10

15

20

25

30

35

https://doi.org/10.5194/egusphere-2026-4762
Preprint. Discussion started: 25 August 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Accurate and high-resolution measurements of UTLS water vapor by
balloon-borne laser absorption spectroscopy

Simone Brunamonti!, Yann Poltera>®, Gonzague Romanens®, Alex Weitnauer!, Philipp Scheidegger!,
Adrianos Filinis®?, Alistair Bell**, Giovanni Martucci®, Frank G. Wienhold’, Thomas Peter’, Peter Oels-
ner®, Ruud Dirksen®, Alexander Haefele*, Lukas Emmenegger!, Gunter Stober®* and Béla Tuzson!

'Empa, Laboratory for Air Pollution/Environmental Technology, Diibendorf, Switzerland
2University of Bern, Institute of Applied Physics, Bern, Switzerland

30eschger Center for Climate Change Research, University of Bern, Bern, Switzerland
“Federal Office of Meterology and Climatology (MeteoSwiss), Payerne, Switzerland
SETH Ziirich, Institute for Atmospheric and Climate Science, Ziirich, Switzerland
®Deutscher Wetterdienst/GRUAN Lead Center, Lindenberg, Germany

Correspondence to: Simone Brunamonti (simone.brunamonti@empa.ch) and Béla Tuzson (bela.tuzson@empa.ch)

Abstract. Accurate and sustained monitoring of water vapor (H2O) in the upper troposphere-lower stratosphere (UTLS) is
essential for quantifying its role in the atmospheric radiative balance, chemistry, and climate variability. However, in situ
measurements in this region remain challenging due to the extremely low H>O concentrations, harsh environmental conditions,
and strict payload limitations on meteorological balloon platforms. ALBATROSS is a compact (3.6 kg), balloon-borne mid-
infrared laser absorption spectrometer developed to provide highly accurate, SI-traceable HO measurements with high vertical
resolution in the UTLS. Following recent comprehensive laboratory characterization, we present the first in-flight validation
of ALBATROSS, based on seven balloon flights conducted between 2022 and 2026 from the meteorological observatories of
Payerne, Switzerland (six flights) and Lindenberg, Germany (one flight). All flights included simultaneous measurements by
a cryogenic frostpoint hygrometer (CFH) and a meteorological radiosonde (Vaisala RS41), with CFH operating either in a
tandem-flight configuration or on the same payload as ALBATROSS. In the troposphere (up to 12 km altitude), the ALBA-
TROSS retrieval agrees with both reference instruments within a mean relative difference of —2 +7 % with respect to RS41
and —1 + 8 % with respect to CFH over nearly three orders of magnitude in H,O mixing ratio. Fine-scale vertical structures and
cirrus cloud layers are consistently resolved. In the stratosphere, following the implementation of an in-flight purging system
to eliminate contamination from internal moisture sources, ALBATROSS achieves an agreement of 3 + 10 % relative to CFH
between 12 and 28 km altitude. An important advantage of laser absorption spectroscopy is demonstrated through observations
of balloon-induced H»O spikes detected simultaneously by ALBATROSS and CFH in the stratosphere. These measurements
reveal fast dynamic response of the laser spectrometer of ~1 s, corresponding to an effective vertical resolution of 5 m, com-
pared to 3—4 s (15-20 m) for frostpoint hygrometry. Overall, these results demonstrate the robust performance of ALBA-
TROSS under real atmospheric conditions and establish mid-infrared laser absorption spectroscopy as a reference-quality

technique for balloon-borne observations and long-term monitoring of UTLS H,O.
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1. Introduction

Water vapor (H2O) is the strongest natural greenhouse gas in the Earth’s atmosphere and plays a central role in atmospheric
dynamics, cloud microphysics, and radiative transfer (Forster et al., 2021). Its concentration decreases with altitude from a few
percent near the surface to only a few wmol mol™ (i.e., parts per million, ppm) in the stratosphere. Despite this low abundance,
H,O in the upper troposphere-lower stratosphere (UTLS, ~8-25 km altitude) exerts a large impact on the radiative balance of
the atmosphere (Solomon et al., 2010; Riese et al., 2012) and affects large-scale circulation (Maycock et al., 2014) and ozone
chemistry (Stenke and Grewe, 2005).

The importance of accurately quantifying UTLS water vapor has been underscored by the January 2022 eruption of the sub-
marine Hunga Tonga-Hunga Ha’apai volcano, which injected an unprecedented amount of water vapor into the stratosphere.
This event increased the global stratospheric H,O mass by more than 10 % relative to climatological levels and is expected to
persist for several years, potentially inducing long-lasting climatic effects (Vomel et al., 2022; Khaykin et al., 2022). Therefore,
high-accuracy and sustained measurements of UTLS H»O are essential for monitoring the temporal evolution of this perturba-
tion and for assessing its long-term climatic consequences.

Satellite instruments provide global observations of UTLS H,O with extensive spatial and temporal coverage and a typical
vertical resolution of 1.5-3 km (e.g., Hegglin et al., 2013; Santee et al., 2017). However, the continuity of these measurements
is increasingly uncertain (Salawitch et al., 2025), and their vertical resolution is insufficient to resolve the fine-scale structures
associated with UTLS processes such as dehydration near the tropopause and thin cirrus formation, which frequently occur on
vertical scales of tens to hundreds of meters (e.g., Luo et al., 2003; Reinares Martinez et al., 2020).

High-resolution, in situ observations of UTLS H,O are obtained using instruments deployed aboard weather balloons or high-
altitude aircraft. While aircraft measurements can deliver high-quality data, they are typically limited to relatively short and
sparse field campaigns (e.g., Rollins et al., 2014; Singer et al., 2022), In contrast, lightweight balloon-borne systems (payload
< 4 kg) can provide routine measurements with vertical resolutions of a few meters and are suitable for long-term monitoring
(e.g., Hurst et al., 2011) and satellite validation (Hurst et al., 2014; 2016). Balloon soundings are a fundamental component of
ground-based global climate monitoring networks, such as the GCOS Reference Upper air Network (GRUAN) and the Net-
work for the Detection of Atmospheric Composition Change (NDACC).

Within these networks, balloon-borne measurements of UTLS H,O have traditionally relied on chilled-mirror frostpoint hy-
grometers, including the commercial cryogenic frostpoint hygrometer (CFH; EnSci, USA) (Vomel et al., 2007; 2016) and the
NOAA frostpoint hygrometer (FPH) (Hall et al., 2016). These instruments have served as reference standards for decades (e.g.,
Oltmans et al., 2000; Fahey et al., 2014). However, ongoing technical developments highlight the need for complementary and
independent measurement approaches.

