
© Authors. All rights reserved.

Key controls of water vapour isotopes during 
oceanic evaporation and their global impact
Martin Werner1, Jean-Louis Bonne1,  
Alexandre Cauquoin1,2, Hans-Christian Steen-Larsen3 
1 Alfred Wegener Institute (AWI) Helmholtz Center for Polar and Marine Research, Bremerhaven, Germany 
2 Institute of Industrial Science (IIS), The University of Tokyo, Chiba, Japan  
3 Geophysical Institute, University of Bergen and Bjerknes Centre for Climate Research, Bergen, Norway

Focus of this study 
Does wind speed influence kinetic fractionation processes of H218O and HDO  
during water evaporation from ocean surface?
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Motivation 
• two years of continuous vapour isotope measurements on board of the research vessel Polarstern 

have not revealed any wind speed dependency of the kinetic fraction during evaporation 
• the data challenges the pioneering model approach of Merlivat & Jouzel (1979) 

• simulation results of the isotope-enabled model ECHAM5-wiso agree better with observations  
if a constant fractionation factor for a rough wind regime is assumed

Hypothesis 
• a constant fractionation factor for a rough 

wind regime also leads to better model 
results compared to other available  
vapour isotope measurements

Bonne, J. L., Behrens, M., Meyer, H., Kipfstuhl, S., Rabe, B., Schönicke, L., Steen-Larsen, H. C. and Werner, M.:  
Resolving the controls of water vapour isotopes in the Atlantic sector, Nature Communications, 10(1), 1632, doi:10.1038/s41467-019-09242-6, 2019.
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Approach 
• isotopes in vapour have been continuously measured at Bermuda, Iceland and NEEM Greenland 

during the last years, as well as during 5 shorter ship cruises over the Atlantic 
• model results come from 3 different ECHAM5-wiso simulations with a smooth/rough/wind-speed 

dependent fractionation coefficient plus one ECHAM6-wiso simulation (smooth regime coefficient) 
• Pearson correlation coefficient r and root mean square error RMSE are calculated to evaluate the 

model-data agreement for both 𝜹18O and Deuterium excess (dex) in vapour

Benetti et al.: Stable isotopes in the atmospheric marine boundary layer water vapour over the Atlantic Ocean, 2012–2015, Scientific Data, 4, 160128, doi:10.1038/sdata.2016.128, 2017. 
Steen-Larsen et al.: Moisture sources and synoptic to seasonal variability of North Atlantic water vapor isotopic composition, JGR Atmosphere, 120, 5757–5774, doi:10.1002/2015JD023234, 2015. 
Steen-Larsen et al.: Climatic controls on water vapor deuterium excess in the marine boundary layer of the North Atlantic based on 500 days of in situ, continuous measurements, ACP, 14(15), 7741–7756, doi:10.5194/acp-14-7741-2014, 2014. 
Steen-Larsen et al.: What controls the isotopic composition of Greenland surface snow? Climate of the Past, 10(1), 377–392, doi:10.5194/cp-10-377-2014, 2014. 

were protected with a cover against sea spray and rain. This was however not sufficient, as we detected a few
events when rainfall entered the interior of the sampling tube. These were identified by large differences in
humidity (ppmv) measurements between the two inlets, as well as humidity (ppmv) levels significantly above
ambient saturation level. The tube was heated to ~50 °C using self-regulating heat trace to prevent
condensation. Two three-way solenoid valves and an automatic valve-sequencing program were installed to
switch measurements between the top or bottom inlet or from the WVISS calibration system (Figure 1). The
routine measurement protocol consisted of sampling vapor from the WVISS for 10min, followed by five cycles
of measurements alternating between the upper and lower inlets every 10min. The transport of air from the
inlets to the analyzer was achieved using a pump (KNF N86 KN.18), operating at a flow rate of 5 L per minute.

