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Abstract Changes in the hydrological cycle can affect ocean circulation and ventilation. Freshwater enters
the ocean as meteoric water (MW; precipitation, river runoff, and glacial discharge) and sea ice meltwater
(SIM). These inputs are traced using seawater salinity and stable oxygen isotopes in seawater, δ18O. We apply a
self‐organizing map, a machine learning technique, to water mass properties to estimate the global distribution
of the isotopic signature of MW (δ18OMW) by characterizing distinct salinity‐δ18O relationships from two
comprehensive data sets. The inferred δ18OMW is then used in a three‐endmember mixing model to provide a
globally coherent MW and SIM contributions to the extratropical ocean freshwater budget. Through the use of
δ18O, our results show the role of MW and SIM in dense water formation and the resulting interhemispheric
asymmetry in the freshwater sources that fill the interior ocean freshwater budget. Trends drawn in θ‐S space
show a significant decrease in sea ice formation driving the freshening of Antarctic bottom water for the 1980–
2023 period, whereas SIM is significantly increasing in parts of the Arctic halocline. The different roles of sea
ice in dense water formation has implications for future ocean circulation under climate change, where machine
learning techniques applied to δ18O have been proven to have utility in detecting such changes.

Plain Language Summary Understanding where freshwater in the ocean is coming from is
important for studying changes in ocean circulation and climate change. Freshwater enters the ocean mainly
through rain and snow, rivers, melting glaciers, and melting sea ice. In this study, we used a machine learning
method to better understand how freshwater from rain and river runoff (called meteoric water) and frommelting
sea ice spreads through the ocean. We combined global data to estimate how much of each type of freshwater is
present in different parts of the ocean. In the Southern Ocean around Antarctica, we found that a reduction in sea
ice formation is making deep waters fresher. In the Arctic, sea ice meltwater is increasing in surface layers. The
sources filling the freshwater budget are different between the Northern and Southern Hemispheres, mainly
because sea ice plays different roles in the formation of deep ocean waters.

1. Introduction
At climate relevant timescales, the interior ocean can only receive freshwater at its surface through inputs of (a)
meteorological precipitation, also known as meteoric water (MW), which also includes river runoff and discharge
from glaciers and ice sheets, and (b) sea ice meltwater (SIM). Freshwater loss occurs through evaporation, and sea
ice formation with associated brine rejection. These processes have an important role in climate and its variability
as changes in salinity affect ocean circulation and ventilation (De Lavergne et al., 2014; Biló et al., 2022; Nelson
et al., 2024), which in turns affects carbon and heat uptake through their tight link (Davila et al., 2022; Newsom
et al., 2020). High‐latitude water masses in both the northern and southern hemisphere have experienced changes
regarding their freshwater content over the observational record (Holliday et al., 2008; Zhou et al., 2023).
Although determining the fluxes of both MW and SIM to the freshwater budget is critical, their quantification
through direct measurement is challenging. Their net effect, however, can be traced through changes in salinity
and the stable isotope composition of seawater. This possibility stems from the strong linear relationship between
salinity and δ18O (the relative abundance of the molecule with the heavier oxygen‐18 isotope compared with that
of the lighter and more abundant oxygen‐16 isotope) (Craig & Gordon, 1965). Because addition/removal of water
through MW and SIM pulls this relationship in different directions, the contribution of each of these freshwater
sources can be quantified through a simple three‐endmember mixing model (Figure 1), subjected to suitable
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assumptions (Östlund & Hut, 1984). A critical step in this framework is defining the endmember properties,
particularly theMW endmember δ18O composition (δ18OMW), which varies regionally. Until now, the studies that
have utilized this framework have defined a single δ18OMW as endmember, which limits its applications to a
regional scale (e.g., Bauch et al., 1995, 2005; Hennig et al., 2024; Meredith et al., 2018) and hinders a globally
coherent quantitative view of the contribution of MW and SIM to the ocean freshwater budget. In this study we
aim to first characterize δ18OMW globally and then apply the three‐endmember mixing model to estimate the MW
and SIM contributions to polar and subpolar water masses.

The strong linear relationship of salinity and δ18O is widely used to infer oceanic and hydrologic processes (e.g.,
Galewsky et al., 2016), and in paleoceanographic and paleoclimatic studies, such a relationship is used to
reconstruct past salinity fields (e.g., Conroy et al., 2017; Risebrobakken et al., 2003; Simon et al., 2020). This
relationship stems from the regional atmospheric moisture balance, or evaporation minus precipitation (E‐P),
which affects both salinity and δ18O in a similar manner; precipitation leads to freshening and lower δ18O values,
whereas evaporation leads to increased salinity and higher δ18O values (Craig & Gordon, 1965). This relationship
represents the mixing line between a theoretical ocean endmember and a MW endmember. In tropical regions,
deviations from this relationships are given by changes in δ18OMW related to seasonality of precipitation of δ18O
values, changes in moisture source regions, rain re‐evaporation, and cloud type and microphysics (Konecky
et al., 2019). At high latitudes, seasonal sea ice melt and formation imposes a strong effect on salinity‐δ18O
relationships (Bauch et al., 1995, 2005; Rohling, 2013). In the interior ocean δ18O is considered a conservative
water mass tracer (Gebbie & Huybers, 2010; Millet et al., 2024). Although fractionation occurs during biological
processes (McConnaughey, 1989), we assume that these are negligible relative to the large scale effect of ocean
circulation.

At high‐latitudes, δ18O is a powerful freshwater tracer for two reasons: (a) oxygen‐18 in water vapor is pro-
gressively depleted as it moves to higher latitudes from its temperate source region. This is known as Rayleigh
distillation and results in extremely negative δ18O at high latitudes (Craig & Gordon, 1965), and thus, it is a
sensitive tracer of MW inputs. (b) Sea ice, conversely, has an isotopic composition close to that of the seawater
from which is formed, only slightly enriched due to the fractionation between sea ice and seawater (Melling &
Moore, 1995). Thus, sea ice melting will reduce salinity but have a comparatively small effect on isotopic
composition, whereas brine exclusion during freezing increases seawater salinity with little accompanying
change in isotopic composition (Frew et al., 2000). Because of these comparatively different effects one can
define a mixing model between the Oceanic (OC), MW, and SIM endmembers and quantify their respective
contribution (Frew et al., 2000; Östlund & Hut, 1984). Such a mixing model has been applied in regional studies
where the MW endmember isotopic composition can be reasonably assumed to be unique (e.g., Bauch
et al., 1995; Hennig et al., 2024; Meredith et al., 2018). To apply this mixing model to the extant global δ18O
measurements it is necessary to constrain δ18OMW also globally. However, this is not straightforward as δ18OMW
varies not only regionally due to Rayleigh distillation but also depends on the hydrological processes involved
(Konecky et al., 2019).

