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Abstract. In order to gain understanding on the vertical In parallel, throughout the campaign, liquid water samples
structure of atmospheric water vapour above mountain lakesf rain, at the air-lake water interface, and at 2m depth in
and to assess its link with the isotopic composition of the lake were taken. A signi cant variability of the isotopic
the lake water and with small-scale dynamics (i.e. valleycomposition was observed along time, depending on weather
winds, thermal convection above complex terrain), the L-conditions, linked to the transition from the valley boundary
WAIVE (Lacustrine-Water vApor Isotope inVentory Experi- layer towards the free troposphere, the valley wind intensity,
ment) eld campaign was conducted in the Annecy valley in and the vertical thermal stability. Thus, signi cant gradients
the French Alps during 10d in June 2019. This eld cam- of isotopic content have been revealed at the transition to the
paign was based on an original experimental synergy befree troposphere, at altitudes between 2.5 and 3.5km. The
tween a suite of ground-based, boat-borne, and two ultrain uence of the lake on the atmosphere isotopic composition
light aircraft (ULA) measuring platforms implemented to is dif cult to isolate from other contributions, especially in
characterize the thermodynamic and isotopic compositiorthe presence of thermal instabilities and valley winds. Nev-
above and in the lake. A cavity ring-down spectrometer andertheless, such an effect appears to be detectable in a layer
an in-cloud liquid water collector were deployed aboard oneof about 300 m thickness above the lake in light wind condi-
of the ULA to characterize the vertical distribution of the tions. We also noted similar isotopic compositions in cloud
main stable water isotopes 3fO, H80 and HH60) both  drops and rainwater.

in the air and in shallow cumulus clouds. The temporal evo-

lution of the meteorological structures of the low troposphere

was derived from an airborne Rayleigh—Mie lidar (embarked

on a second ULA), a ground-based Raman lidar, and a wind  Introduction

lidar. ULA ight patterns were repeated several times per

day to capture the diurnal evolution as well as the variabil- Why are the vertical structures of the stable isotope of the
ity associated with the different weather events encountered/ater vapour eld in the lower troposphere only sparsely
during the eld campaign, which in uenced the humidity documented above Alpine lakes? This is in part due to the

eld, cloud conditions, and slope wind regimes in the valley. complexity and fast-evolving nature of the low-level atmo-
spheric circulation in Alpine-type valleys which is intimately
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linked to the surrounding orography interacting with the ing the second largest natural glacial lake in France, Lake
synoptic-scale circulation. Thermally driven wind systems Annecy is expected to play a substantial role for the regional
may be induced by hilly terrain, such as slope, mountain, anchydrometeorology.
plateau winds (Kottmeier et al., 2008). Such winds resultin The overarching scienti ¢ objective of L-WAIVE eld
mountain-venting phenomena that control the variability of campaign is to study the vertical distribution of the water
the water vapour eld in mountain catchment on very small vapour contents and its heterogeneity over Lake Annecy.
timescales. Furthermore, small-scale inhomogeneity in soiFor this purpose, we have implemented an original multi-
properties across a mountain valley, as well as lake breezeglatform experimental approach based on continuous high-
resulting from land—lake temperature contrasts, may also infesolution vertical pro ling of tropospheric water vapour,
duce the development of thermal circulations, particularly ontemperature, and wind, as well as scattering layers (aerosols,
clear-sky days, modifying the wind, humidity, and tempera- clouds) in the valley. Continuous atmospheric sampling was
ture elds on small spatial scales. The interaction of slope-carried out by lidars together with airborne and boat-borne
driven and secondary circulations can furthermore in uencemeasurements of stable water isotope%GCH H?HO and
the thermodynamical environment in the valley by the forma- H%BO) in vapour, as well as liquid water sampling in the lake,
tion of convergence lines. Such convergence lines may favouclouds, and precipitation. A consolidated vision of water iso-
the formation of shallow clouds and in some cases evertopes across the air—water compartments in the lake area is
deep convection (Barthlott et al., 2006). Interaction with the proposed. Special emphases are made on the interface be-
synoptic-scale circulation can lead to the formation of strong,tween the lake and the atmosphere, as well as at the boundary
gusty down-valley winds such as foehn events (Drobinski etwith the free troposphere.
al., 2007) and gap ows (Flamant et al., 2002; Mayr et al., It is worth noting that we have de ned such an obser-
2007) that can also contribute to rapid modi cations of the vational strategy including ultra-light aircraft (ULA) means
water vapour eld in mountain catchment areas. because measurements tall towers only provide incomplete
Stable water isotopes have long been used as a tool tmformation on the link between the different compartments
study processes in lacustrine and hydrologic systems (sem the free troposphere where the processes of mixing and
review by Gat, 2010), as well as evapotranspiration (e.gdistillation occur (e.g. Grif s et al., 2016; Steen-Larsen et
Berkelhammer et al., 2016). For instance, an early studyal., 2013). In the past, He and Smith (1999) combined air-
based on water stable isotope measurements conducted borne measurements and surface sampling of the water iso-
the US Great Lakes region suggested that in the summetope composition to study the evaporation process over the
up to 15% of the atmospheric water content in the atmo-forests of New England, before the advent of high-resolution
sphere downwind of the lakes is derived from lake evaporadaser-based spectrometers. More recent available airborne
tion (Gat et al., 1994). Isotopic measurements of lake wa-measurements of the isotope composition in the boundary
ter have shown the relative roles of evaporation from thelayer either focused on areas above the sea (Sodemann et al.,
lake surface and transpiration from surrounding vegetatior2017) or did not include measurements of the surface isotope
(Jasechko et al., 2013). The link between hydrology andcomposition (Salmon et al., 2019). The use of ULA makes it
evaporation has mainly been investigated using vapour angossible to sample the atmosphere very close to the surface
liquid water isotopes measurements gathered just above thep to altitudes of more than 4000 m and to y in deep valleys
Earth's surface and samples from lake water and precipita{Chazette et al., 2005).
tion (e.g. Cui et al., 2016). The rest of the article is divided into six sections. The ex-
Unexploited potential remains in using stable water iso-perimental strategy is discussed in Sect. 2, whereas the in-
topes to increase our understanding of the in uence of evapstrumental platforms operations and environmental variables
oration, boundary-layer processes, and the free troposphemonitoring are presented in Sect. 3. In Sect. 4, we give the
for local and regional climate conditions in Alpine lakes. For synoptic conditions of atmospheric circulation that help to
example, the depth of the atmospheric layer over which theunderstand the temporal evolution of the measurements in
in uence of evaporation from the lake surface is detectable,the valley, and more generally the meteorological conditions
and how different factors control the depth of this layer areencountered during the eld campaign. Atmospheric water
still largely unknown. Detailed and comprehensive analysisvapour and liquid water isotopes, as well as lake water iso-
of small-scale factors, such as winds in a valley, and howtope observations made across the valley, are described in
they are related to local and larger-scale dynamics, such aSect. 5. In Sect. 6, the vertical distribution of water isotopes
synoptic-scale subsidence in complex terrain, are thereforés discussed taking into account the vertical structures of
needed. the lower troposphere and the lake—atmosphere interface. We
In order to get insights into such aspects, the L-concludein Sect. 7.
WAIVE (Lacustrine-Water vApor Isotope inVentory Exper-
iment) eld campaign was conducted in the Annecy val-
ley (45 47°N, 6 12°E; in Haute-Savoie in the French Alps)
around the Lake Annecy between 12 and 23 June 2019. Be-
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2 L-WAIVE experimental strategy aerosols, and winds were acquired continuously from

two co-located ground-based lidars.
To achieve the scienti ¢ and methodological objectives of the

L-WAIVE projec'[7 the eld Campaign was imp|emented in iii. For the boat-borne platform, an instrumented boat al-
the southern part of Lake Annecy (the so-called “Petit Lac”), ~ lowed sampling the lake water by vials at the surface
in the vicinity of the city of Lathuile (Fig. 1). Lake Annecy Im and underneath ( 2m deep) for the assessment of

is bordered by the city of Annecy to the north, the Massifdes ~ H?HO and HB0. A CRDS water vapour isotope anal-
Bauges to the west (2217 m above mean sea level —a.m.s.l.), yser performed measurements during 1d at the end of
the Massif des Bornes to the East (2438 ma.m.s.l.), and the th_e experiment just aboye the lake surface in parallel
depression de Faverges to the south (where Lathuile is lo-  With the lake water sampling.

cated). Lathuile is located east of the foothllluof the Roﬂc deSThese different platforms are presented in Fig. 1 together
Boeufs (1774 ma.m.s.l.) to the west of the “Petit Lac” and with a view of the experiment site

the Tournette summit (2350 ma.m.s.l.) to the east. Lake An- P '
necy, at a mean altitude of 446.7ma.m.s.!., COvers an areg »  peployment
of roughly 27.5km and has a mean (maximum) depth of

41.5m (82m). Depending on the weather conditions, airborne platforms
were deployed several times a day to document the temporal
2.1 Measurement platforms evolution of the atmospheric boundary layer over the lake.