2.2. Meteorological and Oceanographic Measurements

A weather station Davis Vantage Pro2 was also installed on top of the lighthouse, measuring air temperature
(±0.5 °C), relative humidity (±3%), pressure (±1.0 mb), wind speed (±1m/s), wind direction, rain rate
(±0.2mm), and solar radiation. Our data have been compared with parallel measurements from a weather
station operated by the Icelandic road service (Vegagerdin) (~2 km away). Their R. M. Young station
reports slightly different precisions (±0.3 °C, ±1% RH, ±0.3m/s, ±3° direction). Despite a different height
and location, no significant difference was observed between the observations at the lighthouse
meteorology station and at the road meteorology station for temperature and humidity. The wind speed is
however on average ~2m/s higher at the top of the lighthouse than at the road, consistent with the
difference in height and distance to the ocean. We therefore could use data from the road meteorological
station to fill in gaps in the lighthouse meteorological record. Finally, daily sea surface temperature data
(SST) were obtained from the Aqua MODIS satellite observations over an area subjectively chosen to
represent local ocean conditions (~350× 450 km – 58.5°N to 63°N and 16°W to 24.5W) directly south of
Iceland [Haines et al., 2007; Acker and Leptoukh, 2007]. This area is located to the North East of the North
Atlantic zone where surface relative humidity was identified to be closely related to the variability of
d-excess at Ivittuut, South Greenland (49.4°N to 59.6°N, 41.2°W to 22.5°W).

2.3. Calibration

The protocol designed by Steen-Larsen et al. [2013] was implemented to treat and reference the water vapor
isotope observations to the IAEA VSMOW-SLAP scale (Vienna Standard Mean Ocean Water–Standard Light
Antarctic Precipitation). The main corrections are summarized below, as well as the changes that were
implemented throughout the multiyear monitoring effort.

Figure 1. (a) Picture of the lighthouse at Selvogsviti in which the system is installed. The top inlet is indicated. (b) Schematic
of installation of water vapor isotopemeasurement system. (c) Themap shows the position of the system and the definition
of the ocean and interior sector. (d) Daily annual-averagedmoisture uptake in the boundary layer for the air parcels arriving
at Selvogsviti.
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Figure 1. Illustration of the position of the Bermuda Islands (A), map of the sites where observations have been performed at Tudor Hill
Atmospheric Observatory and on the other site of the island (B), and system setup (C). The wind rose (6-hourly observations) indicates that
the wind is predominantly arriving at Tudor Hill directly from the ocean (D).

between the start and stop of each sequence. To assess the
stability of the humidity–isotope response through time, cal-
ibrations were repeated at different dates (Fig. 2). Small but
significant drifts in the humidity–isotope response curve are
observed over the monitoring period. To correct for this ob-
served drift of the humidity–isotope response, we assume the
drift to be linear between two consecutive humidity–isotope
response calibrations.
To reference our measurements against the International

Atomic Energy Agency (IAEA) VSMOW–SLAP (Standard
Light Antarctic Precipitation) scale, we measured standards
of known isotopic composition. Between 3 and 10 differ-
ent standards, which varied between ⇠ 0 and ⇠ �39‰ in
�18O and between ⇠ 0 and �310‰ in �D, were used each
time we carried out a VSMOW–SLAP calibration. The stan-
dards used were referenced by the Institute of Arctic and
Alpine Research at the University of Colorado, the Centre
for Ice and Climate at the University of Copenhagen, and
Laboratoire des Sciences du Climat et de l’Environnement in
Gif-sur-Yvette, and calibrated against the IAEA VSMOW–
SLAP scale. The standard deviation of the residuals between
the VSMOW–SLAP value of the standards and the calcu-

lated values based on best linear fits is ⇠ 0.1‰ for �18O
and ⇠ 1.1‰ for �D. We carried out VSMOW–SLAP cali-
brations in November 2011, August/September 2012 (most
intensive period of calibrations, with 6 calibrations within 3
weeks), and June 2013 (Table 1). Table 1 rules out short-term
variability for the VSMOW–SLAP slope but shows long-
term changes in the slope, similar to values reported by Bas-
trikov et al. (2014). We assume that the VSMOW–SLAP
slope varies linearly between the calibration periods. This ob-
served drift is small, and has no impact on our data quality.
The range of observed atmospheric water vapor isotope vari-
ability is less than ⇠ 10‰ in �18O, and much smaller than
the range of the standards. An unaccounted drift of 0.01 in
the VSMOW–SLAP �18O slope would, for example, result
in a maximum bias of only 0.1‰ in �18O of the measured
atmospheric water vapor isotope signal.
To account for the drift of the measured atmospheric water

