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Abstract
We describe a novel compact autonomous in situ sensor for semi-continuous measurement of water isotopes

(δD, δ18O, and δ17O) in liquid water. The sensor relies on a dual-inlet water vapor injection system based on the
pervaporation through a semi-permeable membrane, and on the water vapor composition analysis using a dedi-
cated optical feedback cavity enhanced absorption spectrometer. The sensor has dimensions of 165 mm diame-
ter and 550 mm long, for a weight of � 8 kg. A titanium casing allows applications down to 6000 m deep for a
total effective weight of 45 (23) kg in air (water). It has a power consumption of � 40 W, and an autonomy of
10–12 h which is ensured by a dedicated Li-ion battery pack. The sensor is equipped with single-pair high-speed
digital subscriber line communication for telemetry purposes. The instrument provides an accuracy of 0.3‰
(2σ) for all water isotopes with a 9-min integration time. The instrument is suitable for investigating the fresh-
water cycle in the ocean, and in particular the transformation of ocean water masses related to iceberg and ice
shelf melting.

The polar oceans play a critical role in the global climate
system, acting as a heat (Swart et al. 2018) and a carbon sink
(Gruber et al. 2019). The melting of land ice in the ocean, in
the form of icebergs and ice shelves, significantly changes the
properties of water masses, and thereby affects the global ther-
mohaline circulation and the global climate (Serreze and
Barry 2011; Golledge et al. 2019; Schloesser et al. 2019).
Changes in ice shelf melting by the ocean also threaten the
ice shelf stability in Antarctica and North Greenland
(Pritchard et al. 2012; Millan et al. 2023). Given that ice
shelves buttress the ice sheet and keep it stable, this could
accelerate the ice sheet contribution to sea level rise (Dupont
and Alley 2005). Over the past decades, both the Arctic and
Antarctic regions have experienced important changes in tem-
peratures and salinities, which influences its climatic roles

(Haumann et al. 2016; Polyakov et al. 2017; Sallée et al. 2021;
Akhoudas et al. 2023). However, the processes that explain
these changes remain elusive because ocean properties are
influenced by multiple processes, including precipitation–
evaporation, sea-ice formation, and land-ice melting (Carter
et al. 2008).

Due to this complexity, a simple measure of temperature
and salinity is not sufficient to understand the origin of a
given seawater volume. Noble gases, such as helium or neon,
may provide additional information on the water origin as ice
shelf water can be supersaturated in noble gases due to the dis-
solution of air entrapped in continental ice (Schlosser 1986).
The isotopic composition of seawater is also a useful tracer of
water masses, containing finger-print information on their for-
mation condition, transport, and evolution (Friedman 1953;
Craig and Gordon 1965). The isotopic signal may be highly
decoupled from salinity and temperature, allowing a better
discrimination of the different sources. Sea-ice meltwater or
brine rejection during its formation strongly influence seawa-
ter salinity with little changes in isotopic composition. In con-
trast, high-latitude precipitations are strongly depleted in
heavy isotopologues and therefore has a considerable impact
on the isotopic signature of the water mass (Frew et al. 2000).
Stable isotopologues of water are also a valuable tool for ana-
lyzing hydrological processes and studying their impact on
and sensitivity to climate changes. As heavy and light isotopes
pass through phase changes at different rates, due to varia-
tions in atomic mass and diffusion rates (Dansgaard 1964),
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their proportion in water bodies reflects a history of exchanges
between different hydrological reservoirs (Gat 1996; Galewsky
et al. 2016). As a result, the measurement of water isotopes
provides an additional proxy for analyzing the hydroclimatic
system, providing information that goes beyond more con-
ventional hydrological measurements.

When studying ocean water masses, the stable
isotopologues of water generally considered are H2

16O, H2
18O,

H2
17O, and HD16O (from the most to the least abundant). The

isotopic ration Rx is calculated from the concentration [X] of a
given isotopologue as:

RX ¼ X½ �
k H 16

2 O
� � ð1Þ

where H2
16O is the concentration of the most abundant water

isotopologue and k is a factor of 1 for H2
18O, H2

17O and of
2 for HD16O, indicating the number of atoms in the molecule
that can be substituted.

Isotopic measurements must be metrologically referenced with
respect to a standard material in order to compare isotopic com-
position. The isotopic ratio is compared to a reference water com-
posed of a mixture of distilled waters from oceanic waters
collected in different points of the globe (Vienna standard mean
ocean water [VSMOW]) (Nelson 2000). The difference with
respect to the VSMOW standard is called isotopic deviation (δ)
and described by Eq. 2, where RX is the isotopic ratio of a specific
isotopologue in the sample, and RX(VSMOW) is the isotopic ratio of
these same isotopologue in the reference:

δX ‰ð Þ¼ RX

RX VSMOWð Þ
�1

� �
�1000 ð2Þ

The use of isotopic deviation permits the measurements to
be referenced and compared within different instruments and
techniques. This allows to remove possible systematic errors
while providing absolute isotopic deviation measurements.
[Correction added on December 6, 2024, after initial online
publication: In Equation 2, the “x” has been capitalized in two
occurrence; also in the text part “RVSMOW’ has been replaced
with “RX(VSMOW)” in this version.]

