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Hybrid workshop “Water Isotopes: From Weather to Climate”
What: 150 scientists from different fields of weather and climate research gathered online as 

well as at local hubs to discuss how water isotopes can contribute to address key open 
questions in atmospheric science across time scales.

When: 15–17 November 2021
Where: Online and with local hubs in Bergen, Zurich, Bremerhaven, and Tokyo

KEYWORDS: Precipitation; In situ atmospheric observations; Measurements;  
Surface observations; Climate models; Tracers
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S table water isotopes have long been used in climate research. Ice cores, cave deposits, 
and sediment archives have revealed parts of the history of the climate system on long 
time scales. Over the last decades, new analytical methods have emphasized that stable 

water isotopes also contain strong signals on much shorter, meteorological time scales. 
Studies increasingly show that these signals contain valuable information about atmospheric 
processes and the water cycle on a range of time scales from a few seconds to millennia. Water 
isotopes are thus becoming a tool for gaining process understanding from measurements and 
for constraining numerical models on a continuity of scales, from weather to climate.

Variations in the stable water isotopes in water vapor and precipitation are a combined 
result of all phase changes and mixing processes along the life cycle of water vapor, from 
evaporation to precipitation. Thereby, the water isotope composition becomes a measurable 
quantity of different aspects of the global water cycle, such as, e.g., the turnover of latent 
heat and water vapor mixing processes along its atmospheric transport pathway. When added 
to studies focused on atmospheric dynamics or microphysics, for example, water isotopes 
provide valuable additional constraints that integrate over a sequence of processes, such as 
evaporation, mixing, and condensation.

However, there are several impediments to utilizing the potential of stable water isotopes for 
atmosphere and climate sciences. Most importantly, the subject of stable water isotopes and the 
required analytical methods are more common within geochemistry and are not usually part of 
the curriculum in atmospheric and climate science. Expert knowledge on this subject applied 
to atmospheric sciences is thus distributed over the globe within a fairly small community.

So far, this small community has relied on major geophysical conferences for exchanges 
between specialists and to demonstrate the use of stable water isotopes for specific problems 
in atmospheric and climate science. The ongoing pandemic may have especially affected such 
a small and distributed community. Without a chance to meet their peers, young scientists 
in particular have a hard time building their professional network. Building on a workshop 
organized by US CLIVAR in Boulder, Colorado, in 2019 (Bailey et al. 2021), we therefore orga-
nized a hybrid workshop with the aim to continue efforts toward establishing water isotopes 
as a common tool from weather to climate time scales and to establish contacts that last into 
a time beyond the pandemic.

Workshop format: Online hybrid, with local hubs
Scientific meetings in the times of the pandemic were difficult to plan, with constantly chang-
ing regulations, differing among countries, and with varying levels of travel restrictions. We 
therefore decided to organize the workshop in a hybrid format, with “local hubs” in Bergen, 
Norway; Zürich, Switzerland; Tokyo, Japan; and Bremerhaven, Germany. Participants could 
join in person at one of the local hubs, if regulations allowed, to enjoy a social component 
during the workshop. About half of the participants joined at local hubs, the other half online, 
from many different countries and time zones.

AFFILIATIONS: Sodemann—Geophysical Institute, University of Bergen, and Bjerknes Centre for Climate 

Research, Bergen, Norway; Aemisegger—Institute for Atmospheric and Climate Science, ETH Zurich, 

Zurich, Switzerland; Risi—Laboratoire de Météorologie Dynamique, IPSL, CNRS, Sorbonne Université, 

Paris, France
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To facilitate global participation, the 3-day workshop took place between 1100 and  
1700 UTC each day, leaving some time for other work during the workshop period. Still, 
the time window made for challenging working times in places like the U.S. West Coast and 
Australia. Oral Zoom sessions were therefore made available on YouTube the following day 
(https://www.youtube.com/channel/UCPzlhAl01axyCly9snXhcpQ/videos). The oral sessions were 
started by an intro and recap at the start of each day, followed by a topical keynote talk and 
several short talks. This was followed by discussion sessions. Assigned hosts led sessions on 
the same four topics on all three days, allowing participants to contribute to several topics. 
A conference website (https://watercycle.w.uib.no/workshop-water-isotopes-from-weather-to-climate-
summary/) helped participants to navigate between the different digital sessions.