The isotopic composition of MW can be directly measured from precipitation or inferred from the seawater
salinity‐δ18O relationship. The Global Network for Isotopes in Precipitation (GNIP; https://www.iaea.org/)
provides a database of direct δ18OMW measurements, however, these are generally sparse (Bowen & Reve-
naugh, 2003), and even sparser in the ocean, challenging direct applications for oceanographic studies. Adding to
this limitation, in some regions the advection of water masses can exert a larger influence on δ18O in seawater than
local precipitation (Meredith et al., 1999), meaning that δ18OMW measured directly in precipitation may not be
accurately represented by the isotopic signature of the water masses in that region. Inferring δ18OMW from the
salinity‐δ18O relationship can account for the effects of advection; however, this approach has its own challenges
as the salinity‐δ18O relationship varies among water masses depending on their surface origin. We frame this as a
water mass problem: “Where did a given water parcel last interact with the atmosphere through the freshwater
cycle?”. This water mass problem can be addressed by identifying and tracing water mass properties. We apply an
unsupervised machine learning approach, the self‐organizing map (SOM), to cluster co‐located measurements of
ocean salinity, temperature and δ18O into representative water masses. These clusters are used to estimate δ18OMW
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via salinity‐δ18O relationships. We then estimate the contribution of MW and
SIM and their changes over time in subpolar and polar water masses.

2. Methods
2.1. The Self Organizing Map

A SOM is a competitive neural network based on unsupervised learning.
SOMs take in data as a grid of neurons that are spatially adjusted during
training, and are typically used for dimensionality reduction and spatial and
temporal pattern identification with noisy data (Kohonen, 1982, 2014; Y. Liu
et al., 2006). For our specific case, one of the main advantages of SOM to
solve the water mass problem at hand is the ability to preserve the topology of
the input data while reducing its dimensionality, that is, the relative distance
and relationships between the input data are preserved. This increases the
interpretability of the output as each cluster represents a different “type” of
water mass (Solidoro et al., 2009; Vilibić et al., 2011). Compared to other
widely used methods for dimensionality reduction and pattern identification,
such as Empirical Orthogonal Function or Principal Component Analysis,
SOM offers greater interpretability and pattern extraction (Y. Liu & Weis-
berg, 2005; Reusch et al., 2005). Here, we use the MATLAB SOM‐Toolbox
version 2.0 (Kohonen, 2014; Vesanto & Alhoniemi, 2000).

The SOM has two layers, the input layer which consists of the original data,
and the output layer of neurons which is organized according to the topology
of the data, typically as a 2D map in Euclidean space (Jouini et al., 2016;
Vesanto & Alhoniemi, 2000). Our input layer is the existing and available co‐
located absolute salinity (SA), conservative temperature (θ) and δ18O mea-
surements taken from the NASA GISS Seawater Oxygen‐18 Database
(Schmidt et al., 1999), CISE‐LOCEAN data sets (Reverdin et al., 2022) and
some additional data from the Amundsen Sea (Hennig et al., 2024), and from
the West Antarctic Peninsula (available at https://www.bodc.ac.uk). If
required, practical salinity and in situ temperature were converted to absolute
salinity (hereinafter, SA) and conservative temperature (θ) according to

TEOS‐10 (McDougall & Barker, 2011). Each neuron in the output layer is connected to all neurons in the data in
the input layer by synaptic weights (an illustrative example of the SOM architecture can be found in Jebri
et al., 2022). During the learning process, these weights are updated according to the relations of neighboring
neurons. At the end of the training process, the neurons have been organized to represent the topology of the
original data in a 3 × 4 neural rectangular map (a total of 12 neurons), and the neuron that best matches the input is
the “winning neuron” also known as the Best Matching Unit (BMU) (J. Liu et al., 2016). Then a cluster is formed
with each input data point labeled with the same “winning neuron” and represents a water mass type. Murray
et al. (2023) also used the SOM in the context of δ18O in seawater; however, their implementation differs from
ours in that they applied the SOM on interpolated δ18O and salinity fields while prescribing a large number of
neurons, then they looked at salinity‐δ18O relationships over regions of interest that were determined graphically
on the resulting BMU field. Here we use the SOM on the raw data to directly identify salinity‐δ18O relationships
using a much smaller number of neurons.

The map topology is dictated by the training parameters of the SOM, that are user defined, for example, map size,
normalization, training type, lattice, and sheet shapes, neighborhood radius and number of training cycles. Our
parametrization choice is based on a sensitivity analysis of the identified salinity‐δ18O, where the map size and
neighborhood radius during the fine training, the second training phase, appeared as the most important pa-
rameters. We used a rectangular map, which is the standard topology in literature (López‐Rubio & Díaz
Ramos, 2014). Our map size (3 × 4) choice is based on the elbow criterion—that is, the point at which adding
neurons reduces topographic error without significantly increasing quantization error, indicating an optimal map
size (Figure S1 in Supporting Information S1) (Schumann, 1999). We also found that a larger map reduces the

Figure 1. The representation of the three endmember mixing model in
salinity‐δ18O space for high‐latitude water masses. Endmember locations
represent 100% contribution of that endmember (and 0% of the other two).
Dashed black lines represent the pure mixture of two endmember. The meteoric
water (MW) and ocean water (OC) is the dominant relationship in the ocean and
is determined by precipitation/evaporation (green arrow) that follows the MW‐
OCmixing line. In polar regions, addition of sea ice meltwater (SIM) by sea ice
melting and removal by sea ice formation create deviations from the MW‐OC‐
only mixing line, represented by dotted blue lines that converge on the
SIM endmember. The space inside the triangle defines positive contributions
(blue +) relative to the MW‐OC mixing line whereas sea ice formation will
result in a change in the opposite direction across the MW‐OC line and outside
of the triangle (blue − ). MW is also divided between positive contributions
(green +) to freshwater and negative contribution through evaporation
(green − ) relative to the OC endmember. This division is located at SIM‐OC
mixing line. The space above the line represents evaporation and below
precipitation.
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amount of data per cluster and results in salinity‐δ18O relationships that are not representative of the expected
mixing line between the ocean and the MW endmembers. The neighborhood radius during the fine training also
appeared to be important for the identified salinity‐δ18O relationships, where too small radii resulted in an over‐
representation of local relationships. The rest of the parameters (e.g., type of neighborhood or training length) had
a negligible impact of the salinity‐δ18O relationships. In general, we found a compromise between the number of
data points available, the amount of water mass types, and the relationships among them that resulted in a coherent
distribution of clusters according to the prior knowledge of water masses and plausible δ18OMW values. More
details regarding the sensitivity analysis are presented in Supporting Information S1.

2.2. The Three Endmember Mixing Model

Assuming that the properties of the three endmembers in the mixing model are known, it is then possible to
estimate their contributions based on tracer conservation equations and mass conservation. A conservative water
mass property can be estimated by resolving a system of linear equations where the observed property results from
the combination between the fractional contribution of the different endmembers and their properties:

SSIM ∗ fSIM + SMW ∗ fMW + SOC ∗ fOC = Sobs (1)

δ18OSIM ∗ fSIM + δ18OMW ∗ fMW + δ18OOC ∗ fOC = δ18Oobs (2)

fSIM + fMW + fOC = 1 (3)

where fSIM, fMW and fOC are the relative fractional contributions of SIM, MW and OC to the observed water parcel
admixture. Equations 1 and 2 are the tracer conservation equations that explain the observed salinity (Sobs) and
oxygen isotopes (δ18Oobs) , respectively, and Equation 3 imposes mass conservation. Note that fractions can be
negative, as they represent the relative contributions with respect the different regimes in the salinity‐δ18O space
(Figure 1).

