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A new, combined, lidar system has been developed that is able to simultaneously measure profiles of ozone and
water vapor onboard aircraft. The concurrent measurement of these complementary trace species in the upper
troposphere and lower stratosphere allows inferring exchange processes in the tropopause region. Whereas an
advanced H2O differential absorption lidar at 935 nm has successfully been developed and extensively tested
at DLR in the past, we describe here an amendment of this lidar by the addition of an ultraviolet (UV) channel
to measure ozone. The transmitter of the ozone differential absorption lidar (DIAL) is based on a near-IR optical
parametric oscillator that is frequency-converted into the UV spectral range by intracavity sum frequency mixing.
Hereby, a continuous UV tuning range of ∼297–317 nm has been achieved. The average output power in this
range is higher than 1 W corresponding to more than 10 mJ per pulse at a repetition rate of 100 Hz. The ozone
DIAL system has been carefully characterized both on the ground and in flight. The first simultaneously measured
two-dimensional cross-sections of ozone and water vapor in the upper troposphere and lower stratosphere have
been recorded during the Wave-driven Isentropic Exchange (WISE) field campaign in 2017 demonstrating the
high potential of this system for studying exchange processes in this region of the atmosphere. © 2019 Optical

Society of America

https://doi.org/10.1364/AO.58.005892

1. INTRODUCTION

Stratosphere-troposphere exchange (STE) is a key controlling
factor for the ozone budget in the upper troposphere (UT) and
water vapor variability in the lower stratosphere (LS). The water
vapor and ozone flux across the tropopause has a large impact
on atmospheric chemistry and the Earth’s radiation budget and
thus, the understanding of the relevant processes is important
for our ability to predict climate change [1].

Despite their importance, these transport processes and their
contribution to the constituent distribution in the UTLS are
still inadequately understood. Difficulties remain in estimating
the magnitude of STE, and large uncertainties exist in the
geographic distributions, seasonality, and long-term changes
of STE. There is some evidence that both the acceleration of
the Brewer-Dobson circulation and stratospheric ozone recov-
ery will tend to increase the future global tropospheric ozone
burden through enhanced STE [2].

Therefore, more measurements in the tropopause region are
required to assess the dynamical, chemical and radiative cou-
pling between stratosphere and troposphere.

In general, a commonly used technique to investigate mix-
ing between stratosphere and troposphere is tracer correlation.
Aircraft in situ measurements have provided insight into these
processes by correlating trace species that strongly contrast in
their stratospheric and tropospheric abundance such as ozone
and carbon monoxide (e.g., [3–6]).

Ozone and water vapor are considered to be complementary
tracers since stratosphere and troposphere show significant con-
trast in the mixing ratios of ozone (high in the former, and low
in the latter) and water vapor (low in the former, and high in
the latter) [7].

Simultaneous lidar measurement of O3 and H2O profiles
in the tropopause region with high accuracy and high spatial
resolution would therefore constitute a major step forward
helping to assess STE using tracer correlation (Fig. 1). From
the ground, it is difficult to measure UT water vapor [8,9],
however, ozone lidars operating in the ultraviolet (UV) spectral
range have been employed for STE investigations [9–12]. An
autonomous system combining the differential absorption lidar
(DIAL) technique (for O3) and Raman lidar (for H2O) has
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been developed, but requires averaging times on the order of
10–30 min and provides water vapor profiles in the lower
atmosphere and only during nighttime [13]. Airborne in situ
measurements can only provide one-dimensional data along
flight trajectories. In general, satellite measurements from
e.g., limb sounders [14,15] can provide simultaneous measure-
ments of those tracers, but in the tropopause region their res-
olution does not fall below 1 km in the vertical and ∼100 km
in the horizontal. Therefore, they have difficulties in resolving
the length scales of the features responsible for STE. It is also
important that viewing geometries and averaging kernels are
comparable for both tracers. Nevertheless, climatological analy-
ses of H2O∕O3 tracer correlations from satellites were derived
and gainfully used [14,15].