First, the progressive phase-out of trifluoromethane (HFC-23) as a cooling agent, due to its high global warming potential
(UNEP, 2016), has triggered the development of alternative cooling concepts, such as Peltier-based systems (Jorge, 2020;
Sugidachi et al., 2025) and refrigerant mixtures based on dry ice or liquid N> (e.g., Rolf et al., 2020; Dirksen, 2024), whose
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performance across the full range of atmospheric conditions has not yet been established. Second, chilled-mirror hygrometers
are intrinsically affected by nonequilibrium effects arising from the finite response time of the mirror temperature controller,
which can introduce errors exceeding +10 % in H>O mixing ratio under rapidly changing atmospheric conditions, and require
dedicated post-processing procedures (Poltera et al., 2026). These limitations become increasingly relevant considering the
recently updated GCOS requirements for UTLS H,O observations, which set uncertainties as low as 0.1 ppm (~2 %) at 10 m
vertical resolution as ultimate goal (GCOS, 2025). Altogether, this motivates the investigation of independent measurement
techniques that combine high accuracy, rapid response, long-term stability, and traceability.

Several alternative methods for UTLS H,O measurements aboard lightweight balloon platforms have been demonstrated, yet
each exhibits intrinsic limitations. Thin-film polymer sensors (e.g., Survo et al., 2014), widely used in operational radiosondes,
lose sensitivity at low relative humidity, and lack the accuracy, stability, and traceability required in the dry UTLS (Brunamonti
etal., 2019). Lyman-a fluorescence hygrometers (e.g., Zoger et al., 1999) are limited by calibration complexity and long-term
stability issues (Meyer etal., 2015). In contrast, laser absorption spectroscopy (e.g., Durry et al., 2008; Ghysels et al., 2016;
2024; Graf et al., 2021) offers a particularly promising pathway by combining high accuracy and precision, fast response, and
a direct spectroscopic retrieval traceable to fundamental molecular parameters.

The ALBATROSS spectrometer (Graf et al., 2021) was developed to provide highly accurate, SI-traceable HoO measurements
with high vertical resolution in the UTLS aboard meteorological balloon platforms, thus addressing the emerging UTLS mon-
itoring requirements. The instrument, based on direct laser absorption spectroscopy in the mid-infrared region (near 6.01 um),
leverages on recent advances in laser sources and laser driving concepts, and has been extensively characterized in laboratory
experiments under UTLS-relevant conditions (Brunamonti et al., 2023; 2025). With a total weight of 3.6 kg, ALBATROSS is
compatible with routine deployment on lightweight meteorological balloons.

In this study, we present the in-flight validation of ALBATROSS, based on seven balloon flights conducted between 2022 and
2026 from the meteorological observatories of Payerne, Switzerland (six flights) and Lindenberg, Germany (one flight). The
Payerne campaigns were carried out in the framework of the GAW/GCOS-CH project "Swiss H,O Hub", featuring a compre-
hensive suite of co-located in situ and remote-sensing instruments. All flights included simultaneous measurements by a CFH
hygrometer and a standard meteorological radiosonde. Instrument configuration and payload integration are described in Sec-

tions 2 and 3, respectively. The results are presented in Section 4 and discussed in Section 5.

2. Instrument description

The balloon-borne laser absorption spectrometer for UTLS water research, ALBATROSS, has been described in detail else-
where (Graf et al., 2021). Here, we summarize the instrument architecture and highlight the specific design elements relevant

for its operation under UTLS flight conditions.
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2.1. Main components

ALBATROSS uses a quantum-cascade laser (QCL) in combination with a compact, monolithic segmented circular multipass
cell (SC-MPC; Graf et al., 2018). The SC-MPC provides an optical path length (OPL) of 6 m within a 10.8 cm diameter cell,
is highly resistant to thermal and mechanical stress (Tuzson et al., 2020), and allows both closed-path (laboratory, e.g.: Bruna-
monti et al., 2023; 2025) and open-path (flight) operation. A distributed-feedback quantum cascade laser (DFB-QCL; Alpes
Lasers, Switzerland), tuned over a spectral window of ~1 cm™' centred around an isolated absorption line of H>O at 1662.809
cm™!, is used as a light source. Rapid spectral sweeping is achieved using the intermittent continuous wave (iCW) driving
approach (Fischer et al., 2014), implemented via custom analog electronics (Liu et al., 2018). The transmitted laser radiation
is detected using a thermoelectrically cooled MCT detector (Vigo Photonics, Poland). Signal acquisition and preprocessing
are handled by an FPGA-based system-on-chip (Red Pitaya, Slovenia). Spectra are acquired at 3 kHz and co-averaged to a
temporal resolution of 1 Hz. Thermal control and stabilization of the optoelectronic components is achieved by a combination
of thermoelectric cooling and passive temperature buffering (Graf et al., 2021). All data are stored locally on a USB drive and
retrieved after payload recovery.

For the balloon flights, ALBATROSS is operated in an open-path configuration, allowing ambient air to freely stream through
the central intake tube and the SC-MPC during ascent and descent (see Fig. 1). The instrument is integrated into a lightweight
enclosure built from carbon-aramid honeycomb plates with a thickness of 4 mm and external dimensions of 31x23x12 cm?®.
This enclosure replaces the heavier PMMA box used in earlier deployments (Graf et al., 2021), significantly reducing the
overall payload mass. On both sides of the SC-MPC, the cell is connected via nitrile O-rings to an aluminium "funnel", coated
with an inert surface treatment (SilcoNert, USA). This funnel is extended over the enclosure by about 12 cm by two thin-
walled stainless-steel intake tubes (wall thickness 0.05 mm, inner diameter 8 cm). This design replaces the PTFE-inlet duct of
the original configuration and is critical for minimizing self-contamination effects from moist air within the instrument's en-
closure (see below). Temperature, pressure and relative humidity (RH) inside the enclosure are monitored during flight by a
compact sensor (MS8607; TE Connectivity, USA).

ALBATROSS operates autonomously for the duration of a typical balloon flight (2—3 h). It has a power consumption of about
15 W, which is provided by two 4-cell Lithium-Polymer (LiPo) batteries (14.8 V; 1800 mAh). The weight of the bare spec-
trometer assembly (as shown in Fig. 1b), including batteries, is 2.91 kg. For flight operation, the instrument is enclosed in a 3
cm thick extruded polystyrene foam (XPS) insulation layer (weight 370 g). In addition, an external in-flight purging system
(described below) is added, with a weight of 320 g, yielding a total mass of 3.6 kg.