vapor isotope signal, we measure every 6–12 h water vapor
with a known isotopic composition. This is carried out using
our bubbler system described above. We have monitored the
isotopic composition of the water inside our bubbler by tak-
ing samples regularly for measurements on an isotope-ratio

Atmos. Chem. Phys., 14, 7741–7756, 2014 www.atmos-chem-phys.net/14/7741/2014/

Background & Summary
The water vapour in the lower atmosphere is a key component of earth’s climate system. It is expected that
the recent warming of the earth surface will strongly influence sea surface evaporation and precipitation
patterns1–3. Hence in order to accurately project future changes in the atmospheric hydrological cycle, it is
necessary to improve our understanding of the physical processes influencing the atmospheric hydrological
cycle. Due to the molecular properties of water stable isotopes, isotopic fractionation occurs during phase
transitions. This means that the isotopic composition of water vapour thus provides an integrated
perspective on the hydrological history of an air mass. Comparisons between these observations and GCM
simulations with isotope tracers can be used to test how accurate key processes such as evaporation,
condensation and air mixing are captured by climate model simulations4–6. Evaporation is the starting point
of the atmospheric hydrological cycle. The processes at play during evaporation are the main focus, which
this dataset of marine boundary layer water vapor isotopes is applicable to.

Currently, the available datasets of isotope measurements of the atmospheric water vapor over the
ocean are very limited7–12. Most of the measurements of atmospheric vapor isotopes were collected using
traditional methods, involving collection of vapor samples by cryogenic trapping methods. Thanks to
development of commercial water vapor isotope spectroscopy analyzers, it is now possible to provide
continuous in-situ measurements. We provide here a combined new dataset of water vapor isotope
measurements over the ocean with both large spatial and temporal resolution.

This compilation of measurements covers a large part of the Atlantic Ocean, from 4° S to 63° N
(see data distribution on Fig. 1). During five cruises, the atmospheric water vapor isotopic composition
has been continuously measured with laser spectroscopy analyzers between 10 to 17 meters above the sea
surface (Table 1). A weather station was installed on each vessel to continuously measure the standard
meteorological variables (atmospheric sea level pressure, relative humidity, air temperature, wind speed
and direction). In addition, during most cruises, near-surface ocean temperature measurements have
been carried out at a depth between 3.5 and 1.5 m below the surface with a calibrated temperature probe
(see Table 1).

The calibration of the raw Picarro data has been carefully performed against the international
VSMOW-SLAP scale to obtain a homogeneous dataset for the five cruises, as described in the method
section. All observations (Picarro and weather station measurements) have been averaged over 15 min
and we also provide 6-hourly data for easy comparison with simulation outputs using isotope-enabled
General Circulation Models. To facilitate interpretation of the dataset, we also provide relative humidity
(RHS) normalized to sea surface temperature (SST) and backwards trajectories (120 h backwards) from
the position of the measurements every 6 h using the HYSPLIT model13. Furthermore, we supply an
averaged SST value, by using the OSTIA remote sensing product, over an area of 200 km by 200 km
centred on the position of the ship.