Thus, airborne DIAL measurements of ozone and water
vapor appear very promising, since two-dimensional cross-
sections of their concentrations with high vertical and horizon-
tal resolution can provide instantaneous information on the
horizontal and vertical structure of ozone and water vapor,
and deduced tracer correlations can contribute to an improved
assessment of STE in the UT and LS.

In order to meet this goal, the water vapor and aerosol lidar
system (WALES) that has been developed at DLR was up-
graded by means of an additional ozone measuring capability.
Due to the wavelength range used (at 935 nm), WALES is
currently the only airborne H2O DIAL capable of measuring
UTLS water vapor with adequate precision [16] and also fea-
tures High Spectral Resolution lidar (HSRL) capability at
532 nm. This system was designed to fly on the German
research aircraft HALO, a Gulfstream G550 [17], and was
deployed within numerous airborne campaigns [18–32].
As pointed out [28,33], aerosol is a very good additional tracer

for STE. An airborne lidar system capable of measuring all three
species (water vapor, aerosol, and ozone) therefore constitutes a
very powerful instrument.

In the subsequent sections, the spectral requirements
for UV-DIAL will be briefly reviewed followed by the descrip-
tion of the experimental set-up, a detailed characterization of
the system’s performance in the lab, and its first successful em-
ployment for ozone measurements both on ground and in
flight which illustrates its capabilities. Finally, the first two-
dimensional simultaneous measurements of ozone and water
vapor in the mid-latitude tropopause region are presented.

2. REQUIREMENTS

In its original version, the WALES lidar system [16] consists of
two identical, homebuilt laser systems (see Table 1) that both
comprise a near-infrared (NIR) frequency converter pumped
by a diode-pumped Nd:YAG laser at a repetition rate of
100 Hz. Each transmitter sequentially generates two of the four
wavelengths in the vicinity of 935 nm to measure water vapor
from the boundary layer to the lower stratosphere. The NIR
frequency converters are based on optical parametric oscillators
(OPOs) and are attached as front-end modules to the pump
lasers (see Fig. 2). This system has been successfully operated
during many flight campaigns on the DLR Falcon aircraft and,
since 2008, also on HALO [18–32].

For the ozone measurement capability, the goal was to
replace one of the NIR frequency converter modules by a
UV frequency converter. Since these modules have a volume
of 300 × 412 × 256 mm3 the UV transmitter necessarily had
to meet this footprint (see Fig. 3).

The preferred lidar transmitter for ozone DIAL should be
tunable in the UV spectral range as pointed out by many

Fig. 1. Conceptual depiction of water vapor to ozone correlation in
the tropopause region. Both tracers show opposite behavior (see inset)
since stratosphere and troposphere exhibit significant contrast in abun-
dance of ozone (high in the former, and low in the latter) and water
vapor (vice versa). The mixing ratio of these tracers exhibits a strong
gradient across the tropopause because it acts as a transport barrier. In
tracer space an L-shaped correlation is derived from these profiles
(black line). When mixing occurs, the correlation will deviate from
the L-shaped correlation, and the resulting “mixing lines” thus feature
intermediate chemical characteristics and thus are an indication
of STE.

Table 1. Instrument Parameters of the Airborne Lidar

Laser
Type Diode pumped Nd:YAG
Energy 400 mJ at 1064 nm
Pulse duration 10 ns at 1064 nm
Repetition frequency 100 Hz
Divergence 0.5 mrad
OPO
OPO crystals 2× KTP Type II
SFM crystal BBO Type I
Tuning range 297–317 nm
Typical (maximum) UV
output energy

10 mJ (14 mJ)

Beam diameter (expanded) 12 mm
Divergence (full angle, expanded) <1 mrad
Spectral width <0.044 nm (160 GHz)
Pulse duration 7 ns
Dimensions (L ×W ×H ) 300 × 412 × 256 mm3