The days of operation of all platforms are summarized in Ta-
mented platforms were deploved in the vicinity of Lath .Ielble Al of Appendix A. The ground-based water vapour, tem-
P w ployed | vicinity ul perature, and aerosol lidar operated continuously between 12

in order to monitor humidity, temperature, wind, clouds, and and 21 June in the morning (gathering over 220 h of data),

aerosols in the lower troposphere over Lake Annecy and th?/vhile the ground-based wind lidar (WL) operated continu-

surrounding valley environment, as well as to conduct mea- . ; -
. ously between 14 and 23 June in the morning (acquiring also
surements at the interface between the atmosphere and the ]
. : . - _over 220 h of data). A total of 22 successful ights were con-

lake, and in the lake. A brief overview of the platforms is

given below, whereas the details on the instrumental pay—OIUCted with ULA'A between 13 and 19 June, while L.JLA_IC
loads are i\}en in Sect. 3: performed 15 ights between 14 and 20 June. Valid cloud
oadsareg T water samples were only obtained during the last three ULA-
i. Airborne platforms included the following: IC ights.
The CRDS previously installed on ULA-IC was mounted
a. One ultra-light aircraft (ULA) was mainly dedi- on the boat from 21 to 22 June. Boat-borne CRDS observa-
cated to remote sensing measurements. It allowedions were made at the surface of the lake on the last outings
exploring the two- or three-dimensional structure of the boat. Nevertheless, lake water samples were taken on
of the lower troposphere thanks to a polarized 14 occasions during the eld campaign (see Appendix A).
Rayleigh—Mie lidar. It also carried a Global Po- Finally, 28 samples of precipitation were taken during the
sitioning System (GPS) device and a meteorolog-campaign (7 of which were taken on 15 June in the after-
ical probe (pressure, temperature, relative humid-noon) between 11 and 22 June 2019.
ity). This will be referred to as “aerosol ULA” On days when both ULA ew in coordinated patterns (13,
(ULA-A) in the following. 16-20 June), ights typically began with a pro ling sequence
b. A second ULA carried both a cavity ring-down between the surface and4 kma.m.s.l., which was carried

spectrometer (CRDS) water vapour isotope anal-OUt in the vicinity of the two ground-based vertically point-
yser, a meteorological probe for pressure, air tem-ing lidars (see Fig. 2). Soundings with levelled legs (see dot-
perature, GPS and relative humidity, and a cloud ted blue line in Fig. 2a) were performed at a relatively slow
water collector. The platform offers the opportunity 2SCent rate (60mmin 1) to ensure that the instruments
to measure the vertical pro les of temperature, rel- Were as close as possible to equilibrium with the environ-
ative humidity, HFHO, H180, and HO, and to col- ment. Upon reaching 4 kma.m.s.l., the ight route of the two
lect cloud water samples. The latter were collected ULA could differ, with ULA-A performing a high-altitude
during speci ¢ cloud ights (when meteorological SU™veY above Lake Annecy (see dotted red line in Fig. 2a),
conditions were favourable) and the cloud collec- while ULA-IC was aiming for shallow cumulus clouds to
tor was opened only in clouds. We will refer to this S@mple cloud water droplets, as illustrated in Fig. 2b. Liquid

platform as “isotope and cloud ULA” (ULA-IC) in water sampling was performed via multiple passes through
the following. the clouds to accumulate enough material to conduct isotope

analysis. At the end of the ight, both ULA performed race-
ii. For the ground-based platform, simultaneous high-track descents around the ground-based lidars on their way
resolution vertical pro les of water vapour, temperature, back to the air eld.

Two airborne, one boat-borne, and one ground-based instr

https://doi.org/10.5194/acp-21-10911-2021 Atmos. Chem. Phys., 21, 10911-10937, 2021
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Figure 1. Geographical location of L-WAIVE. The different pictures give a view of the environment where the measurements were per-
formed and of the instrumented platforms usgg:location of the experimen{p) lake water sampling from a bodt) instrumented van,

(d) instrumented ultra-light aircraft, ar(é) panoramic view from UAV showing the location of Lathuile, as well as the Roc des Boeufs to
the left, the Tournette summit to the right, and the “Petit Lac” in between.

During ascent and descent, the Airborne Lidar for At- tween 1 and 2h, depending on ight conditions, with a
mospheric Studies (ALIAS) aboard ULA-A was pointing cruise speed around 85-100 km'h The ULA location was
sideways to directly derive the aerosol extinction coef cient provided by a GPS and an Attitude and Heading Reference
(Chazette et al., 2007; Chazette and Totems, 2017). For th8ystem, which are part of the MTi-G components sold by
exploration of the valley at a cruising altitude between 3.5XSens.
and 4.5kma.m.s.l., ALIAS was pointing to the nadir. The
combination of both ight sequences thus allowed to survey3.1.1 ULA-A
the three-dimensional structure of the lower troposphere over
the lake and its surroundings. The individual ight character- Rayleigh—Mie lidar
istics (time, maximum altitude, type of exploration) are pre-
sented in Appendix B for the two ULA (Tables B1 and B2 ALIAS was especially developed by LSCE as an airborne
for ULA-A and ULA-IC, respectively). payload dedicated to sample the atmospheric scattering

layers and then the vertical structures of the atmosphere

(Chazette et al., 2012, 2020). It emits a pulse energy of
3 |nstrumenta| Setup on each p|atf0rm 30mJ in the UltraViolet at 355nm W|th a 20Hz pulsed

Nd:YAG laser (ULTRA) manufactured by QUANTEL™
This section provides a detailed description of the payloadghttps://www.quantel-laser.com/, last access: 5 July 2021).
on all platforms deployed during L-WAIVE. The periods of The acquisition system is based on a PXI (PCI eXtensions
operation of each measurement platform are given in Ap-for Instrumentation) technology. The receiver contains two

pendix A. channels for the detection of the elastic backscatter from
the atmosphere in the parallel and perpendicular polarization
3.1 Airborne payloads planes relative to the linear polarization of the emitted radia-

tion. The native resolution along the line of sight is 0.75m, it
We used two Tanarg 912 XS ULA from the company Air is degraded here to 100 m during the data treatment to im-
Création (Chazette and Totems, 2017). For each ULA (ULA-prove the signal-to-noise ratio. The wide eld of view of
A and ULA-IC), the maximum total payload is of approxi- 2.3 mrad ensures a full overlap of the transmit and receive
mately 250 kg, including the pilot. Flight durations were be- paths close to 200-300 m from the emitter.

Atmos. Chem. Phys., 21, 10911-10937, 2021 https://doi.org/10.5194/acp-21-10911-2021
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Figure 2. Example of a typical ULA ight plan performed during L-WAIVE (performed on 17 June 201{&).The ight track adopted

during the ight (blue dots for vertical pro ling and red dots for horizontal exploration above the lake). DEM is the digital elevation model.

(b) Schematic representation of the measurement strategy adopted during L-WAIVE. Two types of sampling strategy are illustrated: red for
atmospheric sampling and green for cloud sampling. The purple arrows illustrate that the atmospheric sampling is performed during both
ascent and descent.

Meteorological probe of 0.25hPa, the air temperature within an uncertainty of
0.2K and relative humidity (RH) within a relative uncer-

Part of ULA-A payload was a shielded meteorological probetainty of 2.5 %.