In salinity‐δ18O space, this system of Equations 1–3 is represented as a mixing triangle where sea ice formation
and melting processes are manifested as residuals across the MW‐OC mixing line that converge into the SIM
endmember (blue arrows). Sea ice melting will add freshwater to the water admixture and bring it toward the SIM
endmember, whereas sea ice formation removes freshwater from the admixture and produces brine which has the
opposite effect and pulls the water admixture away from the SIM endmember (Bauch et al., 1995; Meredith
et al., 2018). The MW‐OC mixing line defines whether the water admixture contains a positive contribution of
SIM through meltwater (blue+) or a negative contribution of SIM through sea ice formation and brine production
(blue − ). Analogously, MW is divided between positive contributions (green +) to freshwater and negative
contribution through evaporation (green − ). This division is located at the SIM‐OC mixing line. When MW and
SIM are negative, OC contributions can be >100%.

This system of Equations 1–3, can be solved by representing them in matrix form. The matrix A is 3 × 3 and
contains the endmember properties, x is a 3×N vector containing the mass fractions f for each of the endmembers
and b is a 3×N vector of the observed properties (RHS of Equations 1–3). N is the number of observations in each
of the clusters identified by SOM.

Ax = b (4)

where the solution for x is found by inverting A and multiplying by the observations ( x = A− 1b) .

The endmember properties in A are unique to each of the 12 clusters, as informed by the SOM (Section 2.2). We
estimate the isotopic composition of the MW endmember as the δ18O value at SA = 0 intercept (Fairbanks, 1982;
Hennig et al., 2024; Jenkins, 1999). By clustering water mass types according to conservative water mass
properties, we are effectively tracing their origin at the surface, which determines the δ18OMW to which they were
exposed when they were formed. Hence, each of the clusters distils the δ18OMW via different slopes in sal-
inity‐δ18O which results in 12 different mixing models with unique δ18OMW and geometry (Figure 2). In turns, the
OC endmember is taken from the other side of the MW‐OC mixing line, defined as SA = 34.7, the average deep
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ocean salinity, and δ18OOC at the SA = 34.7 intercept. The SIM endmembers properties are defined at SA = 7 and
δ18OSIM = δ18OOC + 2.1 to account for fractionation during sea ice formation, following previous studies in the
Southern Ocean (Hennig et al., 2024; Meredith et al., 2008) and the Arctic (Bauch et al., 1995). Although most of
studies that employ the mixing model define the oceanic endmember as the prevalent water mass in the region,
this is challenging to do so at large scales. The choice of the oceanic endmember representing the interior ocean is
motivated by the fact that salinity and δ18O are largely only modified at surface; Mixing processes in the ocean
interior tend to homogenize water mass properties, whereas surface processes such as warming, precipitation or
sea‐ice formation tend to add structure to the θ − SA or salinity‐δ18O curve. Thus we look at the effect of these
surface processes relative to average (or representative) interior properties.

The estimates of MW and SIM fractional contributions to the freshwater admixture are sensitive to the definition
of the endmembers. The major uncertainty in this analysis is the definition of δ18OMW via extrapolation of sal-
inity‐δ18O relationship due to two major inherent assumptions. One assumption is (a) that the endmember can be
represented by a single discrete value, even when considering different clusters. In reality, one can expect a
continuous spectrum of values on every temporal and spatial scale that accounts for variability in the end-
members. In this context, the inferred δ18OMW inferred here should be taken as an average endmember that can
explain the observed δ18O in seawater across the salinity gradient of a given water mass type. The other key
consideration is (b) that the effect of sea ice processes that “pull up/down” the salinity‐δ18O relationships at high
latitudes. Although the seasonal formation and melting of sea ice have symmetrically opposite effects in sal-
inity‐δ18O space, they also have opposite effects in the density structure of the water column. Sea ice meltwater
stabilizes the water column, whereas the brine excreted during sea ice formation destabilizes it. In our case, sea ice
meltwater and brine will rarely cancel each other out when inferring δ18OMW , unless they are present in the same
cluster. Hennig et al. (2024) showed clear deviations of the mixing line in the data points at surface (<200 m) that
were assumed to be due to the addition of sea ice meltwater and were removed when inferring δ18OMW . Here, we
test the sensitivity of the δ18OMW with respect to sea ice processes and, more in general, the effect of variability

Figure 2. Salinity and δ18Oobs relations for each of the 12 different clusters that define 1 different mixing models with unique
geometry. Clusters labeled with high values are typically located in polar regions while those labeled low are in the tropics.
The SA = 0 intercept infers the meteoric water isotopic concentration. Vertical bars at SA = 0 indicate the uncertainty by
bootstrapping the SOM after adding noise to simulate observations to be “polluted” by sea ice processes.
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across the MW‐OC mixing line. We “polluted” the surface (<200 m) data points with noise and bootstrap the
SOM, then recompute the δ18OMW as the SA = 0 intercept for each of the resulting clusters in the bootstrapping.
Specifically, the noise is added to surface data points and increases proportionally with the distance away from the
ocean endmember (SA = 34.7; δ18O = 0). We add ±200% of the distance to the ocean endmember to 50% of the
surface data (<200 m) for 20 repetitions. In addition, we assume that both δ18O and salinity contain errors, and
thus we use the Total Least Squares method through a Singular Value Decomposition to perform the regression
throughout the analysis. The resulting uncertainty ranges from 0.18‰ to 1.29‰ (vertical bars in Figure 2) and is
generally larger in the high‐latitude clusters and in cluster 4 which is related to river runoff.

To estimate the uncertainty in the contributions of SIM and MW originating from the uncertainty in the end-
member properties, we first calculate the sensitivity of those mass fractions in x to the endmember properties inA.
Because of the matrix configuration of this linear system, this can be done in a single operation as the partial
derivative of x with respect to A. This is also the adjoint of Equation 4, and is resolved as the Kronecker product
between the transpose of x and A, resulting in the sensitivity matrix S (the step‐by‐step differentiation of
Equation 4 is shown in Appendix A):

S =
dx
dA

= − xT⊗A− 1 (5)

where ⊗ denotes the Kronecker product and S is the resulting sensitivity matrix of size 3 × 9 that contains the
sensitivity for each calculated endmember fraction f in x with respect each parameter (SA, δ18O and mass) of each
endmember (MW, SIM, and OC) inA. Then, the uncertainty of the endmember properties either from literature or
the bootstraping are used to scale the sensitivities in S. Overall, the resulting uncertainties are an order of
magnitude lower than the estimated endmember fraction. These are further discussed in Section 4.2.

3. Results
3.1. Global Distribution of δ18OMW

The distribution of the clusters generated by the SOM are consistent with the current knowledge of water mass
distribution (Figure 3). At the surface (<200 m), the tropical regions, the subpolar regions, and the polar regions
are clustered together (Figure 3a). The Atlantic inflow into the subpolar North Atlantic is also distinguished by
clusters that fall close to the tropical clusters in the eastern side versus the western side. Similarly, the transition
from Antarctic Intermediate waters (AAIWs) to subtropical mode waters is also observed. In polar regions, there
is more variability in the distribution of clusters, likely due to the regional effects of MW. At greater depths, the
polar clusters are found at lower latitudes, consistent with the circulation of high‐latitude deep and intermediate
waters (Figures 3b–3d). Unfortunately the amount and spatial coverage of available observations below the
surface is limited. An additional feature identified by the SOM are regions of river runoff, for example, the Arctic
rivers, that are also clustered together (Figure 3a).