Currently, the variability of isotopes of water or noble gases
in the ocean remains scarcely documented because of the diffi-
culty of making precise mapping of isotopic ratio in water
masses. Both measurements are conducted by laboratory anal-
ysis of discrete water samples using Niskin bottles or similar
sampling systems (Akhoudas et al. 2020). This method is time-
consuming and limited in spatial and temporal resolution due
to its discrete nature. Monitoring the isotopic ratios at higher
spatial and temporal resolution—as it is currently possible for
temperature and salinity—would allow a better characteriza-
tion of the water mass transformations around Antarctica.
Tides, for example, have been reported as important drivers of
ice-shelf basal melting at diurnal and semi-diurnal frequencies

(Padman et al. 2018), so there is a major interest for obtaining
measurements at the process time scales.

To measure stable water isotopes, different methods exist, such
as isotope ratio mass spectroscopy (IRMS) (Walker et al. 2016) or
absorption spectroscopic methods using optical resonators or
multi-pass cells (Dyroff et al. 2010; Walker et al. 2016). The deter-
mination of the isotopic composition by IRMS method is bulky,
expensive, and time-consuming (therefore only adapted to labora-
tory analysis), while optical spectroscopy techniques reach similar
performances while being more compact, less expensive, and eas-
ier to use (Kerstel 2004; Walker et al. 2016).

Laser spectrometers have been developed to measure water
isotopes by direct absorption using multipass cells for near-
infrared at 1400 nm (Kerstel et al. 2002; Gianfrani et al. 2003)
and in the mid-infrared at 2660 nm (Dyroff et al. 2010). This
technique is not suitable in our case. Achieving sufficient opti-
cal path lengths, between 50 and 100 m, is necessary to mea-
sure H2

16O, H2
18O, H2

17O and HD16O. However, the required
cavity geometries result in a large cell volume, which is less
adapted for an in situ sensor. A larger cell volume increases the
internal surface area, leading to longer flushing times and a big-
ger memory effect. It also requires handling a larger water vapor
volume, which poses challenges for the pumping system,
increases the consumption of the water used as a reference
standard, and complicates the storage and trapping of water
vapor inside the instrument. In addition, the instrument would
be less compact and less suitable for certain types of deploy-
ment, such as through boreholes: the larger is the instrument
diameter, the longer and more difficult and energy demanding
is the hot-water drilling. The hole is then closing back within a
certain time, and having a small measurement will give more
chance of deployment. To reduce the volume of the measure-
ment cell and the dimensions of the instrument, it is possible
to use techniques based on resonant cavities. Developments
using these resonant cavities have been made with the off-axis
integrated cavity output spectroscopy technique at 6700 nm
(Sayres et al. 2009) with a 90-cm-long cavity cell and precision
on δD and δ18O of 50‰ and 30‰ for 5 ppmv of water;
optical-feedback cavity-enhanced absorption spectroscopy
(OF-CEAS) (Kerstel et al. 2006) at 1400 nm with a lightweight
(45 kg) and small (< 50 liters) instrument for a final precision in
stratospheric condition of 1‰, 3‰, and 9‰ for δ18O, δ17O,
and δD; and by cavity ring-down spectroscopy (Brand
et al. 2009) at 1400 nm for a final precision of 0.04‰ and
0.2‰ for δ18O and δD, but with an instrument whose dimen-
sions are not compatible for an in situ embedded spectrometer.

The OF-CEAS (Morville et al. 2014) used in this work is a
reliable, robust, and widely used technique for trace gas detec-
tion (Richard et al. 2018). OF-CEAS has already been used to
monitor the isotopic composition of water vapor in the atmo-
sphere (Landsberg et al. 2014) from airborne (Kerstel
et al. 2006), study exhaled gas in the health sector
(Ventrillard-Courtillot et al. 2009), vapor continuum measure-
ment (Lechevallier et al. 2018; Fleurbaey et al. 2022), and
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embedded in field deployed instruments for measuring the
dissolved gas composition (Grilli et al. 2018). In this work, we
coupled this spectrometer to a dual-inlet pervaporation system
using polydimethylsiloxane (PDMS) membranes allowing the
generation of a sample and reference water vapor mixture.
The compact in situ instrument presented in this work can
offer different types of deployment: from a vessel, going
through a borehole for vertical variability beneath the ice shelf
or embedded in autonomous or remote underwater vehicles
for water isotope cartography. It reached an accuracy of 0.3‰
(2σ) on referenced measurements of δ18O, δD, and δ17O
within 9 min, providing a reasonable temporal resolution with
more than six datapoints per hour.

Materials and methods
The optical spectrometer

The Subsea Water Isotopic Sensor (SWIS) instrument
described in Fig. 1 is based on the OF-CEAS technique which
takes advantage of the fact that the radiation spectrally filtered
by the optical cavity is allowed to get back to the laser,

narrowing down its emission and reducing the phase noise.
For the optical feedback (OF), to work correctly, the phase of
the photon getting back to the laser needs to match the one
of the photons emitted by the laser. For this, one of the two
steering mirrors of the optical path is mounted on a piezoelec-
tric transducer (PZT) which adjusts in real-time the laser-
to-cavity distance (Morville et al. 2005). During a frequency
scan, the laser emission is locked on the successive narrow
cavity resonances, which improves the laser/cavity coupling
and therefore the signal intensity at the output of the resona-
tor. This makes the OF-CEAS technique highly sensitive in
terms of absorption, as the light interacts over longer optical
path length. On the frequency axis, the optical resonator pro-
vides a well-defined grid, with each point separated by the
cavity’s free spectral range (FSR).