VAISALA PTU-300 for measuring temperature, pressure,

and relative humidity. This probe measures the atmospheric

pressure, with a 1 min sampling time, within an uncertainty

https://doi.org/10.5194/acp-21-10911-2021 Atmos. Chem. Phys., 21, 10911-10937, 2021
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3.1.2 ULA-IC the ULA. In order to sample droplets under the same condi-
tions as those obtained on the ground, the CASCC fan was
CRDS water vapour isotope analyser removed, and its inlet and outlet were prolonged with conver-

gent and divergent high-density polyethylene (HDPE) cones
ULA-IC carried a CRDS water vapour isotope analyserto ensure an isokinetic air sampling. All parts necessary to
(L2130-i, Picarro Inc., Sunnyvale, USA; ser. no. HIDS2254) adapt the HDPE cones on the CASCC were made of plastic.
for the in situ measurement at about 5Hz of tI’é—?(BI mix- The ow through the probe must be steady and as turbulence-
ing ratio, and the isotope ratio$®0 and 2H for H80 and  free as possible. The design of these modi ed inlet and outlet
H2HO, respectively. Water vapour was drawn into the spec-was calculated to get a constant mass of water droplets per
trometer through an unheated inlet of 68 cm lengti(h time unit through the probe aboard the ULA. The resulting
O.D. stainless steel with SilcoNert coating), pointing back- probe was installed on the side of the ULA, where the ow
ward on the left side of the aircraft at a distance of 38 cmwas assumed laminar and allowed air sampling with a ow
from the CRDS. Pointing forward next to the vapour inlet, a rate of 35 to 47 imin 1, ahead of the motor exhaust. The
fast-response temperature and humidity probe (iMet XQ-2,CASCC strings and inlet were pre-cleaned with deionized
InterMet systems, USA; ser. no. 61124) measured thermowater prior each ight and covered with a clean plastic bag
dynamic propertiesT(, RH, p with uncertainties of 0.3K, when not in cloud (especially during take-off and landing).
5%, and 1.5hPa, respectively) and GPS location at 1 HzFor a ight of 10 min inside a shallow cumulus cloud, the
The CRDS analyser was operated in ight mode, with a probe typically collected 41 to 48 g of cloud liquid droplets
ow of about 150 sccm through the inlet maintained by a corresponding to a liquid water content of 0.10t0 0.16 ¢m
membrane pump (part no. S2003, Picarro Inc.). Pressure angpical for such a cloud type (Herrmann, 2003).
water vapour mixing ratio were corrected using calibration
functions established at the FARLAB laboratory, University 3.2 Ground-based instrumentation
of Bergen, Norway. Raw measurements of the isotope pa-
rameters, expressed asalues (see Appendix C), were cor- The ground-based scienti ¢ facility hosted by the technical
rected for the mixing ratio-isotope composition dependencydepartment of the city of Lathuile was mainly composed of
and calibrated across the campaign period following recomthe Raman lidar WALI (Weather and Aerosol Lidar) and of a
mendations from the International Atomic Energy Agency scanning Doppler lidar. WALI was embedded in the ground-
(IAEA; see Appendix D for details). Tests with a small bub- based MAS (mobile atmospheric station; Raut and Chazette,
bler system during the campaign indicated an anomaly in the2009). The UAV (unmanned aerial vehicle) was also operated
CRDS measurements during 18—-20 June, partially affectingrom this site, close to the lidar.
two ights on the morning of 19 June and the rst ight on
20 June. The anomaly was due to a saturated inlet systerB.2.1 Raman lidar
from condensate forming on the aircraft during a cloud sam-
pling ight on 18 June. Flight periods affected by inlet sat- WALI has been developed at LSCE (Chazette et al., 2014)
uration effects were excluded from further analysis (see Ap-based on the same technology as its precursor instruments
pendix D). LESAA (Lidar pour I'Etude et le Suivi de I'Aérosol Atmo-

A time resolution better than 0.1 Hz was obtained for spe-sphérique; Chazette et al., 2005) and LAUVA (Lidar Aérosol
ci ¢ humidity from the CRDS and iMet probe, providing a UltraViolet Aéroporté, Chazette et al., 2007; Lesouéf et al.,
spatial resolution of 200—300 m in the horizontal direction, 2013; Raut and Chazette, 2009). It is a custom-made instru-
and 10-50m in the vertical, assuming a typical horizontalment dedicated to atmospheric research activities.
speed of 85-100 m ¢ and ascent rate of the aircraft of about  The receiver of the lidar is composed of two distinct detec-
1-5ms L. Due to more complex memory effects, the isotope tion paths with a low full-overlap distance (L50-200 m).
composition has lower effective time resolution (SodemannThe rst path is dedicated to the detection of the elastic
et al., 2017; Steen-Larsen et al., 2014). We use here 10 s awolecular, aerosols, and cloud backscatter from the atmo-
erage data for all parameters on ULA-IC from upward pro- sphere (Rayleigh—Mie lidar path). Two different channels are
les, ltered for rapid elevation changes, de ned as exceed- implemented on that path to detect (i) the total (co-polarized

ing 1.0 hPa ascent or 1.0 hPa descent within 10s. and cross polarized with respect to the laser emission) and
(i) the cross-polarized backscatter coef cients of the atmo-
Cloud water collector sphere. The second path, a bered achromatic re ector, is

dedicated to the measurements of the atmospheric Raman
A pre-cleaned Caltech Active Strand Cloud Water Collec- scattering, namely the vibrational signal for nitrogen, (N
tor (CASCC, Demoz et al., 1996) was mounted on ULA- channel) and water vapour §8 channel) and the rotational
IC, modi ed to ef ciently collect cloud water at the relative signal to derive the temperaturé ¢hannel).
cruising speed of the ULA (85 to 100 km k). The CASCC During the entire experiment, the acquisition was per-
was modi ed to ef ciently collect cloud liquid droplets from formed for mean pro les of 1000 laser shots, leading to a na-
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tive temporal sampling close to 1 min. Rayleigh—Mie lidars fore, the in uence of the orography on the measurement is
are very ef cient tools to detect scattering layers and then in-assumed to be negligible here.

form on the vertical structures of the atmosphere (e.g. Platt,

1977; Berthier et al., 2006; Chazette et al., 2020). The watep-3 Boat-borne payload: lake and atmospheric

vapour mixing ratio (WVMR) is retrieved with an absolute
error less than 0.4 gkd in the rst 2km above the ground

sampling

level (a.g.l.) (Chazette et al., 2014: Totems et al., 2019). TheThe lake water surface and subsurface were sampled at the

calibration of thel channel is derived from the methodology

middle of the “Petit Lac” to measure water isotopes and

presented by Behrendt (2006) and leads to an absolute errGemicals from the boat:

on the temperature lower than @ within the rst2kma.g.l. i
The nal vertical resolution is set to 15m below 1 kma.g.l.
and 30 m above, and the temporal resolution is 0.5 h. In the
following, a temporal resolution of 1 h is used.

3.2.2 Wind lidar

Wind pro les were measured using a scanning Doppler li-
dar (Leosphere Windcube WLS100). It operates in the in-

frared (1.543 um) with a low pulse energy (0.25mJ) but a i.

high pulse repetition frequency (20 kHz). The Doppler shift
due to the particles' motion along the beam direction (ra-
dial wind speed) is determined through heterodyne detection
followed by fast Fourier transform analysis. The acquisition
time was set to 1 s during the campaign. The pulse duration
is 200 ns, corresponding to an axial resolution of 50 m given
the pulse shape, with minimal and maximal ranges of 100 m
and 7.2km, respectively. The axial resolution can be low-
ered to 25 m by reducing the pulse duration (100 ns) while
increasing the pulse repetition frequency (40 kHz), which in
turn reduces the minimal and maximal range to 50 m and
3.3km, respectively. In practice, the maximum range is lim-
ited by the signal level. A minimum carrier-to-noise ratio (i.e.
signal-to-background-noise ratio) of27 dB is required to
keep the radial wind uncertainty (determined from the spec-
trum peak width) below 0.5 m &. Therefore, observations in
the free troposphere are possible only when elevated layers
of aerosols are present. Even in the boundary layer, several
days of very low aerosol load occurred during the campaign,
in which case the carrier-to-noise ratio threshold was low-
ered to 30dB. With such a low carrier-to-noise ratio, the
measurements must be considered with caution.

Proles of the three components of the wind vector
were determined using the Doppler beam-swinging tech-
nique originally proposed for Doppler radar (e.g. Koscielny
etal., 1984). Here, the measurement cycle includes one verti-
cal beam, for which the radial wind is the vertical component
of the wind vector, and four slanted beams (#f®m zenith)
in the cardinal directions to derive the two horizontal compo-
nents of the wind. The uncertainty on the horizontal/vertical
wind components is determined using the variability inside
averaging periods, possibly gathering several measurement

. The lake water thermal strati cation was monitored us-

ing an EXO sonde, equipped with temperature, pres-
sure, pH, dissolved dioxygen, ion conductivity, and
chlorophyll sensors. Pro les recorded in the middle of
the “Petit Lac” (Fig. 1) once or twice per day (Table Al)
and showed that the thermocline was typically at a depth
of about 7 to 13m, in good agreement with previous
studies of the lake (Danis et al., 2003).

Subsurface water samples were collected at a depth
of 2m in HDPE-capped asks. Surface water samples
were collected using a 3030 cm silica glass plate im-
mersed into water for a minute, then gently removed
from water vertically (Cunliffe et al., 2013). The water
falling from the plate in a continuous ow was not sam-
pled; then, the dropwise water was collected in HDPE-
capped asks. The surface microlayer samples were
then collected by scraping the remaining water on the
glass plates (using a rubber scraper) in amber glassware
capped vials. All liquid water samples were measured
for isotopic composition (EfO, H?H60) at FARLAB,
University of Bergen, according to established labora-
tory procedures (Appendix D).