The δ18OMW derived from seawater δ18O measurements by the SOM shows the expected poleward depletion from
Rayleigh distillation, that is, the poleward transport of moisture and its ongoing depletion in heavy isotopes. Our
estimates range from about − 25‰ in Antarctica to − 5‰ in the tropics (Figure 4). This range is similar to the
− 19.95‰ to − 0.79‰ reported by Murray et al. (2023). Although the poleward depletion showed in the δ18OMW

inferred by the SOM fits well with the direct estimates of δ18O measured directly in precipitation from Global
Network of Isotopes in Precipitation (GNIP) (Figures 4a and 5a), there are apparent differences when comparing
SOM‐inferred δ18OMW and GNIP at the same locations. Overall, SOM δ18OMW is lighter than that from GNIP,
with increasing disagreement polewards. Such differences have been regionally identified before, and arise from
the inherently different nature of GNIP measurements as the true measure of δ18O in precipitation, and the SOM
estimates inferred from salinity‐δ18O which can be strongly affected by ocean circulation. Meredith et al. (1999)
showed that in the South Atlantic (at WOCE A11; 45°S) δ18OMW derived from salinity‐δ18O is also isotopically
much lighter (more depleted) than the local precipitation, even accounting for the large error in the salinity‐δ18O
extrapolation. They attributed such a difference to the advection of polar waters (Antarctic Surface Waters) at
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surface being exposed to the atmosphere further south than their current location, and thus isotopically lighter
precipitation. This is evidence of the dominance of advection over local processes in determining the sal-
inity‐δ18O relationships (Meredith et al., 1999).

The equatorwards advection of polar waters can explain a large part of the disagreement between SOM and GNIP,
especially in those regions subjected to Ekman transport (poleward of∼30°N and∼30°S;Wang &Huang, 2004).
However, advection alone cannot explain the systematically negative offset in the SOM in tropical regions
(∼20°N–20°S), as the opposite effect (and thus positive offset) is expected in waters advected polewards. Vertical
mixing is the other obvious candidate that can explain the systematic negative offset. The surface waters mix with
those directly beneath, which are typically formed at higher latitudes, and therefore carry a lighter δ18OMW signal
(Figures 4b–4d). Although constraining the mechanisms behind the systematic lighter δ18OMW estimated here
with respect to GNIP is beyond the scope of this study, from our results we conjecture that the effects of advection
and mixing with water formed at higher latitudes result in the systematic offset in the SOM compared to GNIP.
This indicates that the combined effect of advection and vertical mixing may exert a greater effect in the
freshwater budget versus local precipitation in the surface global ocean. We also note that there is substantial
variability in GNIP (gray lines in Figure 5b), whereas SOM represents the ocean with just a few clusters, in
addition to most of the overlapping GNIP data being collected in tropical islands and not directly over the ocean,
which may introduce additional biases. The only place where SOM infers a more positive (enriched) δ18OMW is in
the Arctic (>70°N), where multiple rivers discharge, together with glacier melt and precipitation, results in
δ18OMW values that range from approximately − 10‰ to − 25‰ (Kopec et al., 2024). This highly complex hy-
drological environment presents challenges for our SOM‐based approach, which necessarily averages over these
diverse inputs.

Overall, the influence of advection and vertical mixing on salinity‐δ18O relationships and the mismatch with δ18O
measured directly in precipitation has important consequences for studies that rely on the assumption of a known
δ18OMW and assumed salinity‐δ18O relationships, such as the present study but also paleosalinity reconstructions
of sediment cores (Rohling & Bigg, 1998). Regarding the present study, and in the context of the mixing model to
determine the MW and SIM contributions (Figure 1), the δ18OMW inferred here also falls close to that used by
previous regional studies using a mixing model to estimate MW and SIM, for example, Meredith et al. (2008)

Figure 3. Spatial distribution of each of the 12 different clusters. The values have been regridded and averaged to a 4°× 4° grid for visualization and over depth intervals:
surface values above 200 m (a), 200–800 m (b), 800–1,500 m (c) and below 1,500 m (d). N indicates the number of observations in each depth interval.
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used δ18OMW = − 17‰ in the West Antarctic Peninsula, Hennig et al. (2024) − 30‰ in West Antarctica, and
Bauch et al. (1995) − 21‰ for the Arctic river runoff.

The residuals of δ18O from the MW‐OC mixing line give a sense of the processes that affect the estimates of
δ18OMW . These are relatively small in the tropical and subtropical regions (mostly clusters 1–5) and is likely
associated to changes in δ18OMW through variability in the MW endmember such as El Niño‐Southern Oscillation
(Conroy et al., 2017; Murray et al., 2023), although secondary water masses that are misrepresented in the
sampling might also result in some of the residuals (Benway & Mix, 2004). The latter is the case for the large
positive residuals (>5‰) at the equator, which are associated with the Amazon river. At higher latitudes (mostly
clusters 6–12) residuals get larger, especially in the northern hemisphere. Here, the very negative values around
70°N are associated with the Arctic rivers. At these latitudes, where sea ice processes are expected, it becomes
more challenging to attribute the residuals to a secondary water mass or sea ice processes that could also
potentially bias the definition of the MW‐OCmixing line (Section 2.2). Here, we assume that for cluster 6–12, the
variability across the MW‐OC mixing line results from sea ice processes according to Figure 1, and we estimate
the contributions of MW and SIM to the sampled water admixture (Sections 3.2 and 3.3). We also quantify the
sensitivity of these contributions with respect to the definition of the endmember and discuss the implications for
the estimated MW and SIM contributions (Section 4.2).

3.2. Spatial Patterns of Meteoric Water and Sea Ice Meltwater

Overall, contributions to the ocean freshwater content at high latitudes are dominated by MW over SIM
(Figure 6). Positive MW contributions indicate an addition of freshwater by precipitation to the water column,
whereas negative values refer to the removal of freshwater through evaporation. Analogously, positive SIM
indicates the freshwater added into the ocean by sea ice melting, whereas negative values indicate the equivalent
freshwater content that has been removed by sea ice formation and brine production (Bauch et al., 1995; Hennig
et al., 2024; Meredith et al., 2018).