A distributed feedback laser diode from Nanoplus centered
at 1967 nm wavelength is focused by an aspheric lens
(C036TME-D, f = 4 mm, Thorlabs) in the middle of a 20-cm-
long mono-block aluminum V-shape cavity. A near-infrared
polarizer (Color-Por) was used in order to add losses (in a con-
trolled manner) of the photons coming back to the polarized

Fig. 1. (a) Schematic and (b) picture of the SWIS instrument. The water vapor flow to be analyzed comes from the two membrane blocks (see “The
membrane inlet laser spectroscopy technique” section) with two different waters: the in situ sample water and the reference water for standardizing the
measurement and comparing it with other measurements. These blocks pervaporate the liquid water, which is then sent through the optical spectrome-
ter. The three-way valve allows to switch between the two samples. EC, electronic cards; FM, flowmeter.
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laser. This would change the feedback rate (photons returning
to the laser with respect to the photons emitted by) therefore
changing the strength of the OF. Two aluminum steering
mirrors (PF05-03-G01, R > 95%, Thorlabs) are used for
injecting the laser into the high-finesse cavity. The cavity is
composed by three high-reflectivity mirrors (R > 99.99% and
T � 0.0015% at 1965 nm, Layertec, 154458). A near-infrared
photodiode (G12183, Hamamatsu) with a bandpass of 1 MHz
is used to acquire the signal at the cavity output. The wave-
length scan is performed by ramping the current of the laser
diode, while stabilizing its temperature. The output signal
shows successive broad cavity modes when the optimal feed-
back rate is set, with the laser frequency emission staying
locked during each cavity resonance. Each mode would pro-
vide one spectral element; therefore, the spectral resolution is
dictated by the cavity geometry: the smaller the cavity is, the
more spectrally spaced the resonant modes are. The FSR of a
20-cm-long V-shaped cavity is 375 MHz, which is 1.3 times
the full-width-half-maximum of the sampled absorption water
lines at 8 mbar of gas pressure, which translates into
approximatively three datapoints per line. An electronic card
from the company AP2E is used to control all the components
of the spectrometer.

The gas handling
The measurement cell has an internal volume of < 10 cm3

and internal surfaces are treated with silcolloy to reduce sur-
face interactions of water molecules and protect against corro-
sion. The cell is thermally stabilized at 35�C by a heating band
and a proportional integral derivative (PID) controller based
on the reading of a PT1000 (457-3603, RS PRO) probe placed
at the center of the optical cavity and glued to the aluminum
block. The cell is then isolated using 5-mm-thick cork sheet.
To retrieve the absorption profile, and thus the intra-cavity
molecular density with a relative error in the range of 0.1‰,
the cavity must be stabilized in temperature with precision
better than � 0.1�C.

The pressure is controlled by dynamically adjusting the
flow rate of the gas sample using a vacuum pump (SVF-2,
Scroll Labs) and two proportional solenoid valves (PSVs)
(PVQ31, SMC). The PSV at the cavity inlet is used to restrain
the flow rate in order to reach low pressure with the dedi-
cated vacuum pump. The PSV at the cavity outlet is con-
trolled by a PID algorithm based on the reading of the
pressure in the cavity by a 0–50 mbar absolute pressure gauge
(ATM.1ST, STS) to dynamically adjust and stabilize the pres-
sure inside the cavity. The PID is set to 8 mbar to ensure a
sufficient pressure drop at the dry side of the membrane for
pervaporating the water vapor for a wide range of water tem-
peratures (see “Characterization of water vapor permeation at
the PDMS membrane” section). Pressure stabilization from
unregulated to steady-state takes � 40 s, with a standard devi-
ation of � 0.003 mbar for steady-state regulation. The water
vapor flow is measured at the cavity outlet by using a 0–50

standard cubic centimeters per minute (sccm) flowmeter
(HAFBLF0050CAAX5, Honeywell).

The mechanical housing, autonomy, and communication
The instrument fits in a homemade titanium pressure cas-

ing made of a 700-mm-long tube of 190 mm outside diameter
(165 mm of inside diameter). Two 45-mm-thick titanium
flanges close the housing and ensure the sealing. One flange is
designed for holding the measurement membrane and the
other for hosting the electric connectors for communication
and power supply. A 120-mm diameter 10-μm-thick PDMS
membrane (Contros) is mounted on a 3-mm-thick 120-mm
diameter stainless-steel porous disk. The pressure housing was
designed to withstand a hydrostatic pressure of 600 bars.

The sensor is powered with 24V DC and it has a power con-
sumption of � 40 W during operation. For autonomous
deployment, it is equipped with four Li-ion batteries in paral-
lel (WILPA2749A 6S1P, Williamson Electronique) with a total
capacity of 30 Ah and an autonomy of 10–12 h of deployment
depending on external temperature. The batteries are pack-
aged in a 285-mm-long titanium casing with the same diame-
ter of the instruments.

The instrument weight is about 8 kg, with a final weight of
45 kg in the titanium casing (final buoyancy in water
� 23 kg), while battery pack weights 5 kg (20 kg with the tita-
nium casing and final buoyancy of � 12 kg).

The instrument has an embedded PC (conga-PA5 Pico-ITX
SBC, Congatec) allowing to be fully autonomous during opera-
tion. Communication with the instrument can be achieved by
single-pair high-speed digital subscriber line (SHDSL) two-wire
communication protocol (Lantiq Sacrates SHDSL card, Wurth
Electronik).

A table summarizing all the components of the spectrome-
ter is provided in the Supporting Information Section S1.