The spectrometer has been extensively characterized in laboratory experiments under UTLS-relevant conditions (Brunamonti
et al., 2023; 2025). These studies demonstrated an accuracy better than +1.5 % with respect to an SI-traceable reference for
H,O mixing ratios between 2.5 and 35 ppm at pressures of 30—250 hPa and a precision better than 30 ppb at 1 s time resolution
(Brunamonti et al., 2023). In the AquaVIT-4 intercomparison, ALBATROSS showed good performance across a dynamic

range of 0.5-530 ppm H,O and a wide range of challenging environmental conditions, achieving a mean deviation of 3+9 %
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relative to a reference dewpoint mirror hygrometer (Brunamonti et al., 2025). Despite this comprehensive laboratory charac-
terization, ALBATROSS has not yet been systematically validated under real UTLS conditions and in direct comparison with

established balloon-borne reference instruments.
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Figure 1. Panel (a): schematics of the ALBATROSS payload, illustrating the purge gas release system for minimizing internal con-

tamination. Panel (b): picture of ALBATROSS spectrometer in flight configuration (without purge system).

2.2. Technical challenges

The first balloon test flight of ALBATROSS, performed in 2019 (Graf et al., 2021), demonstrated a reliable instrument per-
formance up to an altitude of about 10 km. At higher altitudes, however, the retrieved H,O mixing ratio exhibited a pronounced
moist bias, increasing with altitude and reaching values up to ~100 ppm. This bias was traced back to contamination by water
vapor desorbing from internal surfaces of the instrument enclosure during flight.

The amount of moisture contained in the enclosure is largely determined by the H,O trapped inside the instrument at launch
and its subsequent release during ascent. At decreasing ambient pressure, desorption of H>O from internal surfaces is enhanced,
and the comparatively warm temperature inside the enclosure allows the released H,O to remain in the gas phase. Housekeep-
ing data from the embedded RH sensor show that temperature in the enclosure remains at about —10 °C throughout the strato-
sphere, while internal RH reaches about 20 % at 30 km altitude (see Fig. S3 in Supplementary material). This corresponds to
an H,O mixing ratio of about 5 x 10* ppm inside the enclosure, several orders of magnitude higher than ambient UTLS air (a
few ppm). Due to this extremely large gradient, even small absorption contributions from air inside the enclosure can introduce
significant retrieval biases. In the following, the dominant contamination pathways are discussed.

Outside-cell absorption. One major contamination pathway arises from outside-cell absorption, i.c., absorption of laser radi-

ation by water vapor along the short free optical path between the optoelectronic components (laser and detector) and the

5
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SC-MPC. As discussed in Graf et al. (2021), these highly temperature-sensitive components cannot be placed in direct thermal
contact with the SC-MPC, which is fully exposed to the ambient air temperature variations. Although this internal path repre-
sents only ~0.1% of the total OPL, absorption by H>O present in the enclosure can introduce a substantial bias in the retrieved
mixing ratios under UTLS conditions. This effect becomes particularly pronounced at high altitudes, where low pressure en-
hances desorption of H>O from internal surfaces.

To eliminate this interference, a mechanical solution was implemented in the form of two custom-made connectors that her-
metically connect the detector and the laser housing to the SC-MPC, thereby isolating the free optical path from the humid air
inside the enclosure. The connectors are 3D-printed and provide sufficient mechanical flexibility for optical alignment while
maintaining thermal decoupling between the components and the cell. In addition, the connectors incorporate a gas port that
allows active purging with dry gas and maintaining a slight overpressure relative to the enclosure. Laboratory experiments
demonstrated that purging with N, at a flow rate of 0.1 slpm effectively suppresses any spurious absorption originating from
outside-cell paths (Brunamonti et al., 2023; 2025).

For balloon operation, this concept was further developed into a lightweight in-flight purging system, capable of maintaining
dry conditions within the connectors throughout the duration of a balloon sounding. This system uses a commercially available
miniature CO; cartridge (containing 25 g of CO;) as a compact source of dry gas compatible with balloon operation. A custom
release valve combined with a passive flow restriction limits the purge flow rate to roughly 0.1 slpm, resulting in a slow release
lasting about 3 hours. The flow restriction consists of a PEEK capillary tubing with length of 10 m and inner diameter ~100
pm (TPK104; VICI, USA). In addition, a chip-size flowmeter (Omron, USA) was integrated to monitor the purge gas delivery
during flight and provide diagnostic information for the interpretation of the measured data.

During some flights, interruptions of the purge gas flow, caused by clogging due to the formation of dry ice (solid CO;) at low
temperatures were observed. This issue was attributed to excessive cooling of CO; during the free expansion (Joule—Thomson
effect) within the capillary. Iterative thermal management improvements were implemented, including the addition of heating
elements to both the CO: cartridge and, critically, the PEEK capillary. The specific configuration of the purging system used
in individual flights and their impact on the measurement performance are discussed in Section 4.1.

In-cell contamination. A second contamination pathway arises when moisture from the instrument enclosure enters the mul-
tipass cell. Since the H,O mixing ratio inside the enclosure (10*-10° ppm) exceeds typical stratospheric conditions (a few ppm)
by several orders of magnitude, even tiny leakages can introduce substantial retrieval biases. Early flights revealed that the
original mechanical interface between the enclosure and the SC-MPC was insufficiently leak-tight, leading to a positive bias
and high-frequency fluctuations in the stratospheric H-O retrievals. To suppress this effect, the interface was redesigned using
custom 3D-printed adapters with nitrile O-ring seals, improving leak tightness while preserving mechanical isolation of the
optical system. The effectiveness of this solution is demonstrated by the flight results presented in Section 4.

External moisture sources. Contamination effects induced by external moisture sources are common to balloon-borne hy-
grometers and can affect all in situ measurements in the stratosphere. These include sublimation of hydrometeors potentially

collected by the intake tube during cloud passage (e.g., Brunamonti et al., 2018; Jorge et al., 2021), as well as desorption of

6
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H,O molecules from components of the balloon train, such as string, parachute, and balloon envelope (Hall et al., 2016; Vomel
etal., 2016). The impact of these effects ranges from severe contamination of the entire stratospheric profile due to sublimation
after passing through mixed-phase clouds (Jorge et al., 2021), to small transient enhancements in H>O caused by passage of
the payload through the moist wake of the balloon. These short-duration perturbations, commonly referred to as "balloon
spikes", are routinely observed in CFH soundings (e.g., Vomel et al., 2007). In this study, balloon spikes are explored as a

naturally occurring impulse-response experiment to evaluate the dynamic response of the instruments (Section 4.3).

3. Measurements overview

Between 2022 and 2026, a total of seven flights were performed to validate the performance of ALBATROSS (see Table 1).
The first test flight (FO) took place in September 2022 from the Lindenberg Meteorological Observatory (Germany), operated
by the Deutscher Wetterdienst (DWD). Subsequently, six flights were performed between August 2023 and May 2026 from
the aerological station of MeteoSwiss at Payerne (Switzerland), within the framework of the GAW/GCOS-CH project "Swiss
H,O Hub". This project aims at providing vertically resolved observation of atmospheric water vapor from the ground to the
middle atmosphere through the coordinated operation of complementary in situ and remote-sensing techniques. While several
additional instruments were operated during these campaigns, the present study focuses exclusively on the balloon-borne in
situ measurements relevant for the validation of ALBATROSS.