In the Arctic surface layer (<200 m), the runoff from the major Arctic rivers contribute to maintaining the
halocline in the Kara (77°N; 77°E) and Laptev Sea (76°N; 125°E), as well as in the Beaufort Sea (72°N; 137°W).
In the northeast of Greenland, high MW fractions are also detected, and may be explained by a combination of the

Figure 4. Spatial distribution of the isotopic concentration in meteoric water inferred from the self‐organizing map (SOM) at different depth intervals: surface values
above 200 m (a), 200–800 m (b), 800–1,500 m (c) and below 1,500 m (d). Surface estimates from the SOM (gridded estimates) are compared to direct observations of
δ18O in precipitation in from the Global Network of Isotopes in Precipitation shown as stars (a). The values estimated by the SOM have been regridded and averaged to a
4° × 4° grid for visualization and over the described depth intervals.
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sustained melting of the northeast Greenland Ice Sheet (Khan et al., 2014) and river runoff crossing the Arctic and
exiting via this route (Granskog et al., 2012). These contribute to large amounts ofMW to the surface Arctic. SIM,
contributing to a lesser extent, follows roughly the sea ice edge, especially in the Barents Sea and the Beaufort Sea
where SIM contributes with <10% of the halocline waters (Figure 6b). The imprint of sea ice formation and export
is shown in the Kara and Laptev Sea, as well as in the Beaufort Sea and at Canadian Archipelago (Baffin and
Hudson Bay) where very negative SIM values are indicative of significant amounts of freshwater being removed
from the ocean and brine being produced. Sea ice formation is also present, but at lesser extent, in the north‐east of
Greenland. These locations agree well with our knowledge on the distribution of open polynyas in the Arctic
where sea ice formed and subsequently exported (Cornish et al., 2022; Tamura &Ohshima, 2011). Although brine
is denser than the surrounding seawater and sinks, there are only few deep observations available at these sit,
mostly in the Labrador Sea and Hudson Bay (Figures 6d, 6f, and 6h). At deeper levels (>200 m), below the Arctic
halocline, a negative contribution of MW represents the inflow of saltier Atlantic waters (Sverdrup, 1950) that
have been subjected to evaporation upstream. At these depths, SIM is also present, most likely after entraining the
Atlantic inflow waters and slightly compensating the effect of evaporation (in terms of salinity).

In the Southern Ocean, MW dominates over SIM at surface (<200 m). Around 40–60°S MW comes most likely
from direct meteorological precipitation. Closer to Antarctica precipitation decreases (Boisvert et al., 2020) and
contributions from drifting icebergs may also contribute to observedMW concentration (Merino et al., 2016). Sea
ice meltwater contributions are also much smaller here, and are most prominent around the Ross Sea. At greater
depths (200–1,500 m; Figures 6c and 6e), the MW pattern becomes more heterogeneous, which may suggest a
more localized source rather than precipitation, such as basal melting. High fractions of MW are found in the
Amundsen Sea andWeddell Sea, coinciding with previous studies (Brown et al., 2014; Hennig et al., 2024). Such
high fractions are expected as tributary glaciers discharge freshwater in these regions (Rignot et al., 2011).

Figure 5. Latitudinal comparison of the shallowest 20 m from the self‐organizing map and all available observations in
precipitation from Global Network of Isotopes in Precipitation (a) and their difference of the spatially co‐located values after
regridding and averaging on a 4° × 4° grid (b). The δ18O residuals from the meteoric water‐ocean water (MW‐OC) mixing
line indicate the variability across the dominant MW endmember (c).
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However, we note that precipitation and glacial melt cannot be distinguished solely from δ18O. At these depths the
imprints of brine production through sea ice formation become present. The vertical asymmetry in SIM in the
Southern Ocean results from the opposing effects that sea ice melting and formation have in the water column. Sea
ice melting stabilizes the water column and therefore anomalies are likely to be constrained near the surface,
whereas sea ice production destabilizes the water column as brine abandons the surface. This differential effect is
further enhanced by the seasonal aliasing in the observations, as these measurements were collected during
summer. At even greater depths (>1,500 m; Figures 6g and 6h), the large circulation pattern emerges with the
spreading of Antarctic waters northwards into the subtropics, carrying a MW freshening and brine signal as far
north as the subtropics (>1,500 m).

Figure 6. Spatial distribution of meteoric water (MW) and sea ice meltwater (SIM) contributions to the seawater admixture computed from the mixing model, in
percentages. Left column for MW, and right for SIM. The values have been regridded and averaged to a 4° × 4° grid for visualization and over the described depth
intervals. Note that the colorscale for depths ≥200 m (c–h) is a smaller order of magnitude than that for the surface plots (<200 m; a–b).
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3.3. Quantifying the Role of Meteoric Water and Sea Ice Meltwater in Water Mass Transformation and
Changes

When the distribution of MW and SIM is displayed in θ − SA space, clear patterns of the influence of these
freshwater sources in the water mass distribution emerge (Figures 7 and 8). As expected, the OC contribution
increases with increasing salinity and is 100% where the OC endmember is located (SA = 34.7 and corresponding
δ18O) and beyond 100% in regions where MW and SIM are negative. Although MW shows, to a great extent, the
opposite pattern to OC (high MW contributions at low salinities and vice‐versa), there are nuances to its dis-
tribution that relate to the necessary mass exchanges between endmembers to form and transform water masses.
The definitions of the water masses and their mean properties in terms of δ18OMW and endmember contributions
are detailed in Tables 1 and 2, respectively.

3.3.1. Southern Ocean

Antarctic bottom water (AABW) is tightly linked to sea ice formation as suggested by its brine content (Figure 7).
Initially, Antarctic surface waters (AASW) freeze, leading to sea ice formation and brine rejection, transforming
AASW into winter water (WW; Figure 7c). The posterior mixing of WW with the underlying lower circumpolar
deep water (LCDW), produces high salinity shelf water (HSSW). In some locations (e.g., Ross andWeddell Seas,
Prydz Bay), HSSW flows into the ice shelf cavity, inducing basal melting, which makes HSSW to become fresh
and supercool (below the freezing point), becoming ice shelf water (ISW) (Silvano et al., 2023). The signatures of
brine and basal melt in ISW are clearly seen in the estimates of both MW and SIM (Figures 7b and 7c). Once
formed, a fraction of ISW/HHSW escapes the cavity, where it mixes with the surrounding LCDW, and is

Figure 7. Contributions of the ocean water, meteoric water and sea ice meltwater endmembers averaged per major water mass in the Southern Ocean. Relative
contributions are shown in θ‐S space (a–c) where definition of the water masses follow those in Table 1, with corresponding trends for the endmember contributions over
the 1980–2023 period (d–f). For a trend to be detected, the observed period must cover at least 5 years with observations taken during at least three different years over the
1980–2023 period. Dots indicate non‐significant trends. The water masses are: ice shelf water (ISW), Antarctic bottom water (AABW), lower circumpolar deep water
(LCDW), upper circumpolar deep water (UCDW), winter water (WW), and Antarctic intermediate water (AAIW).
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transformed into AABW (Figures 7b and 7c) (Nicholls et al., 2009; Silvano et al., 2023). AABW preserves some
of the MW and SIM content, where the loss in glacial meltwater is larger than the loss of brine, resulting in the
slight salinity increase observed in θ − SA space (Figure 7). The strong anticorrelation of MW and SIM in θ − SA
space is partially given by the mass balance between all endmembers (Equation 3), but also results from the

Figure 8. Same as Figure 7 but for the Arctic and Subpolar North Atlantic. The water masses are: deep water (DW), Arctic origin intermediate water (ArIW), Atlantic
origin intermediate water (AIW),Atlantic water (AW), polar surfacewater (PSW), andwarmPSW(PSWw). The definition of thesewatermasses can be found in Table 1.