We expect that this unique combined dataset for the Atlantic Ocean will contribute to:

1. Calibration of water stable isotopes observations from satellites14,15

2. Investigation of isotopic fractionation during oceanic evaporation and its relationship with
atmospheric surface conditions8,10,15–19
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Figure 1. Map of continuous measurements provided during the 5 cruises between 2012 and 2015 over the
Atlantic Ocean. In black: STRASSE, in magenta: PIRATA FR24, in green: RARA, in red: ACTIV, in blue:
BERMUDA. The time periods are indicated in the Table 1.
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Results: ship cruise Deuterium excess data 
• for ECHAM5-wiso (T106 resolution, nudged to 

ERAinterim), no simulation setup is clearly superior 
to the other ones 

• in few cases, the smooth regime setup is slightly better 

• ECHAM6-wiso (T127 resolution, nudged with 
ERA5 data) shows an improved agreement for the 
ACT cruise, only

correlation r
(RMSE) ACT BER PIR RAR STR

dex

ECHAM5-wiso
smooth

0.37
(7.24)

-0.06
(2.66)

0.02
(4.69)

0.79
(3.12)

0.82
(3.09)

ECHAM5-wiso 
mixed

0.31
(7.55)

-0.14
(4.28)

-0.04
(4.67)

0.78
(4.81)

0.84
(1.73)

ECHAM5-wiso 
rough

0.29
(7.39)

-0.13
(7.07)

-0.01
(2.90)

0.72 
(6.42)

0.75
(3.12)

ECHAM6-wiso 
smooth

0.42
(7.08)

-0.08
(2.89)

0.03
(6.58)

0.78
(3.23)

0.58
(4.12)

* better model-data matches are highlighted by grey cells *
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Results: land-based Deuterium excess data 
• for Bemuda, ECHAM5-wiso with a smooth regime 

shows the best correlation but the worst RMSE 

• for Iceland, the smooth regime setup has the best 
agreement to the observations 

• for NEEM Greenland, all simulations have a  
large RMSE compared to the observations 

• NEEM vapour is strongly affected by isotopic vapour-
snow exchange which is not considered in ECHAM5-wiso

correlation r
(RMSE) Bermuda Iceland NEEM

dex

ECHAM5-wiso
smooth

0.74
(8.28)

0.73
(5.04)

0.23
(9.46)

ECHAM5-wiso 
mixed

0.61
(7.29)

0.72
(5.04)

0.22
(11.62)

ECHAM5-wiso 
rough

0.57
(7.39)

0.63 
(6.69)

0.24
(13.07)

* better model-data matches are highlighted by grey cells *
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Summary 
• two years of measurements on board of the research vessel Polarstern did not reveal any wind 

speed dependency of the kinetic fraction during evaporation 
• our hypothesis was that a constant fractionation factor for a rough wind regime will also lead to 

model-data improvements for other available vapour isotope measurements 

• based on the performed model-data comparison we can’t confirm our hypothesis 
• the conducted model-data comparison does not reveal a very clear picture  

which kinetic fractionation coefficient should be implemented in isotope-enabled GCMs 
(in some cases, a slight improvement is seen for a smooth wind regime fractionation coefficient)
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Additional slides
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correlation r
(RMSE) ACT BER PIR RAR STR

𝛅18O

ECHAM5-wiso
smooth

0.70
(5.66)

0.45
(1.56)

0.00
(3.14)

0.76
(1.17)

0.84
(0.68)

ECHAM5-wiso 
mixed

0.69
(5.65)

0.31
(1.69)

0.11
(2.90)

0.75
(1.12)

0.81
(0.69)

ECHAM5-wiso 
rough

0.69
(5.51)

0.37
(1.65)

0.09
(2.84)

0.74 
(1.19)

0.81
(0.82)

ECHAM6-wiso 
smooth

0.69
(5.27)

0.58
(1.54)

0.22
(3.73)

0.77
(1.16)

0.82
(0.79)

* better model-data matches are highlighted by grey cells *

Results: ship cruise 𝛅18O data
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correlation r
(RMSE) Bermuda Iceland NEEM

𝛅18O

ECHAM5-wiso
smooth

0.61
(1.92)

0.57
(2.96)

0.83
(4.09)

ECHAM5-wiso 
mixed

0.55
(1.76)

0.56
(2.96)

0.81
(4.62)

ECHAM5-wiso 
rough

0.51
(1.68)

0.56 
(3.10)

0.83
(4.66)

* better model-data matches are highlighted by grey cells *

Results: land-based 𝛅18O data