On 22 June, the CRDS isotope analyser was taken
aboard the boat to sample a cross section in the atmo-
spheric layer just above the “Petit Lac” through the lo-
cation used for in situ sampling on the other days. This
made it possible to capture the isotope concentrations as
a function of the distance from the shore and the depth
of the lake on that day. Water vapour isotope measure-
ments were taken from an inlet at either20cm or

2m above the water surface, while the iMet sonde
measured temperature, relative humidity, and location.
We used 2.5 m of#4 in PTFE tubing and a 40 cn¥4 in
stainless steel tip on the rst inlet, and about 1.5m of
tubing with a 50 cm stainless steel tip. A ow rate of
about 10Lmin® was provided by an external mani-
fold pump (NO22AN, KNF, Germany) to either of the
selected inlet lines. Post-processing and calibration of
water vapour measurements were done as for the air-
craft data (Sect. 3.1.2).

cycles. During the campaign, the Doppler lidar was posi-3.4 Precipitation sampling

tioned in a wide valley ( 3 km at the observation site) with a

rather at bottom, and the closest distance existing betweerPrecipitation samples were taken throughout the campaign

one of the slanted beams and an obstacle wagm. There-
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period. The sampling device consisted in a pre-cleaned
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HDPE funnel directly connected to a pre-cleaned HDPE
sampling bottle. The precipitation samples were manually
operated: after each precipitation event, the sample was
aliquoted into 1.5 mL glass vials with rubber/PTFE septa and
stored at 4 C prior to isotopic analysis, while the rest of the
sample was stored at18 C. Precipitation sampling times
lasted from 20 min to several hours, depending on rainfall
rate.

4 Meteorological conditions during L-WAIVE

The synoptic and local weather conditions are analysed in the
following, helping with the subsequent interpretation of the
water vapour measurements in the lower troposphere over the
Annecy valley.

4.1 Synoptic conditions

During L-WAIVE, France was under the in uence of two
main synoptic features, namely a pronounced trough over
Brittany and the British Isles and a high-pressure ridge over
northern Africa, sometimes extending across the Mediter-
ranean and all the way into eastern Europe. This weather sit-
uation is illustrated in Fig. 3 using the fth European Centre
for Medium-Range Weather Forecasts Reanalysis (ERA5) at
0.75 horizontal resolution. This con guration caused a par-
ticularly strong pressure gradient over the western Mediter-
ranean for the period 12—-15 June (Fig. 3a), anked in the east
by an intense Libyan anticyclone, transporting warm air from
subtropics to midlatitudes. The ridge weakened and broad-
ened over the following days (16—19 June, Fig. 3b) before
strengthening again (20—23 June) as the Libyan high intensi-
ed (Fig. 3c¢).

During the course of the campaign, the area of interest was
under the in uence of warmer temperatures in the free tropo-
sphere linked with the high-pressure ridge at the beginning
and the end of the eld campaign, and colder temperature
from 20 to 22 June. Since the experiment was conducted in a
valley, where ERAS reanalyses are generally considered not
to be very accurate below the average altitude of the moun-
tains ( 2kma.m.s.l. in our case), it is more informative to
use the measurements acquired during the eld campaign
from the lidar and ULA to describe the evolution of mete-
orological variables (wind, humidity, temperature, pressure).

4.2 Insight on the local atmospheric conditions derived
from lidars

During L-WAIVE, the temporal evolution of the scattering

!ayegs,ﬂ;nfr:udlng CISUSS ar(lde%erOS{/(\)/El,_ras lzjetehn mpgltoredl'u%__—igure 3. ECMWF ERAS temperature at 700 hPa (K, shading),

ing bo . € ground- age ) : ar ( . )_an € airborne fi- geopotential height at 700 hPa (gpm/1000, contours), and horizontal

dar (ALIAS). They provide insight into air masses ransport, yinds at 700 hPa (black vectors) (&) 14 June 2019 at 12:00 UTC,

weather situation, and local convection. For instance, suchp) 17 june 2019 at 12:00 UTC, afg) 22 June 2019 at 12:00 UTC.

a capability was used to improve our understanding of at-The location of Lathuile is indicated with a grey dot surrounded by
white.
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mospheric circulation in complex situations such as extremeare often observed at night, associated with nighttime downs-
heat wave phenomena (Chazette et al., 2017). lope winds, but may persist during days associated with
Figure 4 shows the temporal evolution of the vertical pro- heavy precipitation such as on 15 June 2019. The boundary
le of the aerosol (or cloud) apparent scattering ratio cor- between high and low humidity of the free troposphere is also
rected from the molecular transmission (ASR, Fig. 4a) andhighlighted, especially at night when the lidar exhibits en-
of the linear volume depolarization ratio (VDR, Fig. 4b, hanced sensing capabilities at higher altitude. For example,
Chazette et al., 2012). The vertical extension of aerosols irhigh humidity is seen up to 4kma.m.s.l. on the night of
the valley is highly variable over time as is the presencel7-18 June in agreement with what is highlighted in Fig. 4a.
and nature of clouds during the campaign. The strong diur- The wind at the surface of the lake controls evaporation
nal cycle of ASR in the valley is tightly related to the slope and turbulent surface uxes and in uences the thermal con-
winds and vertical stability associated with surface heatingvection, and cloud forcing in uences the depth of the val-
and the forcing due to the presence of clouds. The depth ofey boundary layer, allowing the mixing of water vapour in
the aerosol layer is the largest at the end of the afternoora layer of variable thickness over time. The in uence of the
when the convection is the strongest in the valley, while it islake can therefore be seen up to altitudes gfkma.m.s.|.,
exhibiting @ minimum around 11:00-12:00 LT when the val- bearing in mind that the transition altitude to the free tropo-
ley winds reverse. The period was rather cloudy, with cloudsphere is generally of the order of 2.5 kma.m.s.l. here. The
types and the rainy periods including thunderstorms beingaltitude of this sharp transition is also linked to the average
indicated in Fig. 4a. In Fig. 4, we can clearly see the verticalaltitude of the mountains surrounding the measurement site.
updraft associated with clouds, which drives scatterers andhere are no big differences between day and night on this
water vapour towards higher altitudes, where there is a tranboundary. It should be noted, however, that there are sub-
sition to the free troposphere. The transition is between thestructures that can be characterized by wind shears at differ-
yellow and blue colours in Fig. 4a. ent altitudes (Fig. 5b). A 0.5-1 km thick layer over the lake is
Signi cant day-to-day variations of the aerosol layer depth thus highlighted, which can be linked to the wetter structures
are thus observed during the eld campaign which highlights of Fig. 5c (in dark blue).
local, regional, and synoptic-scale transport of air masses
over the Annecy valley. At the beginning of the campaign
(mainly on 14 June), large VDR values are detected up to altis  \water vapour isotope during L-WAIVE
tudes exceeding 7 kma.m.s.l. (Fig. 4b). These large VDR val-
ues are related to a large-scale Saharan dust transport episodter in vapour phase was sampled throughout the campaign
over the Lake Annecy valley favoured by the synoptic con-in terms of mixing ratio of the main isotope and abundance
ditions on that day. These aerosols are progressively mixedf isotopes @80 and HH0. At the same time, liquid wa-
downward by subsidence, reaching the valley oor aroundter samples were taken from the surface of the lake, in the
00:00LT on 15 June. The local wind in the valley is obvi- clouds, and surface precipitation to obtain their isotopic con-
ously disturbed during stormy periods and during the episodeents, and to place them in the context of the atmospheric wa-
of long-range dust transport on 14 June. The presence aler vapour of the lower troposphere. Water vapour was sam-
these aerosols at higher altitudes (up tskma.m.s.l.) al-  pled in situ using a CRDS, whereas liquid samples, including
lowed the wind to be retrieved with the wind lidar above precipitation, cloud water, and lake water, were analysed in
2kma.m.s.l. (Fig. 5a—-b). the laboratory. Here, we report the isotope composition (see
Strong southerly winds (in excess of 20ntsabove interpretative framework in Appendix C) awalues relative
3.5kma.m.s.l.) were observed on 14 June in agreement witlo a standard (e.g. Gat, 1996).
the synoptic meteorological elds. Weaker winds, less than
5ms 1, are observed below 2kma.m.s.I. for the entire pe-5.1 Atmospheric in situ sampling
riod. The wind intensity does not show repetitive patterns
from one day to the next. Nevertheless, it is rather in theln total, 15 ights with ULA-IC have been performed (see
course of the afternoon, when the wind comes from the northiTable B2), including 13 ights where the CRDS allowed a
to the south, that we have the strongest velocities in the planerepresentative sampling ofH and 80 (Appendix D). The
tary boundary layer. Wind direction shows regular variationsisotope content?H observed during the ights ranged be-
(Fig. 5b), with winds directed towards the south during the tween about 340 %. and 80 %o for ight altitudes up to
most of the afternoons. On the contrary, during the nightand 3.5kma.m.s.l., as shown in Fig. 6a. For this gure, we
the rst part of the morning, winds are directed towards the considered ascending and level ight segments, and excluded
city of Annecy (north). samplings with pressure increases larger than 1 hPa/10s. As
The vertical pro les of WVMR derived from the WALI  observed in earlier studies, the dataset is clustered along a
ground-based lidar are also shown in Fig. 5¢c. They highlighttypical mixing line in ?H—q space (Noone, 2012; Salmon
highly variable water vapour in the rst 2km of the atmo- et al., 2019; Sodemann et al., 2017). The end members of
sphere, as is the case with wind. Generally higher WVMRsthe mixing lines show substantial day-to-day variations, from
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Figure 4. Temporal evolution ofa) the aerosol scattering ratio (ASR) where the shaded areas correspond to the presence of clouds and
(b) the linear volume depolarization ratio (VDR) from 13 to 21 June 2019. The cloud type and rain location are indicated, as is the type of
the main aerosol structures identi ed by the VDR (orange/pink for dust on 14 June and other for pollution aerosols; clouds are in pink). Ns,
Ac, and Cu indicate nimbostratus, altocumulus, and cumulus clouds, respectively.

