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Context: The freshwater cycle of the Southern Ocean is central to our understanding of global climate. But despite 
its pivotal climate implications, the Southern Ocean freshwater cycle is poorly understood. The three main 
limitations of our understanding are (i) the lack of tools allowing investigating different compartments of the 
freshwater cycle independently, as well as, (ii) the shortage of observations in the region and (iii) large interannual 
variability (for example, low sea-ice cover in 2017). It is urgent to tackle these scientific and technical obstacles. 

Objectives / scientific questions: The SO-FRESH project has been organized around three main objectives. The 
first objective was to a careful examination of the water-masses transformation and pathways in the Antarctic 
subpolar ocean region using a water isotope framework which, in combination with complementary physical 
oceanography measurements, and to allow an unprecedented quantification of the contribution of under-ice shelf 
seas in the production of bottom water. The second objective was to explore the seasonal and interannual changes 
in the ocean freshwater cycle of the Southern Ocean using Lagrangian profiling floats in this remote and 
undersampled region of the world. Based on the results and the sensitivity of the signals analysed as part of the 
first two objectives, the third objective was to define the scientific and technical requirements toward developing 
new instruments capable of making precise in-situ water isotope measurements with a high spatial resolution.  

Main results: The project was successful on the three set objectives detailed above. We note however that the 
cruise WAPITI-2, in which we were supposed to deploy floats acquired through the project, has been delayed and 
will only occur next year in Jan 2021. In consequences, the tasks associated to float deployment and analysis has 
not been completed. We have however re-organized in consequences to best navigate around that challenge 
beyond our control, and we have actually met the scientific objective and tasks of the project, as detailed below.  

Originally proposed task 1 [Water-masses transformation and pathways in the Antarctic subpolar ocean 
region using an oxygen isotope framework]. We have exploited past observation of oxygen stable isotopes and 
hydrography in the Weddell Sea sector and have documented how ice-shelf/ocean interaction act to transform 
water masses from High Salinity Shelf Water to Ice Shelf Water. In particular, our study demonstrated different 
circulation pathways in the cavity leading to different water-mass transformation. We have published these results 
in a paper in the Journal of Geophysical Research – Ocean: Akhoudas, C. H., Sallée, J.B., Reverdin, G. , Aloisi, G. 
Benetti, M., Vignes, L., and Gelado, M., 2019, Ice-shelf basal melt and influence on dense shelf water outflow in 
the Southern Weddell Sea, https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2019JC015710 

In addition, we went beyond that study and re-assess a number of historical observation to determine how the 
freshly produce Ice Shelf Water get mixed as it outflows on the continental slope to produce Antarctic Bottom 
Water. Using water isotope and a mass balance calculation we are able to delineate processes contributing the 
Antarctic Bottom Water in the Atlantic sector (see left figure below), as well as reconcile past estimate in apparent 
contradiction. We show that this contradiction is only apparent, but thoroughly delineating processes, the estimate 
are actually consistent but not measuring the same thing. Those results are submitted for publication in the US 
Proceeding of the National Academy of Sciences: Akhoudas, C. H., Sallée, J.B., Reverdin, G., Meredith, M. P., 
Naveira Garabato, A., Haumann, F. A., Jullion, L., Aloisi, G., Benetti, M., Leng, M. L., Arrowsmith, C. , 2019, 
Ventilation of the abyss in the Atlantic sector of the Southern Ocean, submitted to PNAS.  

Originally proposed task 2 [Explore the seasonal and interannual variability in the ocean freshwater cycle]. 
This task has been attacked by investigating the seasonal cycle of the upper water column on the continental shelf 
in the southern weddell sea. Using a combination of float, seals, and ship-based observations, we have 
demonstrated that the sea-ice seasonal cycle destabilise the upper ocean deep enough to entrain underlying warm 
water before it reaches the ice-shelf cavity. Thereby, the sea-ice allow to remove heat from the ocean, protecting 
ice-shelf from interacting with warm ocean which would enhance basal melting. Those results are currently in 
preparation for publication in Journal of Physical Oceanography to be submitted in the coming weeks:  Lucie 
Vignes, JB Sallée, Svenja Ryan, Etienne Pauthenet, Impact of the Evolution of the Seasonal Surface Mixed Layer, 
Weddell Sea, Antarctica, in prep for Journal of Physical Oceanography.  