Each balloon payload included the ALBATROSS spectrometer and an RS41 radiosonde (Vaisala, Finland), providing pressure
(p) temperature (7), relative humidity (RH) and GPS position data at 1 s resolution (Vaisala, 2024). In addition, a CFH hy-
grometer was used as a reference instrument for UTLS H,O. In the first four flights (FO-F3), payload mass restrictions required
ALBATROSS and CFH to be flown on separate balloons, with launch times separated by less than one minute (i.e., "tandem"
flight configuration). From flight F4 onwards, following approval by the Swiss civil aviation authority (BAZL), ALBATROSS
and CFH were integrated on the same balloon (total payload weight ~6 kg). The impact of the flight configuration and related
atmospheric variability effects on the quality of the intercomparison is discussed in Section 4.

All flights were carried out using 2000-3000 g latex balloons (TOTEX, Japan), providing a ceiling altitude of up to 35 km
with an ascent rate of approximately 5-6 m s™! (see Fig. 2). The scientific payload was attached to the balloon through a swivel
and a 60 m unwinder (GRAW, Germany) to minimize contamination from the balloon surface. Above the unwinder, a para-
chute (Spekon, Germany) and a cut-down system (Loonatec, USA) were installed to control the ceiling altitude. In accordance
with civil aviation requirements, a lightweight transponder (uAvionix, USA) was included to ensure visibility to air traffic
control. An independent GPS tracker (Twig, Finland) was used to facilitate payload recovery. All launches were performed at
nighttime (22-03 LT), although ALBATROSS can also be operated during daytime.

The Vaisala RS41 is a high-quality meteorological radiosonde, widely used in operational observational networks. Relative
humidity measurements are based on the thin-film capacitor technique (Survo et al., 2014) with a manufacturer-specified RH

resolution of 0.1 % and a combined uncertainty of 4 % (Vaisala, 2024). Although, under given conditions, RS41 can provide
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reliable measurements for a few km above the tropopause (Brunamonti et al., 2019), here we choose for consistency to only
retain tropospheric data by RS41 for the statistical comparison (see Section 4). RH measurements from RS41 are converted to
H>0 mixing ratio using the Hardy (1998) formulation of the Wexler (1976) parameterization for saturation vapor pressure over
liquid water (recommended for Vaisala data products: see Brunamonti et al., 2019).

CFH is a long-standing reference instrument for balloon-borne measurements of UTLS H>O within GRUAN and NDACC.
Under stable operating conditions, CFH uncertainties can be as low as 2—4 % in the UTLS, corresponding to ~0.2 K uncertainty
in frostpoint temperature (Vomel et al., 2016). Rapid changes in environmental conditions during balloon ascent, however,
can introduce nonequilibrium effects associated with the response time of the mirror temperature controller, leading to transient
errors that may exceed +10 % in mixing ratio (Poltera et al., 2026). In this work, regions showing large nonequilibrium fluc-
tuations are discarded, and residual errors are mitigated by applying a broad altitude averaging (250—500 m) in the statistical
comparison (Section 4). Frostpoint temperature measurements by CFH are converted to HoO mixing ratio using pressure from
RS41 and the parameterization for saturation vapor pressure over ice by Murphy and Koop (2005). All flights considered here
employed freon R23 (i.e., trifluoromethane) as a cooling agent for CFH, except F2 in which a refrigerant mixture based on dry
ice and alcohol was used (tested as part of the Swiss H,O Hub project activities).

Since ALBATROSS is a prototype instrument, payload recovery after each flight was essential, imposing strict constraints on
launch conditions. Soundings were scheduled only when trajectory forecast indicated a high probability of recovery in acces-
sible terrain, and when meteorological conditions were free of precipitation and low and/or mid-level cloud layers at launch
time. The latter criterion is particularly important to avoid contamination by supercooled liquid droplets, which can freeze on
instrument inlets and subsequently evaporate at stratospheric altitudes (Jorge et al., 2021). Flight planning was supported by a
combination of weather forecasting tools, including operational systems available at MeteoSwiss, and Lagrangian trajectory
models (Sprenger and Wernli, 2015) driven by forecast data from the European Centre for Medium-Range Weather Forecasts

(ECMFW), enabling reliable prediction of the balloon trajectories and landing locations.

1D Date, Time Station Payload balloon 1 Payload balloon 2 Ceiling altitude
FO  2022-09-17,03 LT Lindenberg ALBATROSS, RS41 CFH, RS41 30 km
F1  2023-08-17,23 LT Payerne ALBATROSS, RS41 CFH, RS41 28 km
F2  2024-06-18,22 LT Payerne ALBATROSS, RS41 CFH, RS41 15 km
F3  2024-09-19,03 LT Payerne ALBATROSS, RS41 CFH, RS41 35 km
F4  2025-03-27,23 LT Payerne ALBATROSS, CFH, RS41 - 25 km
F5  2025-07-01,00 LT Payerne ALBATROSS, CFH, RS41 - 27 km
F6  2026-05-01,00 LT Payerne ALBATROSS, CFH, RS41 - 28 km

Table 1. List of all balloon flights performed with ALBATROSS between 2022 and 2026.
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assembly with ALBATROSS and CFH on the same payload (flights F4-F6).

4. Results

Figure 3 shows the vertical profiles of H,O mixing ratio measured by ALBATROSS, CFH and RS41 during the ascent of all

flights (panels a-g) and the descent of F6 (panel h), at 1 s temporal resolution. Dark-coloured dots denote valid data, while

light-coloured dots indicate flagged measurements, i.e., data points which are considered invalid and thus are excluded from

the statistical comparison. The descent of flights FO-F5 is shown in Figure S1 in Supplementary material.

ALBATROSS data are flagged based on characteristic signatures associated with the contamination mechanisms introduced

in Section 2.2, such as interruptions of the purge gas flow measured by the embedded flowmeter (outside-cell absorption), and
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a conservative filter applied when no suitable diagnostics information are available (in-cell contamination, external moisture
sources). The performance of ALBATROSS and related contamination issues are discussed flight-by-flight in the next section.
CFH profiles were individually quality-checked and flagged for contamination by external moisture sources, nonequilibrium
errors, and other technical failures, as discussed in Section S2 in Supplementary material. RS41 measurements are considered
valid in the troposphere and flagged above the tropopause. Note that a list of all ALBATROSS and CFH flagged data intervals
and their corresponding rationale can be found in Table 1 in Supplementary material.

ALBATROSS underwent iterative hardware modifications throughout the validation campaign, in response to the findings of
each flight. Therefore, individual soundings reflect progressively improved configurations of the instrument. In the following,
the results are first summarized in chronological order to document the evolution of the instrument's performance. Then, trop-
ospheric and stratospheric measurements are discussed in detail in Sections 4.2 and 4.3, respectively, followed by a statistical

evaluation of all flights in Section 4.4.