HD 110%cto 80% ( [ 16, 12]%. for 8O; not As shown in Fig. 6b—c, the vertical pro les of the iso-
shown) for the more humid end member 8gkg 1) and  tope content 2H show small variability with altitude below
from 2HD 340%cto 230%( [ 30, 20]%.for 180; 2kma.m.s.l.; the greatest variability is observed in the rst
not shown) for the drier end membey € 3gkg 1). It is few hundred metres. In some cases, the pro les exhibit strong
important to keep in mind that both the variation in max- vertical gradients at higher elevations, as seen between 2.5
imum ight altitudes and the meteorological situation can and 3.6 kma.m.s.l. during ve ights (ights 5, 6, 7, 9, and
contribute to variability. 10). The same patterns are observed on the vertical pro les
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Figure 5. Temporal evolution ofa) wind speed (msl), (b) wind direction (0 is for north and 90 for east) obtained from wind lidar,
and the water vapour mixing ratio (WVMR) derived from the ground-based Raman lidar. White areas correspond to missing data caused by

detection limitations of the lidar (signal-to-noise ratio, presence of clouds).
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air layer in a wind shear zone. We will discuss this vertical
distribution of isotopes in more detail in Sect. 5.2.5.

5.2 Cloud liquid water sampling

Four relevant cloud water samples have been taken with
the CASCC on 18, 20, and 21 June (Table Al). The iso-
tope content of the cloud liquid water is shown in Fig. 7a
(coloured circles). It is close to the global meteoric water line
(GMWL) with correspondingl-excess values ranging from
12.1 %o to 14.8 %0. Equilibrium condensates were estimated
from relevant water vapour isotope measurements during the
time when the cloud samples were taken (Fig. 7a, coloured
squares) using the fractionation factors of Majoube (1971),
and air temperature measurements at cloud level, ranging
between 4 and 1 C. It is worth noting that given poten-
tial sources of uncertainty, the equilibrium condensate val-
ues agree remarkably well with the cloud liquid water during
18 June (green symbols) and the afternoon of 20 June (violet
symbols). Overall, results here con rm that the cloud water
droplets formed from equilibrium fractionation from ambient
vapour. It is worth mentioning that such agreement between
the completely independent sampling and measurement of
vapour and cloud water supports the overall validity of (i) the
cloud water sampling protocol, (ii) the airborne vapour iso-
tope measurements, and (iii) the consistency of the calibrated
water isotope dataset derived from the L-WAIVE campaign.

5.3 Precipitation liquid water isotope composition

Figure 6. Overview of airborne water vapour isotope measure- In total, 28 precipitation samples, of which 22 are unique,
ments.(a) Isotope content?H (%o) vs. speci ¢ humidity (g kg 1). have been taken during the campaign, with sampling times
The mean mixing lines is computed following Noone (2012) with lasting from 20 min to several hours, depending on rainfall
anend pointy D 1:37gkg 1 and 2HD  335%, and reported us-  rate (Table Al). The isotope composition in rainfall ranges
ing a dotted black line(b, c) Vertical pro les of 2H (%o). Colour  from  11.2 % t0 2.2 % in 220 and 73.5% to 9.6 %o in
indicates ight number. Pandt) was added to separately plot the 24 (Fig. 7a, grey triangles), with corresponding values of

pro les with strong vertical gradients. Isotope data are averaged aly o, coss hetween 3.5%. and 20.8 %o (not shown). Even if
10s intervals. The red cross associated with ight 11 indicates that . .
no data were relevant during that ight. evaporauop eﬁegts from the sampling seFup cannot _be fully
excluded, in particular for the samples with a sampling du-
ration of more than 3 h, the consistency of duplicate samples
indicate that the in uence of sampling artefacts can overall
of 180 (not shown) and even on the WVMR pro les de- be considered as limited. Notably, there is an overall corre-
rived from the meteorological probes aboard the two ULA. spondence between the isotope range observed in cloud wa-
The sharp gradients are not observed systematically, as in ther samples and in a majority of precipitation samples. Devi-
case of ight 15 (20 June), or may be present at a higher al-ations of precipitation samples from the GMWL indicate po-
titude, not sampled by the ight. tential below-cloud exchange processes between the falling
Indeed, because of the cloud cover and depending on theaindrops and the ambient water vapour, leading to an enrich-
wind conditions, ULA have not been able to y in the free ment of the precipitation if20O (Graf et al., 2019; Worden
troposphere on most days. However, this was possible foet al., 2007). We have noticed that samples taken between 12
ight 10, where a marked reduction ofH occurred just  to 15 June, and on 21 June are most enrichédan exhibit-
above 3kma.m.s.l., while higher values of isotopic contenting the higher values in*®0 and 2H and a smalled ex-
are seen at higher altitudes that match those below the transéess. These samples are from rainfall events associated with
tion. The same behaviour was observed on independent meéocal thunderstorms. The corresponding Idvexcess (even
surements of water vapour mixing ratio, which may suggestnegative, 8 %o) of these samples may point to the partial
lamentation associated with differential transport of drier evaporation of rain droplets during their fall.
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Figure 7. 24 189 plots of liquid samples compared to the vapour isotope estim@g€loud water samples (circles), equilibrium
condensate (squares), and precipitation samples (grey triangie&quilibrium vapour from lake water samples at various depths (dots

and diamonds) compared to vapour isotope measurements from ULA-IC (upward triangle) and boat (downward triangle). Colour denotes
matching dates (in the blue boxes are the colour legends in dot representation). Grey colours show data where the vapour samplings ar
not available. The times of the lake water sampling are indicated next to the dots with the same colours. The black line denotes the global
meteoric water line (GMWL).

5.4 Lake liquid water isotope composition a mean of 0.6 %0 and a standard deviation of 8.2 %.. While
some sampling artefacts cannot be fully excluded, the fact

Evaporation from Lake Annecy is expected to be an impor_that there are differences betwc_aen the |sot.ope contents a.t the
lake surface and 2 m depth points to the impact of ongoing

tant source for the water vapour in the low troposphere above ) )
the Annecy valley. In order to link the atmospheric pro les evaporation that decreases with depth. We note that temper-

of water vapour isotopes to the lake as a moisture sourc ature pro les taken within the lake show a typically strong

e . . )

20 lake water samples (Table A1) were taken throughout the?l er;)%(gl)nenglrz\?:)?émflrj;th :t?a?t'?'] dutrlgg;urmrrlrﬁfr éagn'fe?t

campaign within the lake—atmosphere interface layer (6 sam-.”.~ ="~ ' water inpu u d pre
Elpltatlon, and loss to evaporation are expected to primarily

ysed for their stable water isotope composition. The averag kleggtrzzg\ils:]mer, upper mixed layer within the timeframe of

i 9 18 .

isotope contents were found to beé8.3 1.5% for O The range of equilibrium vapour foPH observed in lake

and 63.0 6.0% for 2H. To assess the isotopic balance .
between the lake water and the water vapour isotope compoV-vater for 16 and 17 June (Fig. 7b, blue and yellow dots)

. - matches to rst order with the range ofH from ULA-
sition measured by ULA and boat, we calculated the equi IC. However, the 80 in equilibrium vapour is substantially