A virtual poster session took place each day, using the online tool gather.town. Participants 
could wander between online rooms, look at posters, and join a group video chat with the 
poster presenter and workshop participants. While for some participants this was their first-ever 
poster session, many others remarked that the online format was astonishingly similar to an in-
person event. To maximize feedback and interaction for young scientists, we tasked voluntary 
participants to send comments and questions to specific presentations after the workshop (the 
organizers prepared a list with presenters and commenters before the start of the workshop). 
In a survey after the workshop, participants confirmed that the overall format was perceived 
as a good compromise, remarking it even had enabled broader international participation than 
would have been possible with an exclusively physical workshop. Furthermore, in comparison 
to traditional meetings, this format strongly reduced costs and CO2 emissions related to travel.

Progress in observational and modeling activities
The workshop provided an impressive snapshot of the rapidly enhancing observational 
capabilities that contribute to moving the field from observation-limited to observation-driven 
science. Modeling activities also continue to expand and develop, with isotope implementa-
tions becoming available for a range of models, creating new opportunities for addressing 
scientific questions by combining measurements and models.

Innovative experimental techniques. One of the largest game-changers for the field has 
been the advent of laser spectrometry in the last decade, enabling in situ measurements 
of water vapor isotopes at weather time scales. As shown in several presentations, the  
installation of laser spectrometric instruments on the ground, ships, aircrafts, or unmanned  
aerial vehicles have provided valuable data from different regions of the world, from high 
to low latitudes, including vertical profiles through the troposphere or near the surface. 
These novel observations reveal the complexity of processes that control the variability  
of isotope signals. In addition, novel remote sensing techniques including satellite and 
surface-based observations have shed light on vapor phase isotope variability over  
various layers of the troposphere. While the interpretation of these observations remains 
challenging and is limited by the sparsity of in situ measurements for ground-truthing, 
their combination with model simulations using adequate observation operators is prom-
ising for understanding and validating moist processes in the mid- to upper troposphere 
in model simulations.

New observations of isotopes in all three phases of water provide insight into how 
the Earth’s water cycle operates. Cloud-free and near-surface regions have become fairly 
accessible by drones and field-going in situ laboratories for extreme conditions, provid-
ing much-needed profile information. Even though monthly ground-based precipitation 
isotope measurements have a long tradition (since the 1960s), high-time-resolution mea-
surements that could provide cloud-related information are relatively rare and mostly 
based on manual sampling. Water isotopes in clouds (vapor and hydrometeors), however, 
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are still rare and challenging to obtain. Impressive progress has been made recently with 
aircraft-based isotope observations. While sampling the liquid and ice phase of clouds 
still is a challenge, promising new techniques based on phase-separating inlets for in situ 
measurements start to emerge.

Advances in modeling capabilities. Impressive progress has been made in high-resolution 
(kilometer-scale) modeling of water isotopes in both idealized and realistic configurations 
[see Bailey et al. (2022) for an overview of existing isotope-enabled models]. This allows 
the simulation of isotope fields in unprecedented detail, for example, of (sub-)tropical  
mesoscale cloud clusters. Several presentations have shown how to exploit these simulations  
for detailed process studies, such as the impact of convective processes on vapor isotope 
composition in the upper troposphere. These studies identify processes that have become 
observable only with the most recent progress in measurement systems, thereby motivating 
and guiding future observational strategies.

The signals on the integrated moist history of an air parcel contained in water isotopes on 
weather time scales suggests their usefulness for data assimilation studies (e.g., Toride et al.  
2021). Advances in the assimilation of isotopic observations provide another interesting  
avenue for combining new observations with models. Although the added value of assimilating  
real isotopic observations in an operational context still needs to be quantified and better 
understood, these activities offer a unique opportunity to strengthen the connection between 
the water isotope and meteorological communities.

Showcases of water isotopes in specific research topics
The key value of isotope research in atmospheric science is the powerful observational  
anchor they provide for constraining processes that are not directly measurable by traditional 
measurements. However, the communication gap between the isotopic and non-isotopic 
communities was highlighted as a major challenge at the US CLIVAR workshop in Boulder. 
We provide three specific examples on how water isotopes have added value to a specific 
research topic, in part taken from a collection of recent literature in the field assembled 
by workshop participants (https://watercycle.w.uib.no/files/2021/11/Literature_references_Stable_ 
Isotopes_Workshop_2021.pdf).