Table 1
Definition of Water Masses According to Density, Conservative Temperature, and Absolute Salinity

Water Mass σ0 σ0.5 σ2 θ (°C) SA (g kg− 1)

Southern Ocean Ice shelf water (ISW) <− 1.9a

Antarctic bottom water (AABW) >27.78b >37.16b >− 1.9

Lower circumpolar deep water (LCDW) >27.78b <34.75b

Upper circumpolar deep water (UCDW) 27.4–27.78b >2 and <3

Antarctic intermediate water (AAIW) >2 and <6 >33.8 and <34.2c

Winter water (WW) <27.78b <0.5 >34

Arctic and Subpolar North Atlantic Deep water (DW) >30.44d

Arctic origin intermediate water (ArIW) >2.7d <30.44d <0d

Atlantic origin intermediate water (AIW) >27.7d <30.44d >0d <35.5

Polar surface water (PSW) <27.7d <0d

Atlantic water (AW) <27.7d >35d

Note. All constraints must be satisfied for each data point to be classified as the corresponding water mass. aCarmack and Foster (1977). bOrsi et al. (1995). cXia
et al. (2022). dRudels et al. (2005).
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mechanistic response of sea ice formation to freshening. Glacial freshwater release increases surface stratification
and inhibits convection which enhances sea ice formation (Marsland & Wolff, 2001; Merino et al., 2018).

In recent decades, AABW has warmed and freshened, and consequently, its formation (Li et al., 2023) and its
export have reduced (Zhou et al., 2023). To estimate changes in the freshwater budget of these water masses, we
regrid OC, MW, and SIM estimates in θ − SA space and calculate the trends for each of the θ − SA bins
(Figures 7d–7f). For a trend to be detected, the observed period must cover at least 5 years with observations taken
during at least 3 different years. Statistically significant trends are given by p‐value<0.05. Although these trends
do not necessarily cover the same period, and some are not significant, they are relatively coherent in θ − SA
space (Figures 7d–7f). During the period 1980–2023, the SIM trend in AABW is in the direction of becoming less
negative, that is, a reduction in the net amount of sea ice formation in the waters that contribute to the AABW.
This gain in sea ice melt (positive SIM trend) is partially balanced by a decrease in meteoric water (negative MW
trend). Such change is coherent along the mixing line with the upper and lower CDW and agrees with previous
literature that attributed the freshening of AABW to reduction of sea ice formation (Haumann et al., 2016; Zhou
et al., 2023). Although trends in AAIW are overall not significant, they suggest less SIM (negative SIM trends)
and more MW. Such change may arise via reduce formation and transport of sea ice (Haumann et al., 2016) that
was indicated by trends in AABW. Surprisingly, ISW shows an opposite trend and indicates a significant increase
in sea ice formation (negative SIM trend) and an increase in MW, likely due to glacial melt, even if ISW and
AABW formation are linked. These changes are also visible as salinity trends (AABW getting fresher and ISW
saltier), however, with much fewer significant trends and less coherent in θ − SA space. The coherence and
significance in endmember trends is given by trends in δ18O (Figure S2 in Supporting Information S1). Kim and
Timmermann (2024) showed that δ18O has a higher signal‐to‐noise ratio compared to salinity, and therefore
anthropogenic signals emerge decades earlier, which might be the reason why changes in δ18O and, by extension
SIM and MW, are more coherent than changes in salinity.

3.3.2. Arctic and Subpolar North Atlantic

In contrast to the Southern Ocean, dense waters in the Subpolar North Atlantic are formed primarily via buoyancy
loss to the atmosphere (e.g., Bosse et al., 2018; Våge et al., 2015) with little exchange with the other freshwater
reservoirs (Figure 8). The evaporative signal (negative MW) of the Atlantic water (AW) can be traced for the
entire transformation line into Arctic‐origin intermediate water (ArIW), and further into the deep water (DW). In
the Arctic, polar surface water (PSW; Rudels et al., 2005) occupies the halocline, which shows the highest MW
content that is attributed to the Arctic rivers. PSW also shows a large content of brine resulting from sea ice
formation (negative SIM) in the Arctic polynyas (Figures 6a and 6ure 8c).

The Subpolar North Atlantic experienced anomalous freshening during the 1970–1990s, primarily linked to the
freshening of the Atlantic inflow. After the 1990s, this trend reversed (Glessmer et al., 2014). Much of the earlier

Table 2
Average Water Mass δ18OMW Inferred From the Self‐OrganizingMap and the Associated Uncertainty Estimated by the Bootstrapping, As Well As Average OceanWater
(OC), Meteoric Water (MW), and Sea Ice Meltwater (SIM) Contributions Estimated Through the Three‐Endmember Mixing Model

Water Mass δ18OMW OC (%) MW (%) SIM (%)

Southern Ocean Ice shelf water (ISW) − 25.1 ± 1.3 100.5 1.3 − 1.9

Antarctic bottom water (AABW) − 24.3 ± 1.1 100.6 0.5 − 1.1

Lower circumpolar deep water (LCDW) − 21.5 ± 0.7 100.7 0.0 − 0.6

Upper circumpolar deep water (UCDW) − 16.7 ± 1.0 100.2 0.1 − 0.3

Antarctic intermediate water (AAIW) − 16.9 ± 0.7 97.9 1.9 0.2

Winter water (WW) − 24.9 ± 1.3 99.2 1.2 − 0.3

Arctic and Subpolar North Atlantic Deep water (DW) − 25.1 ± 1.3 101.1 − 1.3 0.3

Arctic origin intermediate water (ArIW) − 24.6 ± 1.2 100.7 − 1.3 0.5

Atlantic origin intermediate water (AIW) − 18.2 ± 0.9 100.1 − 1.2 0.22

Polar surface water (PSW) − 21.8 ± 0.9 94.9 5.1 0.02

Atlantic water (AW) − 16.5 ± 0.4 101.3 − 1.2 − 0.1
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freshening has been attributed to the Great Salinity Anomalies (Dickson et al., 1988; Holliday et al., 2008), though
the origin of these anomalies—whether from Arctic or Atlantic sources, and whether driven by sea ice or
precipitation—remains a subject of ongoing debate (e.g., Allan & Allan, 2024; Belkin, 2004; Boyer et al., 2007;
Mysak et al., 1990; Sundby & Drinkwater, 2007). To our knowledge, δ18O has not previously been applied to
trace the sources contributing to the transition from the fresher 1970–1990s period to the more saline conditions
that followed. Although few statistically significant trends are observed in SIM and MW contributions in Arctic
and Subpolar North Atlantic water masses over the 1980–2023 period, the changes are relatively coherent across
adjacent θ‐S bins. These patterns still provide qualitative insights into broader shifts. The clearest signal is an
increase in SIM in the less dense PSW relative to MW and OC, possibly indicating a shift toward less sea ice. In
contrast, ArIW shows reduced SIM relative to MW and OC. Taken together, these trends may reflect a net decline
in sea ice, potentially leading to decreased SIM input into the ArIW. Nonetheless, we emphasize the significant
uncertainties in these trends due to limited data coverage, irregular sampling intervals as well as the definition of
the endmembers themselves within the mixing model.