The spectral region and fit
To perform high-precision isotopic ratio measurements

with the OF-CEAS technique, the absorption lines should have
an intensity on the order of 10�6 cm�1. This order of intensity
allows to use the full dynamic range of the technique and
therefore an optimum signal-to-noise ratio on the acquired
spectra. At higher absorption levels, the OF at the top of the
absorption lines decreases, leading to narrow and weak reso-
nance modes which compromise the precision in the retrieved
peak surfaces. Additionally, high absorption results in a
nonlinear signal intensity. According to those criteria, the
wavelength region around 1967 nm was selected, allowing
simultaneous measurement of H2

16O, H2
18O, H2

17O, and
HD16O (Table 1). The absorption lines are sufficiently sepa-
rated from each other (Fig. 2a). Regarding other possible inter-
ferents, there is a CO2 line at 1967.64 nm, but it is well
isolated from the water lines and is also very low in intensity
because there is no water renewal at the membrane. This
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causes a rapid depletion of dissolved gases at the membrane
boundary layer, resulting in an inefficient gas extraction.

To determine the concentration of each species in the spec-
trum, the absorption lines are fitted with a Rautian line shape
using a multicomponent fit routine, and each parameter is
adjusted to obtain the lowest fit residual. For this purpose, five
parameters were defined from a simulation with the HITRAN
2016 database (Gordon et al. 2017) and adjusted according to
the spectrum: the intensity and relative position of the absorp-
tion lines as well as their broadenings; the Lorentzian related
to the collisions of the molecules, the Gaussian related to the
Doppler effect and the Dicke narrowing coefficient related to
the reduction in the width of the spectral line due to collisions
in the gas. In order to reduce the computation time, and thus
to allow the spectrum to be fitted in real time, all those param-
eters are fixed. They are optimized for a given gas temperature

and pressure by adjusting each value line by line for achieving
the smallest possible standard deviation on the fit residual. For
this purpose, an interlaced spectrum was used to obtain a
higher spectral resolution and thus be able to optimize the
parameters. It is obtained by slowly sweeping the cavity tem-
perature over 0.05�C temperature range, which results in a
shift in the position of the cavity modes (with respect to the
absorption features), as a consequence of mechanical deforma-
tion of the cell by thermal effect. The spectra obtained during
the scan are then combined and homogeneously distributed
across the one FSR interval to create the interlaced spectrum.
An example of interlaced spectrum is shown in Fig. 2b. This
spectrum, represented by the blue dots, has a 10 times higher
resolution than the conventional spectrum, reported with
white squares.

The following parameters are left free: (1) the mode shift
corresponding to the global position of the cavity modes with
respect to the position of the absorption spectrum; (2) the
intensities of H2

16O, H2
18O, HD16O, and H2

17O absorption
lines allowing to determine the concentration of each of these
four molecules. The relative intensity of multiple lines of the
same species are grouped together based on the theoretical
intensity ratios between these lines and fitted with a single
parameter; (3) the three polynomial coefficients of the 2nd-
order polynomial function for drawing the fit baseline.

Figure 2a shows a simulation of the spectrum by the
HITRAN 2016 database for a temperature of 35�C and a pres-
sure of 8 mbar for each absorbing molecule in the selected
spectral region. In order to have a more realistic simulation
and to consider the continuum absorption coming from
nearby strong absorbing lines, we widened the spectral region
by 5 at the time of making the simulation. The experimental
spectrum (blue line and square dots in Fig. 2b) is in good
agreement with the spectral simulation. The spectral fit leads
to a standard deviation of the residual of 1.02 � 10�9 cm �1

(Fig. 2c). This result corresponds to a sensitivity of � 1‰ for
the three isotopes δD, δ18O, and δ17O within a single acquisi-
tion spectrum (160 ms) for a sample of pure water vapor.

Table 1. List of spectral lines of water isotopologues in the spectral region 1967.50–1967.75 nm with the most intense spectral line of
carbon dioxide.

Isotopologue
Wavelength

(nm)
Line intensity

(cm�1 molec�1 cm�2)
Einstein

coefficient (s�1)
Lower-state

energy (cm�1)
Line temperature

dependency (‰ K�1)

H2
18O 1967.531 1.49 � 10�25 0.2016 282 �3.78

H2
18O 1967.547 3.97 � 10�27 18.82 2384 29.8

H2
17O 1967.582 1.28 � 10�26 9.122 1521 13.9

H2
18O 1967.613 6.19 � 10�26 0.08823 414 �2.16

12C16O2 1967.637 2.54 � 10�25 0.2713 1966 21.9

H2
16O 1967.672 7.71 � 10�27 0.03045 2129 25.2

H2
16O 1967.687 3.82 � 10�26 15.2 2983 40.8

HD16O 1967.720 1.83 � 10�25 0.6589 304 �3.59

H2
17O 1967.742 3.85 � 10�26 9.133 1521 14.1

Fig. 2. (a) Simulation of an absorption spectrum of pure water vapor at
35�C and 8 mbar using the HITRAN 2016 database. (b) Example of an
interlaced spectrum (blue line with blue dots) used to improve the fit,
whose resolution is 10 times higher than a single OF-CEAS spectrum
(white squares). (c) Residual of the fit on a single OF-CEAS acquisition
(160 ms).
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The membrane inlet laser spectroscopy technique
In situ underwater optical spectroscopy is performed by

vaporizing liquid and introducing it into the low-pressure
optical cavity. The sampling method chosen here, perva-
poration through a permeable membrane, is used for more
than 60 yr (Hoch and Kok 1963). It is well adapted with the
constraints of in situ measurements because it does not
require any sample preparation. The permeation allows to
vaporize liquid and introduce either dissolved gas and/or
water vapor into the spectrometer through a selective perme-
able membrane. This method, coupled with an optical spec-
trometer, allows the analysis of dissolved gas concentrations
(Grilli et al. 2018), their isotopic signature (Grilli et al. 2022),
as well as the isotopic composition of water masses as also
been proposed in Downing et al. (2016) but on site rather
than in situ.