Addressing the clouds–circulation conundrum with water isotopes in the trades. The recent 
participation of several European and American water isotope research teams in the  
international field campaign EUREC4A (Elucidating the Role of Clouds–Circulation  
Coupling in Climate; Bony et al. 2017) has allowed multiplatform measurements (Bailey 
et al. 2022) and modeling studies (Blossey et al. 2021) at an unprecedented level of detail 
within and around shallow trade wind cumulus clouds. These clouds are ubiquitous over 
the tropical oceans and represent a key uncertainty factor in climate sensitivity estimates 
(Bony et al. 2017).

The formation of trade wind cumulus clouds depends on the interplay between many 
physical processes at different scales. The large-scale circulation modulates vertical profiles 
of humidity and temperature by differential advection, thereby modulating the strength of 
vertical mixing of water vapor between the boundary layer and the free troposphere for which 
water isotopes are an observational constraint (Risi et al. 2019; Hu et al. 2022). The balance 
between convective drying of the boundary layer by in-mixing of dry air from the free tropo-
sphere and turbulent moistening by ocean and rainfall evaporation is a central element in 
the process chain of shallow cumulus cloud formation and determines the isotope signal of 
the subcloud layer (Galewsky et al. 2022). Cold pools driven by precipitation evaporation has 
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been shown to trigger new convective cells at their edge and is associated with distinct so-
called moist patches representing positive water vapor anomalies at their edges (Torri 2021). 
Diagnosing the origin of the moisture in these moist patches has been an important challenge 
in the last years and water isotopes are now used to provide valuable observational answers 
to identify the key moistening factor of cold pool air parcels. Investigating the distinct isotope 
signatures associated with the different boundary layer moistening and drying processes (Risi 
et al. 2021) provides important insights into their relation to the macroscale cloud properties 
under different large-scale flow configurations (Aemisegger et al. 2021).

A weather system-based approach to water isotope research in atmospheric science. The 
large variability in isotope signals measured and simulated at the mesoscale has opened 
the door for weather-system-based studies. These studies range from the tropics, where the 
precipitation or vapor isotope signals associated with tropical cyclones has been studied  
(Sánchez-Murillo et al. 2019; de Vries et al. 2022), to studies of the subtropical heat low 
for the variability in subtropical free tropospheric humidity, seen through the lens of water  
isotopes (Lacour et  al. 2017; Dahinden et  al. 2021). Several authors have investigated  
isotope signals associated with midlatitude cyclones (Thurnherr et al. 2021) and deciphered  
moisture source information from other influences during intense precipitation from  
land-falling atmospheric rivers (Weng et  al. 2021). When extending into polar regions,  
atmospheric rivers contribute to the mass and radiation balances of the Arctic and Antarctica.  
Marine cold-air outbreaks in these regions provide local and intense water cycles on a  
mesoscale, with unique opportunities for in situ observations of evaporation and precipitation.  
Such weather-system-based studies have allowed us to link water isotope signals to both 
large-scale atmospheric drivers and subgrid-scale processes, thereby providing valuable  
opportunities for model evaluation and data assimilation.

Toward a new era for the contribution of water isotopes to paleoclimate. Historically, 
the major contributions of water isotope studies to climate research have been in the 
area of paleoclimate. In particular, water isotope records in polar regions have allowed 
quantitative reconstructions of past polar temperatures. However, uncertainties in the 
interpretation of paleoclimate isotope records have persisted for decades, particularly in 
tropical regions. The uncertainties concern the mechanisms controlling the isotopic 
composition of rainfall, the isotopic modifications from rainfall to proxies (e.g., speleothems), 
and the spatial representativeness of local records in a context where paleoclimate records 
are sparse.

Several recent advances allow us to hope for progress in the near future. First, paleocli-
mate modeling capabilities have improved dramatically, with more and more fully coupled 
isotope-enabled models, the recent development of isotope-enabled Earth system models, 
and the development of isotope-enabled transient simulations (He et al. 2021). Second,  
advances in data assimilation now allow paleoclimate data to be assimilated into paleoclimate 
simulations (Tierney et al. 2020; Okazaki et al. 2021). The use of isotopic records in data 
assimilation is made more powerful by advances in proxy system forward-modeling approaches 
(Okazaki and Yoshimura 2019) and by the recent development of isotopic data compilations 
(e.g., Comas-Bru et al. 2020).

Overall, it was striking to see how much the communication gap between isotope specialists 
and nonspecialists has narrowed in these three showcases. Detailed water isotope process 
studies use the same models, configurations, diagnostic tools, and concepts as current stud-
ies without involvement of water isotopes. Such a convergence of tools is an important asset 
that enables further growth of the research field.
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Remaining challenges and the way forward
From the daily discussion rounds during the workshop, focused on the topics of observa-
tions, modeling, data access and storage, and communication; workshop presentations; and 
follow-up conversations, we have distilled several key points that summarize the state of the 
discussion and emphasize remaining challenges and opportunities to move the field forward.