Angular adjustment Galvoscanners General
Scanning Inc. M 2 ST
(temp. controlled)

Wavelength Monitoring
Fiber-coupled grating spectrometer Ocean Optics HR4000
Receiver
Telescope ⌽ 480 mm Cassegrain
Photomultiplier (O3 channel) Hamamatsu R9880U-210
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authors (e.g., [34,35]). Tunability allows optimizing the lidar
wavelengths for a selection of the optimum absorption cross
sections in order to improve the signal-to-noise ratio and to
optimize the measurement range, as well as to minimize inter-
ferences with other molecules and measurement errors caused
by aerosol extinction and gradients [34,35].

Careful analysis suggests that the optimum on-line wave-
length for ozone detection in the UTLS range is about
300–305 nm with the preferred off-line wavelength being
∼10 nm longer. This is in line with other airborne ozone lidar
systems developed in the past [36,37]. The envisaged accuracy

and spatial resolution was 10% for 300-m vertical and 15-km
horizontal averaging, respectively, as this matches with the
vertical and horizontal resolution of the WALES water vapor
measurement. In order to achieve this design goal it is required
to generate ≈1 W of average UV power at the respective wave-
lengths [38].

While early UV-DIALs were based on dye laser systems [36]
it is generally accepted that all-solid-state laser sources are the
preferred choice for airborne operation, due to their robust and
compact design. Potential, tunable solid-state laser sources are
those that directly emit in the UV spectral range (such as Ce-
doped lasers [39,40]) or those that emit in the visible or near IR
spectral range (e.g., Ti:sapphire lasers [41] or OPOs [42–45])
whose radiation is converted into the relevant spectral range
using the techniques of nonlinear frequency conversion.

Here, it was decided to use a technique that has already been
used to efficiently generate tunable UV radiation starting with a
Nd:YAG laser as the pump: intracavity sum frequency mixing
of a near-infrared OPO [42,46]. This concept has been proven
to fly on small aircraft [43,44] to measure ozone in the boun-
dary layer. Those results, however, were obtained with pump
lasers having low repetition rates of 10 Hz. One of the chal-
lenges here was to adapt this concept to the high average power
of the WALES pump laser coping with higher thermal loads.

3. TRANSMITTER SET-UP

The UV-OPO was designed as a four-mirror ring resonator (see
Fig. 4) consisting of two 12-mm long potassium titanyl phos-
phate (KTP) crystals cut for type-II interaction in a walk-off
compensated configuration. The OPO generates signal wave-
lengths around 740 nm. As the pump, the second harmonic of
the pump laser was generated to yield ∼200 mJ of 532-nm
pulse energy in a single longitudinal mode [16] at a conversion
efficiency approaching 60%. The second harmonic was split
into two beams by means of a dielectric beam-splitter having
a split ratio of 0.625/0.375 which was found to provide the best

Fig. 2. Mechanical design of the WALES lidar. For the combined
measurement of water vapor and ozone, one of the near-infrared fre-
quency converters at the front end of the pump laser is exchanged
against a UV frequency converter to generate the wavelengths relevant
for ozone DIAL measurements.

Fig. 3. Photograph of the UV frequency converter module with
open cover. The upper level contains all the optics (SHG module,
beam steering and conditioning, and the UV-OPO), and the lower
level (obscured) comprises the temperature control for the second
harmonic crystal, galvo scanner electronics, and spectrometer for wave-
length control. The volume is 300 × 412 × 256 mm3, and the weight
is ∼25 kg.

Fig. 4. Schematic set-up of the UV-OPO: M1-4, OPO cavity
mirrors; PR, partial reflector; OC, outcoupling mirror; HWP, half-
wave plate.
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overall efficiency. The first beam serves as the pump for the
OPO process, the second one is injected into the cavity to serve
as the pump for the sum-frequency mixing process to take place
inside the OPO cavity (see Fig. 4). The SFM-crystal is a 3-mm
long β-barium borate (BBO) crystal (type I) and generates
the sum frequency of the OPO signal (670–780 nm) and
the 532-nm second harmonic of the Nd:YAG laser which is
coupled out of the cavity using appropriate dielectric mirrors.
The crystal can be that short since the intracavity process does
not require a long single path interaction length [46].