Membrane inlet laser spectroscopy (MILS) uses a membrane
to vaporize the water sample and act as a tight barrier between
the liquid water and the instrument. These membranes are
made of a silicon polymer, PDMS or polytetrafluoroethylene
(PTFE), for example, with a thickness ranging from few μm to
few hundreds of μm (Johnson et al. 2000). PDMS and PTFE are
hydrophobic, but allows gases and water vapor pass through
them (Bian et al. 2021). In our case, PDMS material was
selected because of its mechanical properties when exposed to
high hydrostatic pressure and has a higher water vapor perme-
ation coefficient than PTFE. It has been shown that the pres-
sure response of membranes follows a hysteresis phenomenon
depending on whether the pressure at the membrane increases
or decreases due to defects in the elasticity of the material
(Bell et al. 2007). This phenomenon makes the oscillation
phase of the PID pressure regulation longer, but once the cav-
ity is well stabilized, it no longer affects it.

When a liquid sample is in contact with a permeable mem-
brane, the molecule of water vapor is adsorbed at the
membrane surface, diffuse through it, and desorb downstream
the membrane. This process is driven by a difference in partial
pressure of the target species. To describe this physical phe-
nomenon, the solution-diffusion model proposed for perva-
poration is used (Wijmans and Baker 1995). In agreement
with Fick’s 1st law, this model gives a simple expression
linking the particle flux passing through the membrane and
the partial pressures of each component:

Ji ¼
PG
i

l
pliqi �pvapi

� �
ð3Þ

with Ji (g s�1 m�2) the flux of compound i through the mem-

brane, PG
i barrerð Þ the permeability of the membrane for the

gaseous compound i, l (m) the thickness of the membrane,

pliqi Pað Þ and pvapi Pað Þ the partial pressure for compound i in
the liquid and vapor side of the membrane, respectively. For a
given temperature, the partial pressure at the liquid side is

equal to the saturation vapor pressure Psat. The total flux pass-
ing through the membrane is J ¼P

i
J i.

Thus, the flow through the membrane depends on the
membrane’s geometry (size and thickness), the composition of
the fluid on the liquid side and finally the partial pressure dif-
ference of the component in the vapor and in the liquid. Here,
the partial pressure in the liquid corresponds to the saturation
vapor pressure (Eq. 4). At a given temperature, it is described
by the Clausius–Clapeyron equation assuming that the vapor
behaves like an ideal gas and that the enthalpy of vaporization
is independent of the temperature. The partial pressure of the
water is directly linked to the temperature, which would there-
fore dictate the achievable total flow of water vapor through
the membrane for a given partial pressure at the vapor side.

Psat Tð Þ¼P0 exp
ΔHvap

R
1
T0

� 1
T

� �� �
ð4Þ

with Psat the saturation vapor pressure, ΔHvap the enthalpy of
vaporization, P0 and T0 the reference boiling pressure and
temperature, and R the ideal gas constant.

Results and performance
Characterization of water vapor permeation at the PDMS
membrane

The 10-μm-thick PDMS membranes used in this study were
characterized as a function of the water temperature and the
pressure behind the membrane. Figure 3 shows the depen-
dency of the measured water vapor flow permeating the mem-
brane. The results show that there is a linear relationship
between the flow rate (or flux) and the pressure on the vapor

Fig. 3. Characterization of the flow of water vapor pervaporating a
10-μm-thick PDMS membrane as a function of the pressure applied
downstream of the membrane and the temperature of the water. The
error bars represent the standard deviation calculated over several thou-
sands of measurement points and the systematic error due to sensor drift.
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side of the membrane, as shown in Eq. 3. We also note that,
as indicated by Eq. 3, the flow rate cancels out when

pliqi ¼ pvapi , that is, when the pressure on the vapor side reaches
the saturation vapor pressure at the given temperature. So, to
measure in cold water close to 5�C, a vapor pressure of less
than 9mbar must be reached. For lower temperatures, the cav-
ity pressure must be reduced to 6mbar at 0 �C. The impact of
temperature, described in Eq. 4, is also visible in Fig. 3: for a
given pressure, the higher the water temperature is, the higher
the flow rate will be. According to Eq. 3, increasing the mem-
brane thickness reduces the water vapor flow produced by per-
vaporation. In our case, a thicker membrane would better
withstand hydrostatic pressure but will result in a lower flow
of water vapor through it. Therefore, the membrane thickness
should be selected based on deployment depth; for a depth of
6000m, a membrane thickness of 30–40 μm is required.