Observation needs and challenges. 

• The measurement of vertical isotopic profiles and of different water phases within and 
outside of clouds with reliable statistics and fast-response instruments appear crucial to 
test several hypotheses regarding the interaction of convective and microphysical pro-
cesses, using research aircraft, ultralight airplanes, and drones.

• Observations of the second-order parameter d-excess as a process indicator are still lim-
ited and are poorly simulated by models, even more so for the second-order parameter 
17O-excess. Nonetheless, there is value in further developing observational coverage  
and capabilities in both regards. For improvements in modeling, an important step will 
be to narrow down the uncertainty in the nonequilibrium fractionation factor and its 
dependency on boundary layer stability and wind speed. Advances in this respect are to 
be expected from contributions at the workshop.

• Precipitation measurements are still the backbone and gold standard for isotope-enabled 
climate model validation. This points to a large relevance of gathering such observations 
on a denser spatial grid and for providing easier means to access such data. In addition, 
precipitation measurements with daily to subdaily time evolution are valuable for stud-
ies of weather events and processes. The community could contribute more to extend 
existing archives, such as the Global Network of Isotopes in Precipitation (GNIP) at the 
International Atomic Energy Agency (IAEA), both in terms of coverage and data types.

Water isotope modeling on weather and climate scales. 

• There was a consensus that up-to-date intercomparison exercises for water isotope– 
enabled models would be timely and highly useful. Such an exercise, termed Stable Water  
Isotope Intercomparison Group phase 3 (SWING3), should have subdaily outputs for 
the past decade to help interpret field campaign observations and apply different model 
diagnostics. Furthermore, high-resolution simulations in idealized radiative–convective 
equilibrium, as in the Radiative–Convective Equilibrium Model Intercomparison Project 
(RCEMIP) exercise (Wing et al. 2018), could provide a nearly inexhaustible source of 
process studies and of opportunities for single-column model evaluation.

• Paleoclimate simulations with the same model versions as for the present climate, as in 
the Paleoclimate Modelling Intercomparison Project phase 4 (PMIP4) exercise (Kageyama 
et al. 2018), would be very useful to link the processes controlling the water isotope com-
position for the present and at paleoclimate time scales. This would help guide strategies 
to exploit present-day measurements to infer the mechanisms driving isotopic records at 
the paleoclimate time scales. Furthermore, water isotopes will serve as useful observa-
tional constraints for evaluating fully coupled Earth system models. The implementation 
of isotope physics in land surface and ocean schemes provides new opportunities for 
studying interactions between the Earth’s surface and the atmosphere at climate time 
scales through the lens of water isotopes.

• Since model codes often evolve rapidly and without adapting isotope-specific formula-
tions, maintaining water isotope model code is challenging. Implementation efforts run 
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the danger of not being part of continuous model development and rather attached to 
a specific version. Convincing arguments for the value of water isotope enabled models 
are important to ensure long-term efforts to keep and maintain water isotope code within 
model-code archives (the “trunk”).

Communication challenges. 

• As was highlighted in several discussions, bridging the gap between water isotope and 
non-isotope communities, and to a wider audience, remains a major challenge. However, 
such efforts are necessary to make the value of water isotopes accessible for other atmo-
spheric science communities and to ensure the maintenance of water isotope model code.

• Many ideas emerged, such as aggregating outreach resources and creating a collection 
of “water isotope success stories” to show examples of where water isotope information 
has contributed to solving scientific questions. Another suggestion was to create a buddy 
system between water isotope specialists and nonspecialists, for example, during the 
Observations for Model Intercomparisons Project (obs4MIP) for a systematic use of water 
isotopes in model evaluation. Model and data archiving and documentation for ease of 
availability are crucial requirements in such efforts.

• Water isotopes show large signals on weather time scales. The information contained 
herein has potential, both for enhancing our process understanding and to be used in 
data assimilation. If the community continues to demonstrate the value of water isotopes 
by combined measurement and model activities, it will strengthen arguments for the 
value of dense, continuous in situ measurement networks and satellite observations, and 
for further intensifying science on the continuity from weather to climate time scales.