4. Discussion
4.1. Interhemispheric Asymmetry in Dense Water Formation

The present analysis, being globally consistent, highlights the different roles of MW and SIM are in the formation
of deep waters filling the northern and southern hemisphere ocean basins. The North Atlantic deep basin is filled
by waters that carry an evaporative signal (negative MW) partially compensated by sea ice meltwater (positive
SIM), whereas the Southern Ocean abyssal basin is filled by waters freshened due to precipitation (positive MW)
and partially compensated by brine (negative SIM; Figure 6). These distinct signatures are carried and exported
into the ocean interior.

We see that the freshwater loss (or salinity increase) required for high latitude dense water formation is provided
by evaporation (preconditioning the surface waters through the length of the Atlantic) in the Subpolar North
Atlantic and brine rejection through sea ice formation in the Southern Hemisphere. Although sea ice processes
might bias our definition of the meteoric endmember and be propagated to the MW and SIM estimates, especially
in the Subpolar North Atlantic, the combination of δ18O with δ2H also indicates an evaporative signal in the
waters formed here (Sodemann et al., 2024). We further expect that the preconditioning of the relatively high
salinity surface AW entering the Subpolar North Atlantic itself inhibits sea ice formation (See α oceans in
Carmack, 2007; Stewart & Haine, 2016). When these high‐salinity waters cool down they tend to overturn and
mix, ventilating the deep ocean and eroding the near‐surface cooling that would be required for sea ice to form
(See β oceans in Carmack, 2007; Stewart & Haine, 2016). In the northern hemisphere, sea ice is mostly formed in
few regions in the Arctic associated with the Arctic river run‐off where density stratification is dominated by
salinity, that is, PSW in the Arctic halocline (Negative SIM; Figure 8c). These waters are too fresh for any gain in
salinity (density) to result in DW. Only the densest part of DW contains traces of sea ice formation (Figure 8c).
On the contrary, in the Southern Ocean, LCDW (fresher than the north Atlantic AW) upwells in the
Southern Hemisphere, around Antarctica. The salinity in LCDW is low enough for sea ice formation (negative
SIM) to significantly increase the density of surface waters, enabling the formation of dense water masses such
as ISW, the precursor of AABW (Figure 7c). Thus, low salinity LCDW preconditions sea ice formation in
the Southern Ocean, which in turns affects the formation and export of AABW (Haumann et al., 2016;
Zhou et al., 2023).

4.2. Sensitivity and Uncertainty

Endmember properties are assumed to be both known and time‐invariant. To quantify the uncertainty regarding
these assumptions we first quantify the sensitivity of the estimated relative contributions (for OC, MW, and SIM)
with respect to the endmember properties. Then, we scale these sensitivities by the uncertainty in the endmember
properties.

Each of the estimated endmember fractions (x in Equation 4) has a unique sensitivity with respect to the chosen
combination of endmember properties (A). An efficient way of calculating this is through the adjoint of A, which
is equal to the partial derivative of A with respect to x, and is calculated with the Kronecker product of x and A
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(Equation 5 and Appendix A). The resulting sensitivity matrix, S, in combination with the bootstrapping and the
range in values in literature, provides a range of uncertainty for our estimates. The sensitivity matrix reflects the
additions to the endmember fractions with respect to a one‐unit increment in the endmember properties, which on
itself provides insights about the mixing model and the importance of each property (Figures 9a and 9c). The
uncertainty is calculated by scaling the sensitivity according to the uncertainty in the endmember properties
(Figures 9b and 9d).

Overall, polar clusters are the least sensitive to the endmember properties (Figure 9a). This is because of the
geometry of the mixing model for these clusters, as the MW endmember is further to the SIM endmember and
showcases the use of δ18O as a freshwater tracer at these latitudes. All clusters are most sensitive to the OC
endmembers properties, as they sit close to that endmember (see high contribution of OC in Figures 7a and 8a).
Because all data‐points have their unique sensitivity, the selection of endmember properties is determinant not
only for the quantification but also the pattern. The strong sensitivity to the OC endmember also highlights the
relative nature of this approach, for example, referencing OC salinity to 34.8 (instead of 34.7) would remove
about 0.4% of SIM to most of the clusters. Referencing the OC endmember to the mean interior ocean, SA = 34.7,
and the corresponding δ18O intercept for that salinity, our approach estimates changes in the freshwater budget
through the entire pathway of those waters. This steady‐state global perspective is a compromise that might differ
from local freshwater budgets that are referenced to specific water masses. These sensitivities are smaller for the

endmember fractions in the water masses (Figure 9c). Here as well, fractional
estimates are most sensitive to the OC endmember properties.

However, this sensitivity is not directly translated into uncertainty in our
estimates, as it has to be scale by the uncertainty in the endmember properties
in A (Table 3). The ocean interior salinity remains nearly constant at climatic
relevant scales (e.g., Holland, 1972). Only the recently ventilated regions
(with imprints of Chlorofluorocarbon‐11, an anthropogenic tracer) have been
subjected to significant changes in salinity over time (Durack & Wijf-
fels, 2010), and have already been subjected to the hydrological cycle. Below
1,500 m, only in the Atlantic a small change has been observed in the last
60 year of the order of 0.001 (Skliris et al., 2014). Using this value to scale the
sensitivity, the resulting uncertainty related to variation on SOC for both
clusters and water masses is negligible (Figures 9b and 9d). There are far less

Figure 9. Sensitivity of water masses to changes in the endmember properties in A (Equation 4) (a–b). Uncertainty in the endmember mass fractions obtained by scaling
the sensitivity according to the uncertainty in the endmember properties (c–d). Symbols indicate the change in each endmember with respect to a change in the defined
properties in the x‐axis. Colors in indicate the different water masses (c–d).

Table 3
Uncertainty Related to the Definition of the Endmember Properties

δ18O (‰) SA (g kg− 1)

Meteoric water (MW) ±0.78a ‐

Sea ice meltwater (SIM) ±0.6b ±7c

Ocean water (OC) ±δ18OS=43.701
a ±0.001d

Note. Meteoric water δ18O uncertainty is obtained from the bootstrapping of
the self‐organizing map as the averaged of all clusters, δ18OS = 43.701 refers
to the δ18O intercept at salinity = 43.701 from the S‐δ18O regressions in each
of the clusters. aThis study. bEkwurzel et al. (2001), Eicken (1998).
cEicken (1992), Cox and Weeks (1974). dSkliris et al. (2014).
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observations of δ18O in the interior ocean than for salinity, with very limited knowledge regarding its variability
(Meredith et al., 1999), and even the state (Gebbie & Huybers, 2010; LeGrande & Schmidt, 2006). For the 0.001
change in the SOC endmember, the corresponding change in δ18O intercept is calculated, and is used as the un-
certainty in (δ18OOC). After scaling the sensitivity, the uncertainty in our estimates regarding this property results
to be small.