All three crystals are attached to galvanometer scanners
(General Scanning Inc.), and wavelength tuning is achieved
by their simultaneous rotation. These drivers are controlled
by the data acquisition computer of the WALES system.
Since that can easily be performed at a repetition rate of
100 Hz, all wavelengths within the tuning range of this device
can be addressed from pulse to pulse in an arbitrary sequence.
The repeatability of the scanners is specified to be �15 μrad
which translates into a wavelength reproducibility of <10 pm.

The continuous tuning range, within which UV energies
of >1 W (10 millijoules of pulse energy) could be achieved,
extended from ∼302–316 nm (Fig. 5). Therefore, also the
dual-DIAL technique to minimize interferences in the presence
of aerosol layers [47], can be applied as well as measuring pro-
files of sulfur dioxide [48,49].

The frequency converted beam is coupled out of the
cavity with a dichroic mirror with high reflectivity at the
UV and 532-nm wavelengths under 45 deg (see Fig. 4).
Due to the nonlinear optical process the frequency converted
UV radiation is well polarized. In principle, it is possible to use
both UV and green radiation for the lidar. However, since green
radiation is likewise generated in the water vapor module we
refrain from using it here. Thus, the residual 532-nm radiation
is separated from the UV and dumped. For the final beam con-
ditioning of the UV beam, an adjustable expanding telescope is
used (Qioptiq, bm.x UV2.5x) to reduce the fluence on the
downstream optical components and adjust the beam diver-
gence to ∼1 mrad.

The maximum achieved conversion efficiency from the
1064-nm pump to the UV was as high as 4%. The bandwidth
in the UV was measured to be of the order of 0.03 nm. In order
to accurately monitor the wavelengths also under in-flight
conditions, part of the unconverted signal radiation is transmit-
ted to a fiber-coupled spectrometer (Ocean Optics, integrated
in the lower level of the frequency converter module, see Figs. 3
and 4) optimized for the wavelength range between 610–
790 nm. This spectrometer has a specified resolution of
0.11 nm in the near IR. Transferred into the UV spectral range,
the wavelength precision is therefore better than 0.02 nm.
During long-time measurements over more than three hours
in the lab the wavelength drift was well below pixel resolution
of the spectrometer. Assuming a worst case scenario that the
precision is limited by the spectrometer’s resolution, this trans-
fers into a wavelength precision of 0.055 nm or an error in the
determination of the ozone concentration of less than 0.4%,
respectively. A comprehensive list of the transmitter parameters
is given in Table 1.

4. RECEIVER SET-UP

During the experiments described below, two versions of the
receiver were used. In a preliminary ground-based test the
48-cm Cassegrain telescope of the WALES system was not yet
used, but a smaller one (35 cm) which has extensively been
deployed for airborne lidar applications at DLR in the past
including the measurements of boundary layer ozone from a
small Cessna aircraft [43,44].

Due to geometrical constraints the ground-based set-up was
realized as a monostatic biaxial configuration with a lateral dis-
tance between the telescope axis and laser beam of about 70 cm.
Thus, a full overlap was achieved at >2 km. Since no simulta-
neous water vapor measurements were performed during this
test, the detection system consisted of a UV–sensitive photo-
multiplier tube (Hamamatsu R5600) only. The solar back-
ground was suppressed using a set of four reflection filters
followed by a short pass filter with a cut-off wavelength of
320 nm (SWP-320, JDSU).