Iibri.um vapour_for the Iakg surface.temperatur_e.s .measure%igher than the measured vapour value. This pleads for a
during respective days (Fig. 7b) using the equilibrium frac- kinetic (non-equilibrium) fractionation during lake evapora-

tionation factors of Majoube (1971). tion. During 18 June (Fig. 7b, green dot), equilibrium vapour
Lake water samples taken close to the surface are expecte0 the liauid samples has a lower heavy isotope content than
to be most affected by evaporation, causing deviations to the 1qui P W VYl P

fightfrom the GMWL along evaporationines (enrchmentin  SCHet O © e L B IO 8 Bt 2 ese
180) and corresponding to a negatideexcess. As a matter P P

of fact, lake water samples clearly cluster on the right-handdays' However, one should be rather cautious about this inter-

side of the GMWL (Fig. 7b, diamonds), whereas vapour datapretation_, asthe t"_“e of the lake Wat_er sampling_)Q:OO .LT)
from the ULA-IC (triangles) and the boat (downward trian- was signi cantly different from the time of the ight (ight

gle) are to the left, with a relatively consistent range of iso—9 of ULA-IC, ~ 12:00LT), while for 16 and 1.7 June_, the
tope values. The correspondidgexcess underline this re- measurements were performed at the same time. It is worth

sult for the six lake water samples from the Iake—atmospheren oting that Lake Annecy is fed by a catchment whose surface

; . . is 10 times larger than that of the lake via 10 main tributaries
interface layer, with values of thet excess ranging between located on the lake peripherv. The ows of its tributaries in-
2.2%0 and 19.6 %o and an average value 06.3 %o. For the periphery. W Its tributaries 1

samples taken at a depth of 2 m (Fig. 7b, diamond Symbols)crease signi cantly in situations of heavy rain, which can
the derivedt excess showed less evaporation in uence, with Substantially in uence the isotopic content of the lake dur-
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ing the course of a year; however, on 17 and 18 June, no raiences have already been noted when comparing the samples
was observed. in Fig. 7b. On 17 June, wind-forced evaporation phenom-
ena may therefore intervene which may explain at least part
of the assumed isotopic fractionation. On the other hand, on
6 Synthesis and discussion 18 June, we have seen that the water samples are hardly rep-
resentative for ULA measurements as they were taken early
During the two main sunny days of the eld campaign (17 in the morning, before the sun lit up the valley. Around noon,
and 18 June), the evolution of isotope content pro les in thethe structure of about 300 m observed at the bottom of the
low troposphere (up to 3.5kma.m.s.l.) is analysed together 2H pro le (Fig. 8d) and found in the other data is certainly
with the other observations including lidar measurements. Instrongly in uenced by evaporation from the lake. It is sig-
a second step, we provide a statistical overview of all theni cantly attenuated in the afternoon due to vertical mixing
available data to compare the various samples from the lakénked to thermal convection. We observe an enrichment in
water to the low troposphere, including clouds, and precipi->H in this layer compared to the rest of the vertical pro le
tation. in the morning that may be due to the lake evaporation into
depleted air.
6.1 Vertical pro les in the low troposphere as observed
from ULA 6.2 Statistical overview of isotopic content from the
lake to the atmosphere
Figure 8 shows the vertical pro les corresponding to four co-
ordinated ights between the two ULA. These ights were The main atmospheric vertical structures are derived from
carried out in the late morning and afternoon during the twothe pro les of potential temperature, aerosols, wind, and wa-
sunny days of the campaign, i.e. 17 and 18 June. The pro leger vapour mixing ratio. We have therefore de ned three lay-
were constructed by averaging the data over 100 m bins. Thisrs in the low troposphere: (i) between the lake surface to
operation makes it possible to improve the signal-to-noise rad kma.m.s.l., (ii) between 1 and 2.5 kma.m.s.l., and (iii) be-
tio and to evaluate the dispersion of the measurements astaeen 2.5 and 3.5 kma.m.s.l. The uppermost value represents
function of altitude (coloured areas in the gure). our altitude sampling limit. The rstlayer can be identi ed as
The vertical structures of the lower troposphere are wellthe lake boundary layer, the second layer is associated with
reproduced across all data types, showing the consistenche region of in uence of the lake, below the altitude of the
of the isotopic pro les with the independent observations. surrounding mountains, and the third layer is the transition
The strong gradients orfH above 2.5 kma.m.s.l. are related towards the free troposphere in uenced by the regional cir-
to the transition to the free troposphere and are con rmedculation. The location in altitude of these different layers ob-
by the lidar observations and meteorological measurementsiously depends on the weather conditions and the time of
on the two ULA. Discrepancies appear between the speci cday.
humidity measured from the two ULA on 18 June above Using the vertical layering introduced above, the overall
2.7kma.m.s.l. (Fig. 8c). This can be explained by the pres+esults for stable isotopes in water are summarized in Fig. 9
ence of a fractional cloud cover. The ULA-IC has crossedon a statistical basis selecting the highest-quality data. This
part of the cloud base which is at the interface with the freesynthesis is presented in the form of whisker boxesifex-
troposphere. cess (Fig. 9a), %H (Fig. 9b), and 80 (Fig. 9c). For each
In the morning, the atmosphere near the lake shows neaisub gure, the upper part depicted the statistical content of
surface stability over 200 to 300 m which deteriorates/mixesisotope in water vapour for each sampled altitude range in
away in the afternoon according to the potential temperaturghe atmosphere, while the lower part describes the same thing
proles. A few hundred metres above the lake, the atmo-for liquid water samples collected from clouds, precipitation,
sphere is very stable on 17 June in the morning (Fig. 8a)and in the lake, at the interface and subsurface. For the at-
it then loses stability in the afternoon due to thermal con-mospheric water vapour, the sample numiés signi cant
vection (Fig. 8b). On the morning of 18 June, the stability (numbers given at the right of the whisker boxes in Fig. 9b),
is strong below 1.5kma.m.s.l. (Fig. 8c) and approaches thand it makes sense to accurately assess the con dence inter-
neutrality above this altitude. In contrast to 17 June, an atvals at 95%. As the notches do not overlap from an atmo-
mosphere close to neutrality is observed in the afternoon orspheric layer to another, we can conclude, with 95 % con -
18 June (Fig. 8d), which may favour vertical exchanges fromdence, that the true medians do differ. Hence, we highlight
the lake surface to the free troposphere. An important dif-a signi cant variability in the stable isotope content of wa-
ference between the 2d is also related to the surface winder vapour depending on the atmospheric layers previously
speed. Winds of the order of 5 mswere presenton 17 June, identi ed.
whereas they were close to null on 18 June. Therefore, signif- Between the surface of the lake and 2.5kma.m.s.l., we
icant differences in water exchange between the lake and thexd 180 values are in the lower range to those recorded by
atmosphere can be expected between the 2d. These diffe€raig and Gordon (1965) for evaporation over the Mediter-
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Figure 8. Vertical pro les of the isotope compositiorfH from CRDS (ULA-IC), speci ¢ humidity (from WALI and meteorological probes
aboard ULA), potential temperature (from meteorological probe of ULA-A), wind speed components from the wind lidar, and apparent
scattering ratio (ASR) derived from the airborne lidar ALIAS (ULA-A) @ 17 June in the morning (10:30-12:00 LT)(b) 17 June in

the afternoon ( 16:00-18:30LT){c) 18 June in the morning (11:00-12:30LT), and 18 June in the afternoon1:00-18:00LT). The

dispersion on the data is represented by the coloured areas.
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Figure 9. Whisker boxes fofa) d excess(b) 2H, and(c) 180. For each sub gure, the upper part depicted the statistical content of isotope

in water vapour and the bottom part in the liquid water. For each whisker box, the central continuous vertical line indicates the median (50th
percentile,P5g), and the bottom and top edges of the box indicate the Z%3k) (and 75th P75) percentiles, respectively. The whiskers

extend to the most extreme data points not considered outliers, which are values outside the interval bounded by the 5th and 95th percentiles
For the atmospheric wat%r vapour, the number of sarry)liasindicated close to the boxes. The con dence interval at 95% de ned by

TPso 157 .P75 Pog/= nl;.P50C 157 .P75 Pos/= n/Us represented by the notches in the upper part of the sub gure.

ranean [ 15, 10]%.. On the other hand, they report much on the last day of the campaign within 1 m above the lake
more dispersed-excess values ranging from 5 %o to 35 %o. are overall consistent with the vapour isotope measurements
Gat (2000) gives narrower values for marine and Europeammade by ULA-IC on previous days in the lake boundary
air masses with d-excess interval of [7—11] %.. Our obser- layer.