4.1. Flight-by-flight performance summary

Flight FO was performed with an early version of the in-flight purging system, using a stainless-steel critical orifice as a flow
restriction and no flowmeter. While the data showed good agreement with CFH and RS41 in the troposphere (below ~12 km),
the stratospheric retrieval was affected by a substantial moist bias (up to 200 ppm, increasing with altitude) and high-frequency
fluctuations (peak-to-peak ~50 ppm, frequency 5—10 s). Spectral analysis confirmed that this behaviour did not originate from
the spectroscopic retrieval, but rather from contamination by an external H>O source. In the absence of flowmeter diagnostics,
this was attributed to a combination of outside-cell absorption and in-cell contamination mechanisms.

Flight F1 employed a revised purging configuration, including PEEK capillary and flowmeter. Despite this upgrade, the strat-
ospheric data still exhibited a pronounced moist bias similar to FO. The flowmeter data revealed that the purge gas was correctly
delivered (flow rate > 0.1 slpm) up to ~21 km altitude (50 hPa), while it ceased abruptly at this level, coinciding with a clear
increase in the observed rate of contamination (see Fig. 3b). Therefore, the bias in ALBATROSS below 21 km was attributed
to in-cell contamination, motivating a redesign of the intake system, as described in Section 2.2.

Flight F2 was terminated at ~15 km altitude (120 hPa) by cut-down release due to geofencing constraints imposed by BAZL.
The large horizontal drift of the balloon in this flight (see Fig. 2a) was caused by an anomalously low ascent rate (Fig. 2b),
possibly due to enhanced drag effects by the parachute in a strong wind field. Despite the reduced ceiling altitude, the ALBA-
TROSS data shows good agreement with CFH and RS41 up to 15 km, and no evidence of contamination or fluctuations in the
stratosphere. This result demonstrated that the revised intake tube design and regular operation of the in-flight purging system
effectively suppress both outside-cell and in-cell contamination and marked the first successful measurements of ALBA-
TROSS in the stratosphere, with ~4 km of high-quality data above the tropopause.

Flight F3 reached an altitude of 35 km (~6 mbar) and was carried out using the same configuration as F2. The overall agree-

ment between ALBATROSS and CFH was good across the entire profile, although a few instances of increase in the retrieved
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H,O were observed in the stratosphere (flagged data points in Fig. 3d). These were found to correlate with interruptions in the
purge gas flow measured by the embedded flowmeter (see Fig. S3 in Supplementary material), and attributed to the clogging
of the purging system caused by dry ice formation in the release system. Using the flowmeter diagnostics, these contamination
events can be modelled by a diffusion model, allowing partial correction of the affected data (discussed in detail in Sections 4

and S2). Note that in this flight, the CFH profile was affected by large instrumental fluctuations (nonequilibrium errors) up to

~70 hPa ascent, which were smoothed by a moving average (see Section S1 in Supplementary material).
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Figure 3. Vertical profiles of H2O mixing ratio as a function of pressure measured by ALBATROSS (blue), CFH (red) and RS41
(grey) during the ascent of all flights at 1 s resolution. Light-colored and dark-colored dots indicate flagged and valid data points,
respectively. Black dashed horizontal lines indicate the level of the tropopause. Grey shadings in panels a and f indicate the layers
of cirrus clouds, inferred from CFH ice saturation measurements. Turquoise dots in panel d (F3) indicate ALBATROSS measure-
ments corrected by a diffusion model (see Sections 4 and S2). Orange dots in panels d, f and h indicate CFH measurements smoothed

by a moving average (F3) and replaced by descent (F5) or ascent (F6) profiles (see Section S1 in Supplementary material).
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Flight F4 was the first co-located flight of ALBATROSS and CFH. Despite the application of a heating element to the CO2
cartridge to prevent clogging of the release system, the purge gas delivery failed at ~10 km altitude during ascent. Nevertheless,
the data are still valuable and enable a direct comparison between the two instruments in the troposphere. In addition, two
pronounced "balloon spikes", observed simultaneously by ALBATROSS and CFH at ~23 km altitude, provide a unique op-
portunity to compare the dynamic response of the two instruments in the stratosphere (Section 4.3).

Flight F5 employed an optimized purging configuration with active heating applied to both CO; cartridge and the capillary,
targeting clogging caused by cooling during gas expansion by Joule-Thomson effect. This effect can account for a gas cooling
by as much as ~67 K with a pressure difference of 56 bar between inlet (~57 bar, saturation vapor pressure of CO; at 23 °C)
and outlet ( < 1 bar) of the capillary, based on literature values (Wang et al., 2017). Under this configuration, the purge flow
remained constant at 0.1-0.15 slpm throughout the entire flight. Yet, the stratospheric data still show evidence of contamination
above 60 hPa, increasing with altitude (Fig. 3f). This was attributed to external moisture sources, and particularly a thick cirrus
cloud crossed by the balloon in the upper troposphere (~9—11 km altitude), likely containing supercooled water droplets (cloud
bottom temperature around —32°C), which are known as a severe source of contamination (Jorge et al., 2021).

Flight F6 was carried out with the same configuration as F5 and was characterized by an excellent agreement between AL-
BATROSS and CFH throughout the entire profile, both in ascent (Fig. 3g) and descent (Fig. 3h) data. The ascent profile still
shows evidence of residual contamination above 40 hPa pressure (~23 km altitude), which was attributed to external contam-
ination by the strings, parachute or balloon envelope. In contrast, the descent data shows a close agreement with CFH at all
levels, from the lower troposphere (~2 km altitude), with > 5000 ppm H>O content, to the lower stratosphere (~28 km altitude),
with 4-6 ppm H>O, including a particularly dry tropopause region (~3 ppm H,O at 150 hPa).

4.2. Troposphere

Figure 4 presents a detailed comparison of the H>O mixing ratio profiles measured by ALBATROSS, CFH, and RS41 in the
troposphere, covering pressures between 200 and 800 hPa (corresponding to ~2—12 km altitude), during the ascent of all flights
(panels a-g). Vertical profiles of the relative difference (AH,O) between ALBATROSS and RS41 (blue) and ALBATROSS
and CFH (red) in the same altitude range are shown in panels h-n.

The differences are calculated in altitude (z) bins of 250 m width for z < 12 km (i.e., troposphere) and 500 m for z > 12 km
(stratosphere), based on GPS altitude measured by the RS41 radiosonde. This averaging interval was chosen to minimize errors
due to atmospheric variability and nonequilibrium states of CFH. Error bars represent the mean + standard deviation (¢) range
of AH»O in each bin. Note that the ALBATROSS retrieval typically starts between 2 and 4 km altitude, as the spectral window
becomes saturated at the high H>O mixing ratios encountered close to the surface (see Graf et al., 2021).