The receiver system that was employed during all airborne
measurements presented below uses the 48-cm Cassegrainian
telescope of WALES [16] in a standard monostatic setup. This
telescope can either be mounted in nadir- or zenith-viewing
direction. The different wavelengths (1064 nm, 935 nm,
532 nm, and UV) are separated by dielectric beam-splitters.
In order to make the UV measurements possible without
the necessity to increase the number of detection channels,
an avalanche photodiode of the cross-polarized 1064-nm chan-
nel was compromised and replaced by a UV-sensitive PMT.
For the airborne version a Hamamatsu R9880U-210 PMT
was used which shows a quantum efficiency of nearly 40%
over the wavelength range used for ozone measurements. A di-
chroic with high reflectivity at λ < 350 nm and high transmis-
sion at 1064 nm now replaces the polarizing beam-splitter.
Suppression of the solar background was accomplished using
the above-mentioned short pass filter. The schematic set-up
is depicted in Fig. 6 and a list of the transmitter parameters
is given in Table 1.

Fig. 5. Measured energy per pulse as function of wavelength in the
ultraviolet spectral range and the average power (right scale), respec-
tively. The top scale shows the corresponding OPO signal wavelength.
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5. VALIDATION RESULTS

The accuracy of the water vapor channel of WALES is very
well validated [16,28]. In an extensive intercomparison experi-
ment an excellent agreement between WALES, ground-based
lidars, radiosondes, and in particular a balloon-borne frost
point hygrometer was demonstrated [28]. Therefore, all com-
parison and validation efforts within this work concentrate on
the ozone channel only.

As a first test, ground-based experiments with the ozone
DIAL channel in zenith-looking configuration have been per-
formed. The ozone DIAL measurements were compared with
both ozone (Brewer-Mast) sondes and ground-based lidar at the
meteorological observatory of the German Weather Service
(DWD) at Hohenpeissenberg which is part of the Network
for the Detection of Atmospheric Composition Change
(NDACC) and which is located at a distance of ∼38 km from
our measurement site. We found a very good agreement of the
measurements (Fig. 7) that were evaluated using the ozone
absorption cross sections from Daumont et al. [50] and
Malicet et al. [51]. The DIAL data were averaged over 645 s
and a vertical range resolution of 750 m.

A simulation of the expected statistical error under these
conditions (including the receiver configuration as described
in Chapter 4) with the actual result showed an agreement
within a few percent. Taking into account that the measure-
ment geometry is very different from airborne operation where
the UTLS is much closer to the lidar, we meet the expected
precision indeed, which is 10% for 300 m vertical and 15 km
horizontal averaging at typical aircraft velocities, respectively.

The first opportunity to operate the system onboard HALO
occurred during the POLSTRACC (Polar Stratosphere in a
Changing Climate) mission [52,53]. However, during that
campaign the lidar worked in zenith-looking mode as one of
the main objectives of the mission was the measurement of
Polar Stratospheric Clouds [54] in the polar winter strato-
sphere. Thus, this configuration was not necessarily well suited
to investigate the tropopause region. Nevertheless, during one
of the flights on 21 December 2015 there was a close fly-by at
the NDACC station of Ny Ålesund, Svalbard, providing an
opportunity to validate the stratospheric ozone DIAL measure-
ments with the profile from the electrochemical concentration
cell (ECC) ozonesonde launched at 11:31 UT at that site. The
lateral distance between aircraft and balloon was ∼200 km.
The results of this comparison are shown in Fig. 8. The agree-
ment between ozonesonde and lidar is very good (bias <10%)
at a range of 14.2–28 km (i.e., 1.7–15.5 km above flight level).
The ozone mixing ratio is in the range of 1000–4000 ppb, i.e.,
much higher than at the tropopause level.