Stability of the spectrometer
Water isotope ratio measurements for H2

18O and HD16O
require an accuracy of 0.05‰ and 0.5‰, respectively, to
resolve the variability expected nearby Antarctic ice-shelves
(Akhoudas et al. 2020). The signal-to-noise ratio of the spec-
trometer on a single absorption spectrum measurement
(160 ms integration time) does not allow to reach the required
sensitivity. However, if the main component of the measure-
ment noise is white noise, the sensitivity can be improved by
averaging data over time to improve the precision. In this

case, the error will decrease as 1=
ffiffiffiffi
N

p
where N is the number of

samples considered in the average. When the principal com-
ponent of the signal no longer follows a random dispersion,
then increasing the integration time will no longer improve
the measurement accuracy. In the OF-CEAS system used in
this work, the temperature and pressure drifts and the
mechanical instabilities of the optical system are the most lim-
iting factors for the integration time. These drifts and instabil-
ities mainly modify the shape of the absorption lines and the
value of the FSR, and therefore induce cavity modes instabil-
ity. Due to the complexity of the spectral fit and to the fact
that the spectral resolution of a OFCEAS spectrum is dictated
by the FSR of the optical cavity (in this case, at 8mbar it corre-
sponds to three spectral elements for defining one absorption
line), these modifications can have an impact on the determi-
nation of concentrations using the spectral fit routine
(Lechevallier et al. 2019). A statistical tool, the Allan–Werle
standard deviation method (Werle et al. 1993) (σAW-SD), gives
the sensitivity as a function of the integration time. For this
method, long datasets of several hours are required to obtain a
representative statistical analysis of the system. Long-term iso-
topic measurements for the HD16O (blue), H2

18O (orange),
and H2

17O (green) isotopologues performed using ultrapure
water at 20�C�0.3�C, and the results of the statistical analysis
are reported in Fig. 4. The σAW-SD plot in Fig. 4a shows that for
a single 160-ms acquisition, the instrument has a detection

limit of �1‰ for the three isotopes. After 100 s of averaging,
the detection limit reaches 0.1‰, 0.09‰, and 0.2‰ for δD,
δ18O, and δ17O, respectively. The detection limits at the differ-
ent optimum integration times for the three isotopologues are
0.08‰ at 300 s for δD, 0.07‰ at 150 s for δ18O and 0.02‰ at
2600 s for δ17O. The sensitivity appears limited by the instabil-
ities of the cavity modes position described before, and by pos-
sible imperfections of the fit parameters. A previously used
method for fixing the position of the cavity modes consists of
dynamically changing the temperature of the cavity which
acts on the FSR of the resonator (Lechevallier et al. 2019).
Using this method revealed a regulation of the position of the
cavity modes at �110 kHz (1σ), corresponding to 6�10�4

with respect to the FSR of the cavity, which is an improve-
ment of a factor of 10 compared to the development pres-
ented by Lechevallier et al. (2019). The Allan–Werle standard

Fig. 4. (a) Allan standard deviation for a 4-h dataset on ultrapure water
with a water vapor flow of 2 sccm. Data were obtained without stabilizing
the position of the cavity modes relative to the absorption line positions.
The cavity temperature was stabilized at 35�C � 0.01�C. (b) Allan stan-
dard deviation for a 5-h dataset on ultrapure water at 2 sccm, with cavity
mode position locking applied. The mode positions were stabilized to
� 110 kHz by adjusting the heating resistor on the cavity. The black
dashed line shows the 1=

ffiffiffiffi
N

p
slope representing the reduction of white

noise through integration, with N as the sample count for averaging. The
red dashed line marks the point at which the precisions of all isotopic sig-
natures remain below 0.1‰.
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deviation of the three datasets obtained by using this method
are plotted in Fig. 4b. The lock of the position of the cavity
modes improves the sensitivity except for δ17O, and the result
is more visible for the δ18O signal. The significant signal
enhancement for the δ18O can be explained by the position of
the H2

18O lines at the edge of the spectral region. If the posi-
tion of the cavity modes is not stabilized, part of the peak’s
base may fall outside the fitted area, resulting in information
loss and degraded performance. By locking the mode posi-
tions, the fit is systematically performed using the same spec-
tral points, improving the long-term stability of the
measurement. The final sensitivities are 0.04‰ in 165 s of
integration for δD, 0.006‰ in 5500 s for δ18O and 0.04‰ in
600 s for δ17O. Beyond these times, the slope of the σAW-SD

slowly rises up for δD and δ17O. With the locking mode
method, the instrument stability time is extended from 900 to
1500 s with respect to the case without mode locking (Fig. 4b).
During this time, one must measure both the reference and
the measurement samples to be under 0.1‰ for the three
isotopologues. The improvement in the long-term stability on
the δ18O due to the modes position locking is also a consider-
able improvement since this signature experiences a muted
variability with respect to the δD signal.

Measurement protocol
The measurement protocol of the instrument is composed

of three steps: (1) removing of traces of the previous sample
from the cavity before each measurement, (2) stabilization of
the cavity pressure and modes position, and (3) the measure-
ment itself. The most time-consuming step is the cavity
cleaning. Indeed, comparative studies between IRMS and opti-
cal analyzers have shown accuracy problems with optical spec-
trometer results for water isotope measurements (Penna
et al. 2012) explained by a stronger memory effect of the
N � 1 measurement on the N measurement (Olsen
et al. 2006). It is noted that the effect is stronger for waters
with larger isotopic difference. The importance of the memory
effect can then be estimated from a memory factor (Eq. 5) rep-
resenting the amount of the sample N � 1 still present in the
measurement cell at a certain time:

xi ¼ δi,meas�δn

δn�1�δn
ð5Þ

where δi,meas is the measured isotopic composition, δn is the
actual isotopic composition of the sample being analyzed, and
δn�1 is the isotopic composition of the previous sample.