Across all flights, ALBATROSS shows a generally good agreement with both CFH and RS41 in the troposphere, with mean
deviations predominantly within £10 % relative to both reference instruments. This level of agreement is maintained over a

dynamic range spanning nearly three orders of magnitude in H>O mixing ratio, down to values well below 100 ppm (F3, F6).
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The only notable exceptions occur in the upper troposphere of flights F1 (Fig. 2i) and F4 (Fig. 21), where the onset of contam-
ination at ~8—9 km leads to larger deviations. In all other flights, the agreement extends to at least the local tropopause (11-12
km). The ALBATROSS profiles closely reproduce vertical fine structures in the distribution of H,O, demonstrating the capa-
bility of the laser absorption technique to resolve sharp gradients and mesoscale variability. Notably, good performance is
maintained within and below cirrus cloud layers, as illustrated by flights FO and F5, indicating that ALBATROSS measure-

ments are not adversely affected by the presence of ice clouds in the troposphere.
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Figure 4. Panels (a-g): vertical profiles of H2O mixing ratio measured by ALBATROSS (blue), CFH (red) and RS41 (grey) during
the ascent of all flights, at 1 s resolution, for the tropospheric region (200—-800 hPa pressure, ~2—12 km altitude). Panels (h-n): mean
+ standard deviation (o) profiles of the relative differences (AH20) of ALBATROSS — RS41 (blue) and ALBATROSS — CFH (red),
calculated in bins of 250 m (500 m) for z < 12 km (z > 12 km) for all data points (including flagged measurements). Black dashed
horizontal lines indicate the level of the tropopause and horizontal grey shaded areas indicate cirrus cloud layers. In panels (h-n),
the vertical grey shading indicates a deviation range of £10 %. Note that the altitude scale on the right-hand side is approximated

and does not represent the GPS altitude measured by RS41.
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A substantial distinction between the RS41 and CFH comparisons consists in the fact that RS41 was flown on the same balloon
as ALBATROSS in all flights, whereas the CFH comparison is based on a combination of tandem (i.e., separate balloons: FO—
F3) and co-located (F4-F6) flights (see Section 3). Given the typically low spatial and temporal variability of UTLS H0O, the
tandem flight configuration generally allows for a meaningful comparison of the two instruments, as shown in Fig. 4. However,
small differences in ascent rate can lead to significant horizontal and vertical separation between the two balloons in the upper
troposphere, which can cause discrepancies due to atmospheric variability effects. Although these effects are largely mitigated
by the broad altitude averaging used here, this might explain the larger deviations found in ALBATROSS — CFH compared to
ALBATROSS — RS41 in the upper troposphere (~8—12 km altitude) of flights F2-F3 (Fig. 4j-k).

An additional advantage of the co-located flight configuration is to enable a direct comparison between ALBATROSS and
CFH during both the ascent and descent phase of the soundings. Fig. 5 demonstrates the good agreement achieved by ALBA-
TROSS with respect to CFH in the descent of co-located flights F4 and F6, including a remarkable performance in flight F6
with mean deviations from CFH better than £5 % at all altitudes (Fig. 5d).
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Figure S. Panels (a, c): vertical profiles of H2O mixing ratio measured by ALBATROSS (blue), CFH (red) and RS41 (grey) during
the descent of flights F4 (a) and F6 (c) at 1 s resolution in the troposphere (200—800 hPa pressure, ~2—12 km altitude). Panels (b, d):
vertical profiles of the relative differences (AH20) of ALBATROSS — RS41 (blue) and ALBATROSS — CFH (red) in the same region
of F4 (panel b) and F6 (d), for all data points (including flagged measurements). Horizontal black dashed lines indicates the tropo-

pause level. The grey shading in panels (b, d) indicates a deviation range of £10 %.
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4.3. Stratosphere

Due to the contamination issues discussed above, valid ALBATROSS measurements above the tropopause were obtained in
four out of seven validation flights: F2, F3, F5 and F6 (both ascent and descent) (see Fig. 3). In addition, flight F4, although
affected by overall contamination, provides valuable information on the temporal response of ALBATROSS in comparison
with CFH. In this section, we focus on the stratospheric analysis of flights F3, F4 and F6, which together allow an assessment
of both measurement accuracy and dynamic response.

Figure 6 shows the profiles of H,O mixing ratio measured by ALBATROSS and CFH in the stratosphere (5-250 hPa pressure,
~10-36 km altitude) during the ascent of flight F3 (panel a) and the descent of flight F6 (panel b).

During F3, the ALBATROSS retrieval exhibited alternating intervals of good agreement with CFH and short periods affected
by contamination (see Fig. 3d), which were found to coincide with interruptions in the purge gas flow. Particularly, the analysis
of the flowmeter data (shown in Fig. S2 in Supplementary material) reveals that when the purge gas is supplied continuously,
ALBATROSS and CFH agree closely down to ~4 ppm (e.g., around 100 hPa). In contrast, when the purge flow drops to zero,
the ALBATROSS retrieval shows a characteristic exponential increase in H,O. Assuming that this process is governed by the
diffusion of moist air from the instrument's casing into the connector's volume, leading to outside-cell absorption (see Section
2.2), the affected regions of the ALBATROSS retrieval can be partially modelled and corrected using an exponential function.
The complete correction procedure is described in detail in Supplementary material (Section S2), and the resulting corrected
data points are shown in Fig. 6a as turquoise dots. An independent consistency check of this approach, based on the measured
H,O mixing ratio inside the instrument's enclosure derived from housekeeping data, is also provided in Section S2 (Fig. S3),
lending confidence to the physical interpretation of the contamination mechanism.

After this correction, ALBATROSS and CFH agree within £10 % up to ~24 km altitude (30 hPa) (Fig 6a). This includes the
region between 45—120 hPa (~12-22 km altitude), encompassing the hygropause (~4 ppm at 90 hPa), during which the purge
gas supply was largely uninterrupted (Fig. S2). Above ~24 km altitude, ALBATROSS shows a slight moist bias of 1-2 ppm
relative to CFH, attributed to external moisture sources. During descent, the entire stratospheric profile of F3 was contami-
nated, as the purge gas delivery terminated shortly before the balloon burst (see Fig. S2).

The descent of flight F6 (Fig. 6b) provides the most complete uncontaminated stratospheric dataset obtained during the vali-
dation campaign and thus represents the best assessment of ALBATROSS performance under flight conditions. The measure-
ments show close agreement between ALBATROSS and CFH throughout the entire UTLS, including a particularly dry trop-
opause with H>O mixing ratios down to 3 ppm (~14-16 km altitude), and the lower stratosphere with 4-6 ppm up to ~28 km
altitude (15 hPa). Across this altitude range, ALBATROSS reproduces the vertical structure observed by CFH while maintain-
ing the low-noise performance demonstrated in laboratory studies. These measurements demonstrate the capability of ALBA-

TROSS to provide high accuracy and high precision measurements of UTLS H>O up to at least 28 km altitude.
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Figure 6. Valid measurements of H2O mixing ratio as a function of pressure by ALBATROSS (blue) and CFH (red) during the
ascent of flight F3 (panel a) and the descent of flight F6 (b) in the stratosphere (5-250 hPa pressure, ~10-36 km altitude). In F3
(panel a), turquoise dots indicate ALBATROSS measurements corrected by a diffusion model (see Section 4). Orange dots indicate
CFH measurements smoothed by a moving average (F3, panel a) and replaced by ascent data (F6, panel b) in regions affected by

nonequilibrium errors (see Section S1 in Supplementary material). Black dashed lines indicate the level of the tropopause.