6. FIRST COMBINED H2O AND O3
MEASUREMENTS DURING THE WISE FIELD
CAMPAIGN

During the Wave-driven Isentropic Exchange (WISE) research
campaign [55] the first ever collocated DIAL nadir profile ob-
servations of H2O and O3 were made in the UT and LS.
During WISE, a total of 17 flights with HALO were conducted
from Shannon, Ireland between 13 September and 21 October

Fig. 6. Receiver layout of the combined H2O and O3 DIAL. The
outgoing beams are transmitted behind the secondary mirror of the
receiving telescope with a separation of 40 mm. The aircraft window
consists of an uncoated quartz plane with a central aluminum insert
that holds an antireflection coated (300–1064 nm) output window for
the transmitted beams. The received beams are separated by dielectric
mirrors according to their wavelength. The 532-nm channel features a
depolarization channel and an iodine filter for HSRL capacity. The
various channels either use photomultiplier tubes (PMT), avalanche
photodiodes (APD) with suitable bandpass (F), or solar blind filters
(SBF).

Fig. 7. Comparison of the ozone profiles measured with the UV
ozone lidar to the Brewer-Mast ozonesonde and the NDACC lidar
at the meteorological observatory Hohenpeissenberg (MOHp) on
20 April 2011. The tropopause level was at 10.4 km. The error bars
give the statistical error of the UV DIAL measurement.
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2017. The scientific objective of WISE was to investigate the
extratropical transition layer (ExTL) between UT and LS and
in particular the transport and mixing processes related to
synoptic-scale Rossby waves and their impact on the formation
and composition of this layer. Flights were performed in the
vicinity of the extratropical jet stream and cyclones developing
over the eastern North Atlantic Ocean. The WALES instru-
ment employed in nadir-viewing direction performed well in
a number of interesting meteorological situations including sev-
eral crossings of zonal jet streams and tropopause folds, multi-
ple high-altitude observations of warm conveyor belt (WCB)
outflows, and several crossings of O3 and H2O filaments in
occluded frontal systems. Those are typical phenomena related
to breaking Rossby waves leading to STE. In the context of this
work, however, we restrict the analysis to an exemplary case of a
single research flight in order to demonstrate the huge potential
of this technique. More detailed analyses of the data recorded
during the entire campaign and using the anticipated methods
are beyond the scope of this paper and will be published
elsewhere.

Figure 9 shows an exemplary high level flight leg from
Scotland over Ireland and further west over the Atlantic
Ocean performed on 28 September 2017. The case was chosen
as it demonstrates the high variability of ozone and water vapor
related to a variable tropopause altitude. In the first half of the
flight the tropopause is located at ∼11.5 km before it folds
downward between 19:30 and 19:45 UT. In the most western
part of the flight the tropopause provides again a constant
altitude of ∼8 km altitude. The observations show increased
humidity (Fig. 9, top panel) in the troposphere. In the first half
of the flight, optically thin cirrus clouds prevented observations
in the first 2 km beneath the tropopause. Further west, little

cloud coverage and a deep stratospheric layer increased data
coverage except for some data gaps after 19:35 UT resulting
from cooling issues of the H2O channel in the low density
and relatively warm stratosphere. Above the tropopause
H2O quickly decreases to very low mixing ratios in the strato-
sphere. O3 shows the expected opposite behavior (Fig. 9,
bottom panel); the stratosphere is dominated by high mixing
ratios and smaller scale filaments. High O3 and low H2O mix-
ing ratios fold downward within the stratospheric intrusion,
which is a process responsible for increased transport of O3

towards the ground [28].
Figure 10 shows the corresponding distribution of O3 and

H2O in tracer-tracer space. The tropospheric (low O3, high
H2O) and the stratospheric air masses (high O3, low H2O)
are clearly separated and form linear distributions. The L-
shaped distribution as shown in Fig. 1 is not completely visible,
as in this particular flight in the mid-latitudes, very low tropo-
spheric H2O and O3 mixing ratios that are typical of the tropi-
cal UT and LS [15] were not observed. In between tropospheric
and stratospheric air masses, a zone of mixed air with an inter-
mediate chemical characteristic is clearly visible. Mixing lines
connect O3 values of ∼200 · 10−6 with H2O mixing ratios
of ∼100 · 10−6.

