain stations quite early demonstrated an uncertainty
level of ±3 ppb in the lower troposphere. Occasional com-
parisons with ozone sondes launched at the Hohenpeißen-
berg (1996 to 2001, distance 38 km) were rather satisfactory
up to the tropopause region.

Here, we analyse the lidar performance in three periods
during its technical development in a more comprehensive
manner. The best agreement was found for the side-by-side
comparison with balloon ascents of ECC ozone sondes per-
formed by the FZJ team at IMK-IFU in February 2019. Just
small, altitude-independent offsets had to be subtracted from
the sonde data to achieve agreement. The lidar itself agreed
with the three local summit stations. For all 3 years and all
stations we determined a positive bias of the lidar of just
0.6± 0.6 ppb (standard deviation). This value seems to re-
flect the −1.8 % calibration deficit of the WMO calibration
of the in situ ozone data. Thus, the lidar could be even free of
bias in the lower free troposphere, reflecting the high quality
of the calibration source (Sect. 2.4).

For the more distant MOHp sonde the comparisons are
more complex because of the high atmospheric variability
(Vogelmann et al., 2011, 2015). This variability is partic-
ularly severe in summer when the atmospheric layering is
more pronounced. Nevertheless, there was enough agree-
ment in certain altitude ranges to examine the reliability of
the ozone profiles obtained from the DIAL, also before the
final modifications in 2012. Between 2007 and 2011 we sus-
pect an occasional slight negative summertime bias of the
lidar of the order of 5 ppb above 6 km. This could be due to
interfering structures on the 292 nm analogue signal (requir-
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ing mathematical correction) that could not be compensated
for by photon counting (available until 2003) and the removal
of daylight-induced signal distortions at 313 nm (Trickl et al.,
2020a). In principle, this calls for a re-evaluation of the ozone
profiles for the wavelength pair 292–313 nm over the period
2007 to 2011, based on more recent experience in the signal
inversion and the performance of the electronic equipment.

Vice versa, the lidar measurements helped us to validate
the quality of the sonde measurements. Quite good agree-
ment could be achieved by applying an altitude-independent
offset correction to the ozone values that strongly varies from
sonde to sonde. Most of the ozone differences between the
two sites are limited to altitudes below 2 km. Thus, the dif-
ferences between Zugspitze and MOHp (at 3 km), reported
earlier by Scheel (see Introduction), are not caused by sys-
tematic differences in air composition at both sites. As can
be seen from the figures presented in this paper the shifted
ozone mixing ratios for the sonde and the Zugspitze ozone
mostly agree to within±3 ppb. Given the frequently substan-
tially higher ozone offsets of the MOHp sondes, a recalibra-
tion of the archived sonde data based on comparisons with
the Zugspitze or UFS in situ data is advisable, despite the
considerable distance between the sites. Such a recalibration
should be avoided in the presence of pronounced ozone struc-
ture around the station altitudes that could result in elevated
uncertainties.

The comparisons for the 3 years 2000–2001, 2009, and
2018 reveal just minor performance change of the MOHp
sonde over the years, with a variation of the annual average
offset by about ±2 ppb. We found a negative average offset
of −3.64± 3.72 ppb (standard deviation) with respect to the
IFU ozone DIAL over all 3 years. It is reasonable to assume
that this offset is applicable to the entire tropospheric time
series of the MOHp sondes. This performance is within the
uncertainty range of the literature cited in the Introduction.

Remaining tasks for the lidar are a substantial reduction
of the solar background at 313.2 nm in summer and en-
hancement of the moderate 291.8 nm backscatter signal in
the upper troposphere. Further reduction of the residual so-
lar background is difficult as the spectral filtering is already
quite narrow. However, replacement of the rather aged (and
partly contaminated) primary mirror of the far-field receiver
could help by reducing the background radiation reflected
into the detection system. As mentioned, longer averaging is
advisable. By longer averaging, the performance under low-
aerosol conditions could almost reach that of in situ mea-
surements in a major part of the troposphere. Single-photon
counting can also be helpful for longer averaging times, as
demonstrated for our Raman lidar (Klanner et al., 2021). The
noise level for counting is still lower than that of the mean-
while outstanding transient digitizers (Trickl et al., 2020a).

Data availability. Lidar data and information on the lidar sys-
tems can be obtained on request from the IMK-IFU authors

of this paper (thomas@trickl.de, hannes.vogelmann@kit.edu).
The 313 nm aerosol backscatter coefficients are archived in the
EARLINET database, accessible through EARLINET data base
(https://www.earlinet.org/index.php?id=125, EARLINET, 2023).
The Hohenpeißenberg ozone and humidity data are stored in
the NDACC data archive (https://www-air.larc.nasa.gov/missions/
ndacc/data.html, NDACC, 2023). The data of the FIRMOS
campaign is available via the ESA campaign dataset website
https://doi.org/10.5270/ESA-38034ee (ESA, 2020). The hourly
Zugspitze and UFS ozone data are available at the World Data Cen-
ter for Reactive Gases (https://gaw.kishou.go.jp/search, WDCRG,
2018) and the TOAR data base (https://toar-data.org/surface-data/)
(Schultz et al., 2017).
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