vations are mainly outside this interval for the rst two lay-

ers; they overlap it for the 2.5-3.5km a.m.s.l. layer more in-

uenced by the synoptic scale. Measurements from the boat
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Based only on the statistical information content providedvalley, in combination with lidar and meteorological mea-
by the whisker boxes pro les, it is dif cult to see precisely surements. Within L-WAIVE, we have developed an inno-
whether the evaporation of lake water signi cantly in uences vative approach to retrieve the vertical pro les and their het-
the rst layers of atmosphere just above the lake. Indeederogeneity over Lake Annecy in several meteorological situa-
different factors can in uence the relation between watertions. The eld campaign took place between 12 and 23 June
vapour measured by the ULA above the lake and the evapo2019 and used the complementary and/or synergistic mea-
rating water vapour. In addition to the immediate evaporate surements from different means of sampling gaseous and
water vapour can be advected and mixed in from other localiquid water, atmospheric scattering layers, and meteorolog-
tions horizontally but also vertically. In particular for a lake ical parameters (temperature, moisture, and wind). Contin-
with coastal, vegetated areas within less than about 2 km disdous high-vertical-resolution pro les of tropospheric water
tance anywhere on the lake, in uences from evapotranspiravapour, temperature, and wind, as well as aerosols in the
tion are likely within the lower 1 km above the lake. Annecy valley have been performed using ground-based li-

Our liquid water samples are not numerous enough to dedars. They were acquired together with boat-borne and air-
ne a con dence interval. As explained previously, we nev- borne measurements of stable water isotope€(HH*HO,
ertheless note an enrichment in heavy isotope of the surfacand HZLSO) in the lake, in the lower atmosphere as well as in
layer of the lake which is directly in contact with the atmo- precipitation and in-cloud using an original sampling method
sphere and therefore directly subject to evaporation. The 2 nirom ULA. The atmospheric structure over Lake Annecy has
depth layer is signi cantly less enriched as evidenced by theirbeen simultaneously measured using an nadir-looking air-
isotope content. We highlight therefore a signi cant enrich- borne lidar coupled with a meteorological probe on a second
ment in heavy isotopes of surface water associated with lowJLA.
values ofd excess, which is characteristic of evaporation as Strong temporal variability of several measured param-
described by Gibson and Edwards (2002). Measurements adters has been observed during the eld campaign, with a

180 pro les in Lake Annecy have already been carried out marked diurnal cycle in uenced by the valley winds and the
between the years 2000 and 2002. They have shdt@ vertical thermal stability. The valley winds particularly in u-
values of the order of 9.5 %o for water above the thermo- ence the water vapour composition of the atmospheric layers
cline of the “Petit Lac” during the summer months (Danis, near the lake, over a thickness of about 300 m. Thermal insta-
2009), in agreement with our results. This indicates a year-tobilities which evolve strongly during the day, and which can
year stability of the isotopic content of the lake water below be associated with cloud forcing at the base of the free tro-
the surface microlayer. posphere (between 2.5 and 3.5kma.m.s.l.), will rapidly mix

From a rst analysis of our successful airborne in situ sam-water vapour throughout the air column between the lake and
pling of water vapour isotopes and cloud water, we concludethe base of the free troposphere. This process makes it dif-
that cloud water formed in an equilibrium fractionation pro- cult to observe the in uence of evaporation from the sur-
cess for the samples collected here, and the cloud water isdace waters of the lake. We also note strong vertical gradi-
topes were relatively similar to local precipitation (taken on ents in the abundance of isotopes at elevations higher than
other days). Since 1992, the Global Network of Isotopes in2.5km a.m.s.l., with a marked decrease at the interface with
Precipitation (GNIP, https://nucleus.iaea.org/wiser, last acthe free troposphere. Such vertical structures are con rmed
cess: 5 July 2021) regularly samples rainwater at Thononby the other types of measurements, including lidar pro les
les-Bains (60 km northeast from Annecy) for isotope analy-of aerosol backscatter. The altitude at which these gradients
ses. Based on data available until 2018, typical sumrfe were observed exhibited a day-to-day variation throughout
( 2H) values fall within the interval [16, 1]%. ([ 120, the measurement campaign in relationship with strati cation

20] %0), encompassing our precipitation and cloud waterin the valley, weather conditions, and topography.
measurements. It should be noted that the lake water is poorer We note that the cloud water samples are close to the
in heavy isotopes than rain and cloud water. This differenceGMWL (d excess between 12.1 %0 and 14.8 %o.), which indi-
is probably due to snowmelt during spring and the contribu-cates that the cloud water formed from equilibrium fraction-
tion of precipitation falling at high altitude. Note that GNIP ation of ambient atmospheric water vapour. There is an over-
data show median values 0f10.5%o ( 78.6 %o) for 180 all correspondence between the isotope range observed in
( ?H) during winter versus 6.5 %o ( 43.5%o) during sum-  cloud water samples and a majority of precipitation samples
mer which agree with the studies of Dutton et al. (2005) and(d excess between 8.6 %o, and 20.8 %o for the minimal and
Kendall and Coplen (2001). maximal values, and of 7 %.—13.5 %o between the 25th and

75th percentiles). The deviations observed on precipitation
samples that are below the GMWL indicate potential below-
7 Conclusion cloud exchange, or post-condensational exchange processes.
It is also worth noting that the average isotope composition
The L-WAIVE eld campaign documented for the rst-time of the lake water, taken at 2 m depth, appears different from
vertical pro les of stable water isotopes over an Alpine lake the one for the surface microlayer sample; this may be due to
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evaporation processes. Th&#0 in equilibrium condensate
above the lake is generally substantially more depleted, con-
rming the existence of non-equilibrium fractionation that
could be due to both lake evaporation and air mass advec-
tion.

During the two sunny days of 17 and 18 June, it was noted
that the effect of the lake on the water vapour content of the
valley is dif cult to isolate because it involves different pro-
cesses, including the variability of thermal convection and
horizontal advection processes associated with valley winds.
Nevertheless, this effect appears to be detectable on a layer
of about 300 m thickness above the lake in light wind condi-
tions. The eld experiment that was carried out is complex;
however it would need to be repeated several times in order
to have representative statistics on favourable cases such as
the one on 18 June, i.e. with negligible surface winds.

Atmos. Chem. Phys., 21, 10911-10937, 2021
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Appendix B: Ultra-light aircraft ights description

Table B1.Flights characteristics for the remote sensing payload (ULA-A).

P. Chazette et al.: Water isotope pro les in Alpine lake (L-WAIVE)

Flight

Date and time (LT)

dd/mm HH:MM—-HH:MM

Maximum ight altitude

during slow spiral
ascent (kma.m.s.l.)

Comment

FO1
FO02
FO3
FO4
FOS
FO6
FO7
F08
FO09
F10
F11
F12
F13
F14
F15
F16
F17
F18
F19
F20
F21
F22
F23

12/06 18:45-18:50
13/06 10:00-12:00
13/06 18:00-19:30
14/06 16:30-17:00
14/06 17:30-18:30
16/06 10:30-11:00
16/06 17:00-18:00
17/06 09:00-09:40
17/06 10:30-11:50
17/06 15:45-17:00
17/06 17:45-19:00
18/06 08:30-09:45
18/06 11:00-12:30
18/06 15:50-17:15
19/06 08:45-10:05
19/06 11:15-12:50
19/06 15:35-17:20
20/06 12:10-13:35
20/06 16:20-17:25
21/06 11:30-12:40
22/06 11:00-12:00
22/06 16:00-16:50
23/06 11:20-13:30

3.5
3.8
2.5
4.1
3.5
3.5
3.4
3.7
3.7
3.7
3.7
3.7
4.1
3.5
4.5
3.7
4.3
4.0
3.5
4.1
3.6
4.2

Aborted

Pro le

Pro le and transverse
Pro le

Pro le

Pro le

Pro le and lake axis
Pro le

Pro le and transverse
Pro le and transverse
Pro le and transverse
Pro le

Pro le and transverse
Pro le and transverse
Pro le and transverse
Pro le

Pro le and other valley
Pro le and lake axis
Pro le and lake axis
Pro le and lake axis
Pro le

Pro le

Pro le and other valleys

Local time (LT).

Atmos. Chem. Phys., 21, 10911-10937, 2021
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Table B2.Flights characteristics for the in situ payload (ULA-IC).

10931

Flight Date and time (LT)

dd/mm HH:MM-HH:MM

Maximum ight altitude

during slow spiral
ascent (kma.m.s.l.)