The selected case conclusively demonstrates the inherent
potential of simultaneous lidar observations of O3 and H2O
in the tropopause region to investigate the complexity of the
trace gas distribution relative to the tropopause and to study
mixing and exchange processes in the UTLS. Figure 10 clearly
shows a separation of transport along different mixing lines in

Fig. 8. Comparison of the ozone profiles measured with the UV
ozone lidar to an ECC ozonesonde launched at the NDACC site
of Ny Ålesund, Spitsbergen, at 11:31 UT on 21 December 2015.
The black curve shows the mean of 25 profiles recorded within a circle
of 200 km radius around Ny Ålesund and the error bars display the
respective standard deviation. The lidar data are averaged over 80 s.
The vertical range resolution is 500 m (up to 9 km above flight level),
750 m (up to 13.5 km above flight level), and 1500 m beyond. The
inset shows the flight track around Svalbard and the part that was used
for the comparison (thick black line).

Fig. 9. DIAL observations of H2O (top) and O3 (bottom) mixing
ratios on 28 September 2017. This ∼1.5 h flight leg (see thick black
line in the inset map) covered a distance of almost 1500 km and was
designed to cross a stratospheric intrusion that is clearly seen around
19:30 UT. The black curve shows the tropopause height as the 2 PVU
isoline derived from ECWMF analysis. The gray line shows the flight
altitude of the HALO aircraft.
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tracer-tracer space which will be analyzed in more detail in the
future. The data set provides much higher data coverage com-
pared to a small number of in situ crossings and an opportunity
for a much more detailed analysis of the relation of the dynami-
cal and chemical transition at the tropopause.

7. CONCLUSIONS AND OUTLOOK

A new ozone lidar module has been developed that comple-
ments the existing airborne water vapor DIAL and aerosol lidar
WALES and thus allows for simultaneous measurements of
H2O and O3 profiles (and also aerosol) in the upper tropo-
sphere and lower stratosphere. This combined capability has
been designed to study stratosphere-troposphere exchange by
means of tracer-tracer correlation along two-dimensional
curtains.

The transmitter of the ozone DIAL module is based on in-
tracavity sum frequency mixing of the signal radiation of an
OPO with 532-nm radiation from the second harmonic of
a diode pumped Nd:YAG laser. This UV frequency converter
has been designed in a way that it possesses the same dimen-
sions and thus can replace one of the two near-IR frequency
converters that in the original WALES set-up generates two
of the four wavelengths for water vapor measurements. The
UV system generates more than 10 mJ/pulse in the wavelength
range of 302–317 nm at a repetition frequency of 100 Hz, i.e.,
>1 W of average power. The maximum overall achieved opti-
cal conversion efficiency was as high as 4%. On- and off-line
wavelengths required for ozone DIAL are generated by chang-
ing the angles of the OPO and SFM crystals using galvanom-
eter scanners to which the crystals are attached and which
enable the system to generate any wavelength within the tuning
range from one pulse to the next. The combined receiver set-up
is designed in a way that besides the ozone and water vapor
measuring capacity also aerosol backscatter and depolarization
ratio as well as aerosol extinction at 532 nm using the high

spectral resolution lidar technique can still be employed.
Due to its tunability and bandwidth, this ozone DIAL should
also be capable of applying the Dual-DIAL technique as well as
measurements of sulfur dioxide profiles.

The ozone module was extensively characterized both on the
ground and on aircraft and shows an excellent agreement with
ozone profiles obtained with balloon-borne sondes. Finally, it
was successfully demonstrated that this upgraded system is
indeed capable of measuring water vapor and ozone simul-
taneously in the tropopause region. From this data, two-
dimensional tracer-tracer plots have been retrieved which show
an enormous potential to study exchange processes in the
tropopause region. Based on the results of many more research
flights during the WISE airborne campaign, a more detailed
scientific analysis is ongoing and will be published in due
course but is beyond the scope of this paper.
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