To determine the response time of the SWIS probe, labora-
tory tests were carried out to find the best strategy for reducing
the time needed to clean the cavity. We placed two different
waters with known isotopic signature in the reference and
measurement membrane block (MB): �80‰ and �85‰ on
the δD signature. The δD was chosen for this because the
memory effect is more important on it than for δ18O and δ17O

(Gupta et al. 2009). The cleaning is performed by fully open-
ing both PSVs, therefore operating at minimum pressure (over
the entire gas line from the cell to the MB) and at maximum
water vapor flow (f = 10 sccm for a water temperature of
25�C). Two cleaning strategies were tested: (1) a cleaning with
a constant maximum flow of water vapor of the sample to be
measured (continuous cleaning); (2) several successive 2-s
cleanings (1.5 s of pumping with the inlet PSV open and 0.5 s
with the inlet PSV close), with the number of cleanings pro-
gressively increasing (successive cleaning). Different cycling
times (0.5–20 s) as well as different duty-cycles (0.25, 0.5, and
0.75) were tested for the successive cleaning method, and the
best performance was reached with the 2-s cycle described
above. Figure 5 shows the dependency of the memory factor
as a function of the cleaning time. For the successive cleaning,
the total cleaning time was considered (i.e., 2 s per cleaning
cycle). For both methods, the first points have a memory fac-
tor greater than 10%, and after 200 s of cleaning, it reaches
below 0.05% with successive cleaning while it is still at 6% for
continuous cleaning. The decay of the memory effect follows
an exponential law with time constants of 112 and 39 s for
the continuous and successive method, respectively, making
the latter three times more efficient. For a difference in δD of
5‰ as in the example, a memory factor of 0.02 corresponds
to our target accuracy of 0.1‰ and occurs after 100 s of
cleaning. The cleaning time may be adjusted depending on
the expected variability of the signal that needs to be resolved
and depends on the total water vapor flow during the cleaning
that would be larger for warm waters. A standard protocol is
composed of 100 s of cleaning, 60 s of stabilization of pressure
and cavity modes, and 120 s of spectrum acquisition, leading
to a total time spent on each MB of 280 s. For a complete

Fig. 5. Direct comparison of the memory factor for the same overall
cleaning time for the successive (2-s cycles) and continuous cleaning
methods. Each point was performed five times, improving the accuracy of
the measurement. The MB was stabilized at 25�C.
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measurement, this protocol must be carried out on both MBs,
leading to a total measurement time of 560 s (� 9 min). The
time between the start of acquisition (1st spectrum acquired)
on the 1st MB and the end of measurement (last spectrum
acquired) on the 2nd membrane block is 380 s (� 6 min).

The temperature dependency
The water passage through the membrane leads to a phase

transition from liquid to gas which generates a mass-
dependent fractionation: the lighter isotope tends to pass into
the gas phase faster than the heavier isotope. This fraction-
ation of water isotopes (i.e., HD16O and H2

18O) changes with
temperature: an increase of temperature accelerates the evapo-
ration of the heavier isotopologues leading to an increase of
the isotopic composition of the water vapor (Majoube 1971).
In our case, the isotopic fractionation of water is not only
dependent on evaporation but also on the way the molecules
will diffuse through the membrane: due to its smaller molecu-
lar weight, the lighter isotopologue tends to diffuse through
the membrane faster than the heavier isotope. To account for
isotopic fractionation caused by temperature changes in the
PDMS membrane, we conducted measurements in a con-
trolled environment. We placed the measurement block in a
climate chamber and the reference block in a regulated box at
20�C � 0.1�C. The temperature in the climate chamber was
set to increase by 2�C every 3 h between 8�C and 24�C. Fol-
lowing the analytical method described previously, we carried
out measurements and obtained the evolution of the isotope
measurement as a function of temperature (Fig. 6). Both
HD16O (Fig. 6a) and H2

18O (Fig. 6b) isotopes showed a linear
relationship with temperature, but with different magnitudes
of 0.71‰ � 0.02‰ �C�1 and 0.15‰ � 0.04‰ �C�1 for δD
and δ18O, respectively. However, the reliability of δ18O mea-
surements was lower than that of δD due to its smaller isoto-
pic variation close to the instrument’s sensitivity, resulting in
a correlation coefficient R2 of 0.57. Therefore, for reaching the
required accuracies of 0.5‰ for δD and 0.5‰ for δ18O, water
temperature must be retrieved with a precision of 0.7�C and
0.33�C, respectively, which is feasible during in situ
measurements.

Comparison with existing instruments and results
discussion

In order to prove the reliability of this novel in situ instru-
ment and the adequacy of its measurement procedure, a labo-
ratory intercomparison between the SWIS probe and a
commercial Picarro L2140i instrument has been performed.
To validate the good performance of the instruments, a rela-
tively wide isotopic range of the samples was selected. The
sample preparation and a list of the measured samples with
the expected isotopic values are reported in the Supporting
Information Section S2. The measurements were conducted in
the following days within the same week and at the same

laboratory temperatures for both instruments (21�C). The
measurement procedure as well as the way the data were
processed is detailed in the Supporting Information
Sections S3.1 and S4.1. The isotopic deviations measured by
the SWIS spectrometer and the Picaro L2140i are compared to
the values expected by the volumetric propagation from mix-
tures preparation (Fig. 7). Data from Picarro’s L2140i (both δD
and δ18O values) drift away from the expected value while
progressively going from Sample 1 to Sample 9. The commer-
cial instrument performs consecutives injections of the same
sample, the first three are rejected because may be affected by
memory effect, and the following three are averaged to obtain
the final measurement (see Supporting Information Section-
S3.2). By looking at the raw data, we could confirm that the
last three measurements were not affected by memory effect.
As the drift increases further away from the reference value
(MQ_Fresh), this can be attributed to a nonlinearity of the
instrument while moving far from the reference value. The
slopes obtained by comparing the data against the expected
values are 0.986 � 0.014 (SWIS) and 0.910 � 0.012 (Picarro)
for δD measurements (Fig. 7a), and 1.02 � 0.06 (SWIS) and