A complementary assessment of instrument performance in the stratosphere is provided by so-called balloon spikes observed
in flight F4. As introduced in Section 2.2, the term "balloon spike" refers to a small (~1 ppm), transient increase in H,O due
to contamination by H,O desorption from the balloon skin, when the payload, hanging 60 m below the balloon and following
a pendulum-like motion, passes through the wake of the ascending balloon. Such artifacts are used here as a naturally occurring
impulse-response experiment to investigate the dynamic response of the instruments.

During F4, two balloon spikes were detected by both ALBATROSS and CFH, flying together in the same payload. Figure 7a-
b shows vertical profiles of HO mixing ratio measured by CFH, RS41 (panel a) and ALBATROSS (b) between pressures of
28.5-33 hPa (altitude ~22.9-23.8 km) at 1 s resolution during the ascent of flight F4. While the absolute H,O mixing ratios
retrieved by ALBATROSS are affected by contamination of ~15-20 ppm, both instruments clearly record the same transient
features at altitudes of about 23.2 km and 23.4 km, confirming their origin as payload-wide contamination events. In contrast,
the RS41 shows no evidence of these features, consistent with the slow response and low sensitivity of the thin-film polymer

sensor at stratospheric conditions.
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Figure 7. "Balloon spikes' analysis. Panels (a-b): H20 mixing ratio measured by CFH (red), RS41 (grey) and ALBATROSS (blue)
between pressures of 28.5-33 hPa (altitude ~22.9-23.8 km) at 1 s resolution during the ascent of F4. Red and blue dashed lines
represent the fitted background profiles for CFH and ALBATROSS, respectively (see Section 4.3) Panels (c-d): timeseries of H2O
mixing ratio by CFH and ALBATROSS over the corresponding time period, after subtracting the background profile. Black dashed

lines indicate the onset of the balloon spike perturbations, both in altitude (panels a-b) and time (c-d).

To evaluate the dynamic response of the instruments, Figure 7c-d shows the timeseries of CFH and ALBATROSS over the
same time interval, after removal of a smoothly varying background profile. The background was derived by fitting a 2" order
polynomial function to CFH data and a linear function for ALBATROSS data in the vicinity of the spike intervals.

The timeseries show that the perturbation in H>O lasts about 3 s in ALBATROSS (Fig. 7d), compared to ~10 s for CFH (Fig.
7c¢) for both spikes. As the data acquisition rate of the laser spectrometer is 1 Hz (involving 3000 spectral averages) and the air
exchange within the multipass cell is very short, it is plausible to assume that the duration of the spike in ALBATROSS data
corresponds to the passage time of the payload through the wake of the ballon. This is consistent with expected payload motion
through the balloon wake, given typical ascent speeds and "swinging" velocities (see Fig. 14 in Jorge et al., 2021). Furthermore,
the peak amplitude of the spikes is about 20-40 % higher in CFH (1.2-1.4 ppm) than in ALBATROSS (1 ppm), and the
maximum occurs ~2 s later in CFH (Fig. 7c-d). These observations are consistent with an initial overshooting response of the
CFH mirror temperature controller, followed by a gradual relaxation towards the baseline value, whereas ALBATROSS cap-
tures the perturbation close to its physical duration.

The different relaxation times of the two instruments indicate a substantial difference in their dynamic response, which deter-
mines their effective vertical resolution. Assuming that the response time can be estimated by the e-folding time (i.e., ~63.2 %

relaxation achieved) after the spike perturbation, this corresponds to ~1 s in ALBATROSS (Fig. 7d) and 3—4 s in CFH (Fig.
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7c). With an ascent rate of 5-6 m s™!, this corresponds in turn to an effective vertical resolution of 5 m for ALBATROSS and
and 15-20 m for CFH. This comparison highlights the advantage of laser spectroscopy over frostpoint hygrometry in terms of

temporal response and effective vertical resolution in the stratosphere.

4.4. Statistical comparison

Finally, we present a statistical comparison of ALBATROSS with respect to CFH and RS41 measurements, using data from
both the ascent and descent of all flights. Figure 8a-b shows scatter plots of the relative difference in H,O mixing ratio (AH,O)
between ALBATROSS and RS41 (panel a) and between ALBATROSS and CFH (b), as a function of altitude. The differences
are calculated in altitude bins of 250 m for z < 12 km and 500 m for z > 12 km (as in Figs. 4-5). Flagged data points correspond
to measurements for which the retrieval of either ALBATROSS, CFH and/or RS41 was flagged. Solid lines represent the mean
and the corresponding + 1 ¢ standard deviation range of AH,O, averaged over 2 km altitude layers.

Panels c-d show the frequency of occurrence distributions of AH,O for ALBATROSS — CFH (red) and ALBATROSS — RS41
(blue), calculated for all measurements in the stratosphere (z > 12 km, panel c) and troposphere (z < 12 km, d). The results are
summarized in Table 2 in terms of mean + standard deviation calculated over four atmospherically relevant altitude ranges,
including separate estimates of ALBATROSS — CFH for tandem and co-located flights.

Overall, Fig. 8 demonstrates good agreement between ALBATROSS and both reference instruments. In the comparison with
RS41, valid data are available up to the tropopause (~12 km altitude), reflecting the loss of sensitivity of the thin-film polymer
sensor at stratospheric humidity levels. Within this altitude range, 86 % of the data points fall within deviations of £10 % (grey
shading in Fig. 8a), while the mean profile varies between —5 % and +1 % (Table 2), increasing with altitude. This is largely
consistent with the expected uncertainty of RS41 (4 % RH). The few outliers exceeding £10 % are likely caused by the slow
response and time-lag effects of RS41 (e.g. Poltera et al., 2026). Considering all valid tropospheric measurements, the mean +
standard deviation of ALBATROSS — RS41 is -2 = 7 % (see Table 2).

The comparison with CFH (Fig. 8b) shows that ALBATROSS achieves similarly good agreement with the frostpoint hygrom-
eter in the troposphere (2—12 km altitude), with a mean deviation between ALBATROSS and CFH of —1 + 8 %, and 82 % of
the data points falling within +10 %. The spread of the ALBATROSS — CFH differences in the upper troposphere can be partly
attributed to atmospheric variability effects, as most of this comparison is based on tandem flights, in which the two instruments
sampled air masses that increasingly diverged with altitude (see Section 4.1). Table 2 shows that the standard deviation of
ALBATROSS — CFH between 8 and 12 km altitude decreases from 10 % in tandem flights (FO-F3) to 5 % considering co-
located flights only (F4-F6).