In addition, we also investigated the interannual variability of the freshwater cycle in the surface layer of the 



Southern Ocean. In particular, in the Indian Ocean sector, we have access to three decades of surface salinity and 
surface water-isotopes in the Southern Ocean around and south of the Kerguelen Island (see right figure below). 
We have explored this database to demonstrate that the widely documented freshening of the region is not due to 
Ice-shelf melt as proposed in a number of studies, is not due to change in sea-ice regime as proposed in a number 
of other studies, but is due to large-scale change in precipitation, and that the increase of precipitation reproduced 
in state of the art atmospheric reanalysis (ERA5, JRA) is actually underestimated by a factor 2. This study is in 
preparation for submission to Nature Climate Change, to be submitted in the coming weeks:  Camille Akhoudas, 
Jean-Baptiste Sallée, Gilles Reverdin, Alexander Haumann, Etienne Pauthenet, Chris C. Chapman, Felix 
Margirier, Oceanic evolution in the surface Southern Ocean Indian sector, in prep for Nature Climate Change.  

Originally proposed task 3 [Scientific and technical requirements toward developing new groundbreaking 
water isotope sensors] The aim of task 3 of the project was to established a collaboration with the group of R. 
Grilli at IGE developing in situ sensors for the measurement of dissolved gases and in this particular case of the 
water isotopic signature. The existing prototype for measuring dissolved methane was therefore tuned in order to 
probe the deuterium signature of the water molecule. This allowed to run experiment for different water 
temperature conditions. For that, the membrane based extraction unit of the sensor was submerged in a 
temperature controlled water bath. With this experiment we were able to study the dependency of the isotopic 
composition to the water temperature, which should lead to a mass dependent fractionation. The membranes used 
were made in polydimethilsoloxane (PDMS) and led to an isotopic fractionation effect of 4.7 ‰/°C.  Last year R. 
Grilli obtained ANR-JCJC funding for working more deeply on those developments, and a dedicated optical 
spectrometer for water isotope measurements (for simultaneous measurements of dD and d18O) is today under 
development. This will lead to a new tool which would allow fast, in situ and high resolution isotopic 
measurements of water masses. The instrument will be designed for performing profiles from a vessels but also to 
be embedded on an AUV or to access underneath the iceshelf through a borehole. 

Within the LEFE, two meetings between the two teams toke place, one during the FRISP conference at Aussoi in 
2018 and another one in June 2019 in Grenoble for the kick-off meeting of the ANR, for discussing a collaborative 
strategy to work on the water cycle at southern regions. 
 

 
 

 

  
Left figure: Percentage contributions of (A) CDW and (B) DSW across the ANDREX/I6S section. Black contours 
indicate neutral density isopycnals. (C) Net transports across the ANDREX/I6S section of (black) CDW, (blue) 
DSW, and (green) WW computed in γn ranges. The total transport in each γn range is shown in red. Shading 
indicates errors from the Monte-Carlo propagation. Positive (negative) transport are directed out of (into) the gyre. 
Figure from Akhoudas et al., submitted to PNAS 

Right figure: Salinity and dO18 trends from 1990 to 2020 in the black encircled region. (A) salinity trend per 
latitude band, and (B) same for dO18. Panel (C) and (D) show the pdf of the distribution of salinity and dO18 



anomaly in (red) 2000s and (blue) 1990s. Figure from Akhoudas et al., in prep. For Nature Climate Change.  

Future of the project: Will be continued through the WAPITI project (ERC) and SO-CHIC project (H2020) 
Akhoudas, C. H., Sallée, J.B., Reverdin, G. , Aloisi, G. Benetti, M., Vignes, L., and Gelado, M., 2019, Ice-shelf 
basal melt and influence on dense shelf water outflow in the Southern Weddell Sea, 
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2019JC015710 
Akhoudas, C. H., Sallée, J.B., Reverdin, G., Meredith, M. P., Naveira Garabato, A., Haumann, F. A., Jullion, L., 
Aloisi, G., Benetti, M., Leng, M. L., Arrowsmith, C. , 2019, Ventilation of the abyss in the Atlantic sector of the 
Southern Ocean, submitted to PNAS. 
Camille Akhoudas, Jean-Baptiste Sallée, Gilles Reverdin, Alexander Haumann, Etienne Pauthenet, Chris C. 
Chapman, Felix Margirier, Oceanic evolution in the surface Southern Ocean Indian sector, in prep for Nature 
Climate Change. 
Lucie Vignes, JB Sallée, Svenja Ryan, Etienne Pauthenet, Impact of the Evolution of the Seasonal Surface Mixed 
Layer, Weddell Sea, Antarctica, in prep for Journal of Physical Oceanography. 
 