Comment

FO1 12/06 19:23-19:50 1.0 Local survey
No iMet data
F02 13/06 10:25-12:50 1.6 Lake survey
No iMet data
FO3 13/06 18:22-19:49 2.2 Lake survey
F04 14/06 16:53-18:49 2.8 Lake survey
FO5 16/06 16:30-18:44 2.6 Lake survey
F06 17/06 10:13-11:20 3.1 Lake survey
FO7 17/06 16:35-18:20 3.6 Proles
FO8 18/06 10:30-11:31 24 Proles
F09 18/06 11:56-12:51 3.5 Lake survey
F10 18/06 16:41-18:10 3.8 Clouds

Partial isotope inlet saturation

F11 19/06 10:34-11:45

2.9

Pro les

No isotope data due to isotope inlet saturation

F12 19/06 15:39-16:58

3.1

Lake survey

Partial isotope inlet saturation

F13 19/06 17:49-19:18

4.7

Clouds

Partial isotope inlet saturation

F14 20/06 11:04-12:39

3.5

Pro les

Partial isotope inlet saturation

F15 20/06 14:49-17:16

3.4

Lake survey

Local time (LT).
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Appendix C: Water vapour stable isotopes interpretive D2 Processing of stable isotope measurements in water
framework vapour

The isotope compositior?H and 180 are given by the re-  Raw measurements of pressure and water vapour mixing
lationships ratio of the CRDS (Picarro L2130-i, ser. no. HIDS2254)

8 2yp Ren 1 were corrected using calibration functions established at

3 EfH the FARLAB laboratory, University of Bergen, Norway.

> 1%6p Risg 1 ; (C1) Raw measurements of the isotope parameters, expressed

: RS as values relative to VSMOW?2 (Vienna Standard Mean
10 Ocean Water 2), were corrected for the mixing ratio-isotope

where R)S< is the isotope ratio of Vienna Standard Mean composition dependency using time-constant correction
Ocean Water (VSMOW) for the compount andRy the  functions obtained for this analyser according to the method

isotopic ratio given by of Weng et al. (2020). For calibration (Fig. D1), vapour
) isotope data were transferred onto the VSMOW2-SLAP2
> Roy D HZHO e b .
H,0 scale by routine measurements of secondary laboratory
S HiEO (C2)  standards using a Picarro Standard Delivery Module
Risg D (SDM, part no. A0101, Picarro Inc.) before and after the
H-O .
_ campaign. Hereby, secondary laboratory standards GSM1
Thed excessd) is therefore de ned as (2HD 26295 0.30%, 80D 3307 0.05%), and
dD 2H 8 180 (c3y DI (?HD 5038 0.37%, '%0D 7:78 0.07%)

were measured repeatedly for 20 min in the period 1 June
to measure the deviation from equilibrium fractionation, 2919 tg 19 July 2019. Calibrations of the CRDS analyser in
noting the global average value for precipitatio® 10%  the Jaboratory before and after the eld deployment showed
(Dansgaard, 1964). minor drift during the measurement period (GSM¥O0:
0.002 %o per month, DI180:  0.233 %0 per month, GSM1
2H: 1.045%o per month, DI 2H:  0.853 %o per month).
From 2 standard deviations of all valid SDM calibrations,
D1 Processing of liquid samples for stable water the combined calibration uncertainty is estimated to be

isotope analysis on the order of 0.2 %o for 180 and 2 %o for ?H. A small

bubbler system was used in the eld for testing instrument
Liquid water samples were processed at FARLAB, Uni- drift before and after ight operations in the eld. These
versity of Bergen, according to established laboratory rou-tests indicated an anomaly in the CRDS measurements
tines. For isotopic analysis, liquid water samples were trans418-20 June, partially affecting two ights in the morning
ferred to 1.5mL glass vials with rubber/PTFE septa (partof 19 June and the rst ight on 20 June. The anomaly was
no. 548-0907, VWR, USA). An autosampler (A0325, Pi- due to a saturated inlet system from condensate forming on
carro Inc.) injected approximately 2 uL per injection into a the aircraft during a cloud sampling ight on 18 June. Flight
high-precision vaporizer (A0211, Picarro Inc., USA) heated periods affected by the saturated inlet were excluded from
to 110 C. After blending with dry N (< 5ppm HO) the  further analysis, as well as the entire ight 11 of ULA-IC,
gas mixture was directed into the measurement cavity of aand are indicated with a corresponding quality ag in the
cavity ring-down spectrometer (L2140-i, Picarro Inc., Sun- data les (Table B2).
nyvale, USA) for about 7 min with a typical water concen-
tration of 20 000 ppm. Three secondary laboratory standard®3 Sensitivity of CRDS instrument parameters to
were measured at the beginning and end of each batch for cal- ight conditions
ibration purposes. Batches consisted typically of 20 samples,
with laboratory drift standard DI, measured every ve sam- The CRDS analyser was mounted in the ULA frame without
ples. For calibration according to International Atomic En- additional thermal insulation. Since the infrared spectrome-
ergy Agency recommendations (IAEA, 2009), 16 injections try is sensitive to both the pressure and temperature condi-
of the laboratory standards EVAP2H D 4:75 0.11 %o, tions in the measurement cavity, and the associated wave-

180D 5:03 0.02%0) and GSM1 were used and averagedlength monitor (Gupta et al., 2009), we document here the

over the beginning and end of each batch for calibration. Typ-potential impact of the exposed conditions on the ULA-IC
ical short-term reproducibility is 0.3 %o foPH and 0.04%.  measurement data at 2 s time averaging. The cavity pressure
for 180. Long-term measurement accuracy is better tharin the CRDS is narrowly regulated to 50 Torr (66.67 hPa) on
0.66 %o for 2H, 0.15 %o for 180, and 0.83 %o for thel ex-  the ground (Fig. D2a, black area). During ight, the spread
cess, evaluated from the ktandard deviation of the analysis of the distribution widens due to turbulence and vertical mo-
of an internal laboratory standard over 1 year. tion of the aircraft, albeit without inducing a bias to the cav-

Appendix D: Water isotope data processing
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Figure D1.Bias between nominal and raw delta values obtained with the SDM with working standards DI and GSM1 on analyser HIDS2254
before and after the L-WAIVE campaign period. Grey area denotes campaign period. Red lines denote the meateaddrt deviation
of all valid SDM calibrations in the period 1 May to 19 July 2019. The black line is a linear regression line.

ity pressure (grey shading). The cavity temperature is regu-
lated to 80.00 0.02 C on the ground (Fig. D2b). During
ight, a tail of lower temperatures develops, likely due to the
constant cooling effect of air ow around the analyser, shift-
ing the maximum of the distribution to slightly below 80
(grey shading). Data points with cavity temperatures below
79.98 C can potentially be compromised and have been
agged with a corresponding quality ag in the dataset. Tem-
perature of the warm box, housing the wavelength monitor of
the CRDS, is maintained to 45.000.02 C on the ground,
with some deviations to warmer temperatures (Fig. D2c).
During ight, the maximum of the distribution shifts to
0.01K lower temperatures, while retaining an overall simi-
lar variability compared to ground condition (grey shading).
The temperature within the analyser (data acquisition system
temperature, Fig. D2d) is not regulated and therefore most
strongly affected by ambient conditions. While the overall in-
uence of in- ight conditions appears relatively limited, with
the large majority of data points remaining within speci ca-
tion range, insulation to the analyser housing could proba-
bly further increase stability of the instrument during ight.
This will in particular be important for future operation of
the ULA in colder climate zones and other seasons.
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Figure D2. CRDS instrument parameters on the ground (black) and during ight (grey) with ULAd{Distribution of cavity pressure
(Torr), (b) cavity temperature C), (c) warm-box temperature C), and(d) data acquisition system temperatur€) on the ground (black)
and during ight segments with level or slowly changing altitude (sequence ag 1 or 2). Data are averaged to a 2 s time interval.
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Data availability. Data can be downloaded from https:
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Weitkamp, C., Springer, New York, NY, USA, 102, 273-

/Imetclim-lidars.aeris-data.fr/en/homepage/ (last access: 17 June 305, https://doi.org/10.1007/0-387-25101-4_10, 2006.
2021) upon request to the rst author of the paper. ERA5 dataBerkelhammer, M., Noone, D. C., Wong, T. E., Burns, S. P,
were downloaded from the Copernicus Climate Change Service Knowles, J. F., Kaushik, A., Blanken, P. D., and Williams,

(C3S) Climate Data Store (https://doi.org/10.24381/cds.bd0915c¢6,

Hersbach et al., 2018). The IAEA/WMO Global Network of

M. W.: Convergent approaches to determine an ecosystem's
transpiration fraction, Global Biogeochem. Cy., 30, 933-951,

Isotopes in Precipitation (GNIP) is acknowledged for the access to  https://doi.org/10.1002/2016GB005392, 2016.

its database accessible at https://nucleus.iaea.org/wiser (last acce&erthier,

5 July 2021, registration required).
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