In the stratosphere, despite the limited number of valid measurements, the results demonstrate that ALBATROSS consistently
achieves agreement within the uncertainty range of CFH (£10 %: Vomel et al., 2007) up to 28 km altitude (~15 hPa pressure).
The largest relative deviations are found in the tropopause region (12—16 km altitude), with standard deviations ~15 %, which

is expected due to the combination of extremely low H,O mixing ratios, strong vertical gradients, and differences in response
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time between the two instruments. Above this range, and particularly between 16 and 24 km altitude, the agreement between
ALBATROSS and CFH demonstrates the ability of the laser spectrometer to accurately and precisely resolve lower-strato-
spheric H>O mixing ratios in the 4-6 ppm range (mean deviation 3 £+ 3 % for 16-28 km: Table 2). Averaged over all valid
stratospheric measurements (altitudes 12-28 km), the mean + standard deviation of ALBATROSS — CFH is 3 + 10 %, with

83 % of the measurements falling in the +10 % deviation range.
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Figure 8. Statistical comparison. Panels (a-b): scatter plots of the relative difference (AH20) of ALBATROSS — RS41 (panel a) and
ALBATROSS - CFH (b), as a function of altitude, for all flights (both ascent and descent data). Valid measurements are shown as
colored dots and flagged data points as grey dots. Blue (red) solid lines in panels a (b) represent the mean (thick line) and mean +
standard deviation range (thin lines) of AH20 calculated in 2 km layers. Black dashed lines indicate the average tropopause altitude
of all flights (11.8 km). Panels (c-d): frequency of occurrence distributions of AH20 for ALBATROSS — CFH (red) and ALBATROSS

— RS41 (blue), calculated for all measurements in the stratosphere (z > 12 km, panel ¢) and troposphere (z <12 km, panel d).

5. Conclusions

We have presented the first comprehensive in-flight validation of ALBATROSS, a compact (3.6 kg), balloon-borne laser
absorption spectrometer developed for high-accuracy measurements of H,O in the UTLS. The validation was based on seven
balloon flights performed between 2022 and 2026 from the meteorological observatories of Lindenberg, Germany (one flight)
and Payerne, Switzerland (six flights), featuring simultaneous measurements by established reference instruments, such as the

cryogenic frostpoint hygrometer (CFH) and the Vaisala RS41 radiosonde.
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ALBATROSS — RS41 ALBATROSS - CFH
Altitude range Al flights Tang:e(;f 1fl;sghts Co—kz;z:‘tfg 6f)lights Al flights

Free troposphere (2—8 km) =5+£7% (203) —-1£7% (75) -2 +8% (99) -2+8%(174)
Upper troposphere (8—12 km) 1+6% (139) 1+£10 % (74) -2+5%(63) -1 +8% (137)
Troposphere (2—-12 km) —2+7 % (342) 0£9 % (149) 27 % (162) -1+8 % (311)
Tropopause region (12—16 km) - 4+6%(12) 5+17 % (24) 5+ 14 % (36)

Lower stratosphere (16-28 km) - 0+2%(13) 3+3% (42) 3+39% (55)
Stratosphere (12-28 km) - 3+£6 % (25) 4 £11 % (66) 3+10% (91)

Table 2. Statistical comparison summary: mean + 1 ¢ standard deviation of ALBATROSS — RS41 and ALBATROSS - CFH, calcu-
lated over four atmospherically relevant altitude ranges. For ALBATROSS — CFH, the deviations are calculated for all flights, as
well as for tandem (F0-F3) and co-located flights (F4-F6) separately. For ALBATROSS — RS41, all flights are co-located (see Table

1). Values in parentheses indicate the number of valid data points considered for each comparison and altitude range.

The results demonstrate that ALBATROSS achieves accurate and statistically robust water vapor measurements in the tropo-
sphere, with mean relative differences of —2+7 % with respect to RS41 and —1 + 8 % with respect to CFH below 12 km
altitude, and more than 80 % of the data falling within deviations of 10 % relative to both reference instruments. This level
of agreement is maintained over about three orders of magnitude in H,O mixing ratio (~5-5000 ppm), while fine-scale vertical
structures are consistently resolved, including measurements within cirrus cloud layers.

In the stratosphere, following iterative mitigation of internal contamination effects, ALBATROSS achieves accurate and high-
resolution measurements of H,O mixing ratio up to 28 km altitude (15 hPa). Valid stratospheric profiles, obtained in four out
of seven validation flights, show agreement within £10 % relative to CFH for more than 80 % of individual data points. Sta-
tistical analysis of all valid stratospheric measurements yields a mean relative deviation of 3 + 10 % between ALBATROSS
and CFH in the 12-28 km altitude range. The largest relative differences are found in the tropopause region (12—16 km), while
substantially lower scatter is obtained in the lower stratosphere (mean deviation 3 = 3 % for 16-28 km altitude), demonstrating
the ability of the laser spectrometer to accurately and precisely resolve H>O mixing ratios in the 4—6 ppm range.

A key advantage of the laser spectroscopy technique is highlighted by the analysis of two "balloon spikes" observed simulta-
neously by ALBATROSS and CFH in the stratosphere during flight F4. These transient events demonstrate the substantially
faster dynamic response of ALBATROSS (response time ~1 s, corresponding to 5 m effective vertical resolution) compared
to CFH (response time 3—4 s, effective vertical resolution 15-20 m). The fast response of the laser spectrometer allows a
faithful representation of small-scale perturbations in UTLS H>O and highlights the potential of this technique to complement

and, in specific aspects, exceed the performance of chilled-mirror hygrometers.
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The validation campaign also revealed technical challenges inherent to open-path balloon-borne laser spectroscopy, most no-
tably the contamination arising from internal moisture within the instrument's enclosure, and the different pathways by which
this can affect the measurements (see Section 2.2). These effects were physically understood, independently diagnosed using
housekeeping data (e.g., interruptions of purge gas flow caused by dry-ice formation in the release system), and largely miti-
gated through targeted design improvements. Consequently, the present analysis also provides valuable insight into the oper-
ational requirements and reliability constraints for routine UTLS deployments.

Overall, this work establishes mid-infrared laser spectroscopy as a viable reference-quality technique for balloon-borne meas-
urements of UTLS water vapor, combining Sl-traceable accuracy, high vertical resolution, and fast response, in a lightweight
instrument (ALBATROSS). In the context of declining satellite coverage and ongoing transitions in frostpoint hygrometry

technology, laser absorption spectroscopy represents a highly promising approach for long-term UTLS monitoring.

Data availability
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