Fig. 6. Forty-eight-hour laboratory measurement of the evolution of the
isotopic signatures as a function of the temperature of the measurement
membrane. (a) Result for δD with a linear regression of slope 0.71‰ �
0.02‰ �C�1 and correlation coefficient R2 = 0.96. (b) Result for δ18O
with a linear regression of slope 0.15‰ � 0.04‰ �C�1 and correlation
coefficient R2 = 0.57.
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0.958 � 0.016 (Picarro) for δ18O (Fig. 7b). For both figures, the
blue dashed curve corresponds to the theoretical curve
expected for the measurements from the two instruments
(slope = 1). The SWIS instrument demonstrated better linear-
ity than the Picarro instrument in the isotopic range selected
for the two studied isotopologues. To compare the accuracy
and precision of the two measurements, we calculated the
absolute difference between the measurement and the theory
(Supporting Information Section S6). In the case of δD, the
SWIS instrument is more accurate with a mean deviation from
theory of 0.39‰ � 0.15‰ compared with 1.23‰ � 0.35‰

for L2140i. For the precision, the two instruments are equiva-
lent, with 0.22‰ on average for SWIS against 0.23‰ for
Picarro at 95% confidence. Measurement of the δD isotope
appears to perform better on the SWIS instrument. For δ18O, a
similar accuracy is observed between the two instruments with
an average of 0.16‰ � 0.06‰ for SWIS against 0.15‰ �
0.03‰ for the Picarro, but the Picarro’s precision is better
with an average of 0.40‰ for SWIS and 0.04‰ for Picarro at
95% confidence. The error bars obtained with the SWIS instru-
ment are higher by a factor of 10 on average, making the mea-
surement less accurate for this isotopologue. The Picarro
instrument provides a better precision (0.04‰, 2σ), on the
δ18O measurement than the SWIS sensor (0.3‰, 2σ), but its
accuracy would depend on how far away the isotopy of the
measurement sample is from the one of the reference sample.
For making accuracy close to the precision, a reference stan-
dard very close to the water to be analyzed (within 2‰ in the
case of δD) is required or a non-linearity correction need to be
applied to the measurement made with the commercial instru-
ment. On the δD measurements, similar performances were
achieved by the two instruments, but the SWIS instrument
ensure a good linearity over the entire range studied (15‰)
which is not the case for the L240i instrument. The SWIS
instrument is more compact and is designed for in situ mea-
surements, providing the high temporal and spatial resolution
even in very remote and difficult to access locations
(e.g., beneath an ice-shelf) and offering an easy way of
deployment.

Conclusions
The instrument developed in this work offers solutions for

in situ measurement of water isotopes in aquatic systems such
as rivers, lakes, and oceans. Its major advantages compared
with commercial instruments shown in this work are (1) an
injection and sampling method adapted to in situ measure-
ment; (2) a memory effect lower than the measurement noise
within 100 s of cell cleaning; (3) the ability to perform mea-
surement of δD, δ18O, and δ17O simultaneously; (4) the
achievement of the performances of 0.3‰ (2σ) for the three
isotopologue in 9 min of measurement; (5) the dimensions in
its casing (700 mm long, 165 mm internal diameter, total
weight 45 kg) allowing deployment in very complex access
conditions (e.g., beneath an ice shelf); (6) high hydrostatic
pressure resistance allowing applications at a depth of 6000 m.
Identified drawbacks and challenges are (1) the measurement
in cold water (< 5�C) requires a longer measurement time and
results in a low gas flow rate (< 1 sccm at maximum pumping
speed); (2) external conditions in polar environments can
have an impact on the instrument’s temperature regulation.
The SWIS sensor is unique in situ high-resolution tool for
investigating the origin of water masses, and a key tool
for understanding the coupling and heat exchanges between
the cryosphere and the ocean, and better constraining the

Fig. 7. Comparison of linearity between SWIS and L2140i instruments.
Linear correlations were obtained with slopes of 0.986 � 0.014 (SWIS)
and 0.910 � 0.012 (L2140i) for the δD (a), and 1.02 � 0.058 (SWIS) and
0.958 � 0.016 (L2140i) for the δ18O (b). The blue dashed lines represent
the theoretical slope values between the expected (mixing) and the mea-
surement values.
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principal processes responsible for the melting of the ice-
shelves. Furthermore, the three isotopic signatures would
allow to investigate the existence of possible mass-
independent fractionations which would occurs for instance
during water refreezing process. The instrument has a con-
sumption of � 40 W and can be deployed with a Li-ion bat-
tery pack providing an autonomy of 10–12 h. It is designed
for deployment from a ship through a borehole or on board of
autonomous underwater vehicles such as AOV, ROV, and
drones. It is also equipped with a SHDSL communication for
telemetry propose and provide real-time data from the boat/
surface. Further efforts for improving stability in the field and
reduce measurement time will be performed in the future.

Data availability statement
The data are available online: https://doi.org/10.5281/

zenodo.13982811.
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