Acknowledgments. HS acknowledges funding from the SNOWPACE project (NRF Grant 262710) and 
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Unauthenticated | Downloaded 11/11/22 07:42 AM UTC



A M E R I C A N  M E T E O R O L O G I C A L  S O C I E T Y AU G U S T  2 0 2 2 E1893

References

Aemisegger, F., and Coauthors, 2021: How Rossby wave breaking modulates the 
water cycle in the North Atlantic trade wind region. Wea. Climate Dyn., 2,  
281–309, https://doi.org/10.5194/wcd-2-281-2021.

Bailey, A., D. Noone, K. Cobb, A. Atwood, S. Dee, and J. Nusbaumer, 2021: Water 
isotopes and climate. US CLIVAR Rep. 2021-1, 41 pp., https://doi.org/10.5065/
rmyf-qw78.

——, and Coauthors, 2022: Isotopic measurements in water vapor, precipitation, 
and seawater during EUREC4A. Earth Syst. Sci. Data Discuss., https://doi.
org/10.5194/essd-2022-3.

Blossey, P. N., J. Galewsky, C. Risi, S. Boeing, L. Denby, S. Ghazayel, and  
R. Neggers, 2021: Isotopic signals in large eddy simulations of trade  
cumulus boundary layers. 2021 Fall Meeting, New Orleans, LA, Amer. Geophys. 
Union, A25C-1684, https://agu.confex.com/agu/fm21/meetingapp.cgi/Paper/ 
899011.

Bony, S., and Coauthors, 2017: EUREC4A: A field campaign to elucidate the 
couplings between clouds, convection and circulation. Surv. Geophys., 38, 
1529–1568, https://doi.org/10.1007/s10712-017-9428-0.

Comas-Bru, L., and Coauthors, 2020: SISALv2: A comprehensive speleothem 
isotope database with multiple age–depth models. Earth Syst. Sci. Data, 12, 
2579–2606, https://doi.org/10.5194/essd-12-2579-2020.

Dahinden, F., and Coauthors, 2021: Disentangling different moisture transport  
pathways over the eastern subtropical North Atlantic using multi-platform  
isotope observations and high-resolution numerical modelling. Atmos. 
Chem. Phys., 21, 16 319–16 347, https://doi.org/10.5194/acp-21-16319-
2021.

de Vries, A. J., F. Aemisegger, S. Pfahl, and H. Wernli, 2022: Stable water isotope 
signals in tropical ice clouds in the West African monsoon simulated with a 
regional convection-permitting model. Atmos. Chem. Phys., 22, 8863–8895, 
https://doi.org/10.5194/acp-22-8863-2022.

Galewsky, J., M. P. Jensen, and J. Delp, 2022: Marine boundary layer decoupling 
and the stable isotopic composition of water vapor. J. Geophys. Res. Atmos., 
127, e2021JD035470, https://doi.org/10.1029/2021JD035470.

He, C., and Coauthors, 2021: Hydroclimate footprint of pan-Asian monsoon 
water isotope during the last deglaciation. Sci. Adv., 7, eabe2611, https:// 
doi.org/10.1126/sciadv.abe2611.

Hu, J., A. Bailey, J. Nusbaumer, S. Dee, C. Sasser, and J. Worden, 2022: Tracking 
shallow convective mixing and its influence on low-level clouds with 
stable water isotopes in vapor. J. Geophys. Res. Atmos., 127, e2021JD035355, 
https://doi.org/10.1029/2021JD035355.

Kageyama, M., and Coauthors, 2018: The PMIP4 contribution to CMIP6–Part 1: 
Overview and over-arching analysis plan. Geosci. Model Dev., 11, 1033–1057, 
https://doi.org/10.5194/gmd-11-1033-2018.

Lacour, J.-L., C. Flamant, C. Risi, C. Clerbaux, and P.-F. Coheur, 2017: Importance 
of the Saharan heat low in controlling the North Atlantic free tropospheric 
humidity budget deduced from IASI δD observations. Atmos. Chem. Phys., 17, 
9645–9663, https://doi.org/10.5194/acp-17-9645-2017.

Okazaki, A., and K. Yoshimura, 2019: Global evaluation of proxy system models 
for stable water isotopes with realistic atmospheric forcing. J. Geophys. Res. 
Atmos., 124, 8972–8993, https://doi.org/10.1029/2018JD029463.

——, T. Miyoshi, K. Yoshimura, S. J. Greybush, and F. Zhang, 2021: Revisiting 
online and offline data assimilation comparison for paleoclimate reconstruction:  
An idealized OSSE study. J. Geophys. Res. Atmos., 126, e2020JD034214, 
https://doi.org/10.1029/2020JD034214.