The largest uncertainty in the clusters is the uncertainty in the isotopic signature of MW, δ18OMW , which we
calculate the uncertainty by bootstrapping the SOM (Figure 4). After scaling the sensitivity, this is still smallest at
polar clusters. Regarding the uncertainty in the water masses, the largest uncertainty is related to the salinity of the
sea ice. Although the sensitivity to this endmember property is small, its uncertainty is large. Literature values
range between above 14 to below 4 g kg− 1 in the Weddell Sea first‐year ice (Eicken, 1992), and 2–3 g kg− 1 in
different types of Arctic multiyear ice (Cox & Weeks, 1974). We therefore upscale the sensitivity by a factor of
±7 g kg− 1 to cover the this entire salinity range (as SSIM was set at 7). The second largest uncertainty is given by
δ18OMW . Nevertheless, these uncertainties are an order of magnitude smaller than the estimates of endmember
contributions (Figures 7 and 8 and Figure S3 and S4 in Supporting Information S1).

Regarding the isotopic signature of sea ice, fractionation varies with the ice growth rate, with theoretical estimates
range from 1.5‰ to 2.7‰ in the Arctic (Ekwurzel et al., 2001), and up to 2.7‰ observed in the Weddell Sea
(Eicken, 1998). Based on these values, we set the uncertainty in δ18OSIM to be ±0.6‰, which results in a
negligible uncertainty in our endmember mass fractions.

Although the estimated uncertainties are an order of magnitude lower than the endmember contributions, these
sensitivity highlight the importance of δ18O measurements. First, the estimates of SIM and OC contributions are
highly sensitive to the ocean endmember δ18O. Although here we assume that co‐evolves with salinity, there is not
enough interior ocean observations to verify this. The uncertainty in the MW endmember δ18O translates directly
into the uncertainty in the endmember contributions. Part of this uncertainty can be related to the seasonal cycle or
transient changes in the hydrological cycle (Breitkreuz et al., 2018) but also to the fact that sea ice processes may
bias the estimate of δ18OMW based on salinity‐δ18O relationships.

5. Conclusions

This study showcases the utility of δ18O, not only for constraining regional freshwater budgets, but also at global
scales. We disentangle the ocean freshwater sources based on salinity‐δ18O relationships by removing at each
time the leading mode of variability: first the MW isotopic signature by identifying the OC‐MWmixing line, and
then the effect of sea ice as its residuals. We circumvent the difficulties regarding the identification of the MW
isotopic signature by utilizing an unsupervised machine learning technique, the SOM that clusters and extracts
spatial and temporal patterns in the data. Co‐located measurements of conservative temperature (θ), absolute
salinity (SA) and δ18O are used as input for the SOM. The resulting clusters are classified according to these co‐
variability of these properties in close agreement with the current knowledge of water masses. The δ18OMW

concentration is then estimated by regressing δ18O and S for each of the clusters. Overall, the resulting δ18OMW is
in good agreement with the concentrations measured directly in precipitation from the GNIP, but differs in those
places where advection dominates the freshwater budget over local precipitation.

By identifying the regionally variant δ18OMW , we complete the three endmember mixing model to quantify the
contribution of MW (precipitation/evaporation) and SIM (sea ice melt/brine rejection). Our estimates represent
the freshwater budget through the entire pathway of those waters, with the interior ocean as a reference and
therefore may not align with local freshwater budgets that are referenced to specific water masses. In the Arctic,
the surface (<200 m) freshwater budget is dominated by MW resulting from the runoff from Arctic river, whereas
the SIM follows the sea ice edge, and brine reflect the sea ice formation in the Arctic polynyas. Waters at greater
depths (>200 m) carry evaporative signal related to inflowing AW as well as sea ice melting. The surface in the
Southern Ocean is also dominated by MW, but to a lesser extent, whereas SIM distribution is more patchy. In
contrast to the northern hemisphere, greater depths (>200 m) in the Southern Ocean feature precipitation (and
possibly glacier melt at >1,500 m), as well as brine related to the role of sea ice in the formation of dense waters
here such as ISW and AABW.
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Collapsing MW and SIM estimates in θ‐S space provides insight on the role of MW and SIM in the formation and
transformation of water masses and their changes over time. Significant trends estimated in θ‐S space show that
AABW has freshened during 1980–2023 due to less sea ice being formed rather than more MW (glacier melt)
being injected. In the Arctic and Subpolar North Atlantic, trends show a significant increase in sea ice melt in most
of the spectrum of PSW. These changes are in agreement with previous studies, but such changes are for the first
time been reported based on δ18O. These changes are more coherent in δ18O than salinity, which might be related
to the earlier emergence of anthropogenic‐forced signals in δ18O and depicts the usefulness of δ18O to understand
the ongoing changes in the ocean freshwater budget.

One of the main limitations of this study is the data sparsity of δ18O which hinders the interpretation of the
observed SIM and MW changes in water masses. The distinct isotopic fingerprints of MW and SIM that are
transported across the interior can, however, be used for reconstructing past freshwater fluxes and their role in
shaping dense water formation. Building on the framework proposed by Gebbie and Huybers (2019), who used
water mass transit times from an inverse circulation model to reconstruct the surface temperature the Little Ice
Age, a similar approach could be applied to the MW and SIM contributions estimated here. By combining modern
observations with inverse modeling techniques that account for the advection and mixing of water masses, it may
be possible to project backwards the isotopic composition of deep waters to their surface origins. This would
allow for the reconstruction of past MW and SIM distributions, offering insights into how freshwater forcing and
dense water formation have co‐evolved over centennial timescales. Such reconstructions could provide critical
context for assessing the sensitivity of the overturning circulation to past and future climate variability.

Appendix A: Sensitivity Estimation via the Kronecker Product
The solution for x in Equation 4 is found by invertingA and multiplying by a vector b containing the observations:

x = A− 1b (A1)

where the sensitivity of the mixing model is obtained by differentiating xwith respect toA through the Kronecker
product (Neudecker, 1969), where b is constant, so that

dx = d (A− 1b) = d (A− 1) b (A2)

and we know from general rules of matrix differentiation that

d (A− 1) = − A− 1(dA)A− 1 (A3)

Substituting Equation A3 into Equation A2 and vectorizing both sides we obtain the expression

vec (dx) = vec (− A− 1(dA)A− 1b) (A4)

where RHS of Equation A4 now follows the properties of the Kronecker product (Neudecker, 1969):

vec (ABC) = (CT ⊗A) vec (B) (A5)

Applying this rule to Equation A3 and substituting A− 1b by x we obtain:

vec (dx) = vec (− A− 1(dA)x) = (− xT ⊗A− 1) vec (dA) (A6)

which can be rearranged to the expression in Equation 5 in the main text,

S =
dx
dA

= − xT⊗A− 1 (A7)

where ⊗ denotes the Kronecker product betweenA and xT and results in a 3 × 9 matrix for each element in xwith
the sensitivity of such element with respect to all the properties in A.
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Data Availability Statement

The meteoric water and sea ice meltwater fractions estimated in this study, as well as the MW δ18O are available
in Zenodo (https://zenodo.org/records/16992714) and the δ18O data set used in this study are already available
online: NASA GISS (https://data.giss.nasa.gov/o18data/), CISE‐LOCEAN (https://doi.org/10.17882/71186) and
individual cruise data available at the British Oceanographic Data Centre (https://www.bodc.ac.uk/). The δ18O
concentration in precipitation is available at the International Atomic Energy Agency (https://www.iaea.org/
services/networks/gnip).
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