Risi, C., J. Galewsky, G. Reverdin, and F. Brient, 2019: Controls on the water vapor 
isotopic composition near the surface of tropical oceans and role of boundary 
layer mixing processes. Atmos. Chem. Phys., 19, 12 235–12 260, https://doi.
org/10.5194/acp-19-12235-2019.

——, C. Muller, and P. Blossey, 2021: Rain evaporation, snow melt, and entrain-
ment at the heart of water vapor isotopic variations in the tropical troposphere, 
according to large-eddy simulations and a two-column model. J. Adv. Model 
Earth Syst., 13, e2020MS002381, https://doi.org/10.1029/2020MS002381.

Sánchez-Murillo, R., and Coauthors, 2019: Deciphering key processes controlling 
rainfall isotopic variability during extreme tropical cyclones. Nat. Commun., 
10, 4321, https://doi.org/10.1038/s41467-019-12062-3.

Thurnherr, I., and Coauthors, 2021: The role of air–sea fluxes for the water vapour 
isotope signals in the cold and warm sectors of extratropical cyclones over 
the Southern Ocean. Wea. Climate Dyn., 2, 331–357, https://doi.org/10.5194/
wcd-2-331-2021.

Tierney, J. E., J. Zhu, J. King, S. B. Malevich, G. J. Hakim, and C. J. Poulsen, 2020: 
Glacial cooling and climate sensitivity revisited. Nature, 584, 569–573, 
https://doi.org/10.1038/s41586-020-2617-x.

Toride, K., K. Yoshimura, M. Tada, C. Diekmann, B. Ertl, F. Khosrawi, and M. Schneider,  
2021: Potential of mid-tropospheric water vapor isotopes to improve large-scale  
circulation and weather predictability. Geophys. Res. Lett., 48, e2020GL091698, 
https://doi.org/10.1029/2020GL091698.

Torri, G., 2021: On the isotopic composition of cold pools in radiative-convective 
equilibrium. J. Geophys. Res. Atmos., 126, e2020JD033139, https://doi.org/ 
10.1029/2020JD033139.

Weng, Y., A. Johannessen, and H. Sodemann, 2021: High-resolution stable 
isotope signature of a land-falling atmospheric river in southern Norway. 
Wea. Climate Dyn., 2, 713–737, https://doi.org/10.5194/wcd-2-713-2021.

Wing, A. A., K. A. Reed, M. Satoh, B. Stevens, S. Bony, and T. Ohno, 2018:  
Radiative–convective equilibrium model intercomparison project. Geosci. Model 
Dev., 11, 793–813, https://doi.org/10.5194/gmd-11-793-2018.

Unauthenticated | Downloaded 11/11/22 07:42 AM UTC

https://doi.org/10.5194/wcd-2-281-2021
https://doi.org/10.5065/rmyf-qw78
https://doi.org/10.5065/rmyf-qw78
https://doi.org/10.5194/essd-2022-3
https://doi.org/10.5194/essd-2022-3
https://agu.confex.com/agu/fm21/meetingapp.cgi/Paper/899011
https://agu.confex.com/agu/fm21/meetingapp.cgi/Paper/899011
https://doi.org/10.1007/s10712-017-9428-0
https://doi.org/10.5194/essd-12-2579-2020
https://doi.org/10.5194/acp-21-16319-2021
https://doi.org/10.5194/acp-21-16319-2021
https://doi.org/10.5194/acp-22-8863-2022
https://doi.org/10.1029/2021JD035470
https://doi.org/10.1126/sciadv.abe2611
https://doi.org/10.1126/sciadv.abe2611
https://doi.org/10.1029/2021JD035355
https://doi.org/10.5194/gmd-11-1033-2018
https://doi.org/10.5194/acp-17-9645-2017
https://doi.org/10.1029/2018JD029463
https://doi.org/10.1029/2020JD034214
https://doi.org/10.5194/acp-19-12235-2019
https://doi.org/10.5194/acp-19-12235-2019
https://doi.org/10.1029/2020MS002381
https://doi.org/10.1038/s41467-019-12062-3
https://doi.org/10.5194/wcd-2-331-2021
https://doi.org/10.5194/wcd-2-331-2021
https://doi.org/10.1038/s41586-020-2617-x
https://doi.org/10.1029/2020GL091698
https://doi.org/10.1029/2020JD033139
https://doi.org/10.1029/2020JD033139
https://doi.org/10.5194/wcd-2-713-2021
https://doi.org/10.5194/gmd-11-793-2018

