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Abstract Mode waters are critical for ocean ventilation and carbon sequestration. Using observations, we
trace their subduction pathways and biogeochemical evolution. Solving modified mixing equations that account
for respiration reveals that less than 50% of the oxygen changes along mode water ventilation pathways are due
to respiration within the water mass, the rest being due to mixing with oxygen-poorer surrounding waters.
Consequently, measured changes in oxygen or Apparent Oxygen Utilization overestimate respiration by a factor
of up to two, as do derived biogeochemical quantities such as remineralized carbon. Measured nitrate changes
either overestimate or underestimate remineralization depending on surrounding concentrations. Mean true
respiration rates in mode waters range from —0.1 to —0.4 pmol kg~'yr~'. Applying a fixed stoichiometric ratio
to this respiration, we find that the total carbon export is highest in Southern Ocean mode waters, while carbon
remineralization rates are highest in subtropical mode waters.

Plain Language Summary In the ocean, surface waters connect with depth through subduction
events, during which surface waters become denser and sink. When surface waters subduct, they transport
carbon and oxygen into the ocean interior. Quantifying this transport is essential to constrain how much
anthropogenic carbon is absorbed by the ocean, as well as how oxygen, essential to marine life, is supplied to the
ocean interior. These quantities are, however, challenging to estimate from observations because the ocean is
highly dynamic, with currents following complex 3-Dimensional paths and waters constantly mixing. In this
study, we use observations from the growing network of autonomous profiling floats equipped with
biogeochemical sensors and water samples collected from ships to track different water masses as they subduct.
We then investigate whether changes in oxygen and nutrient concentrations are driven by biological or physical
processes. We demonstrate that neglecting the effect of mixing, as is often done, can lead to overestimating
respiration and biological carbon export by up to a factor of two.

1. Introduction

Mode waters play a crucial role in transporting carbon, oxygen, and nutrients from the ocean's surface to its
interior. In doing so, they sequester anthropogenic carbon (Miiller et al., 2023; Rhein et al., 2017), ventilate the
oceans (Rhein et al., 2017), and fuel up to 75% of biological productivity in mid-latitudes (Hauck et al., 2018;
Primeau et al., 2013; Sarmiento et al., 2004). It is thus crucial to understand how mode waters' properties evolve
as these are advected into the ocean's interior and which processes govern changes in their biogeochemical
properties. Mode waters form when intense winter heat loss at the surface causes convection, deepening the
mixed layer and resulting in the subduction of surface waters (Styles et al., 2024; Suga et al., 2008). The
deepening of the mixed layer generates low potential vorticity (PV) waters, which constitutes a good tracer for
mode waters (Herraiz-Borreguero & Rintoul, 2011; McCartney, 1982). Once subducted, the waters follow 3D
interior pathways that circulate around ocean basins, following local overturning and gyre circulation (Berglund
et al., 2022; Li et al., 2021; Morrison et al., 2022, and references therein). The properties of mode waters change
along their ventilation pathways due to physical and biogeochemical processes, including (a) re-ventilation
events; (b) respiration (remineralization), which leads to a progressive depletion in oxygen and enrichment
in dissolved inorganic carbon (DIC) and nutrients; and (c) diapycnal and isopycnal mixing (Billheimer
et al., 2021; Broecker & Ostlund, 1979; Herraiz-Borreguero & Rintoul, 2011; Koch-Larrouy et al., 2010).
Tracking this evolution and identifying its different drivers has yet to be done from observations without
resorting to ocean models.

JUTRAS ET AL.

1 of 11


https://orcid.org/0000-0001-5154-5009
https://orcid.org/0000-0001-5106-4678
https://orcid.org/0000-0001-8979-9952
https://orcid.org/0000-0003-1549-1386
mailto:mjutras@hawaii.edu
https://doi.org/10.1029/2024GL113789
https://doi.org/10.1029/2024GL113789
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2024GL113789&domain=pdf&date_stamp=2025-04-10

V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL113789

Distinguishing between physical and biological drivers of biogeochemical property changes is crucial to obtain a
mechanistic understanding of processes, but also to assess the limitations of traditional metrics such as Apparent
Oxygen Utilization (AOU), the difference between saturation and measured oxygen concentration
(AOU = [05]-[057]). AOU is biased due to undersaturation at the time of subduction (e.g., Bushinsky &
Cerovecki, 2023; Bushinsky & Emerson, 2018; Frob et al., 2016; Wolf et al., 2018), but also due to the effect of
mixing with surrounding water masses (Ito et al., 2004). The combination of these biases causes AOU to
overestimate true respiration by 25%-35% in models (Carter et al., 2020; Duteil et al., 2013) and causes Oxygen
Utilization Rates (OUR), obtained by dividing AOU by age, to overestimate true respiration rates in subsurface
waters and underestimate them in surface waters (e.g., Billheimer et al., 2021; Guo et al., 2023; Ono et al., 2001)
because AOU and age are affected differently by advection and mixing (Koeve & Kihler, 2016). AOU is also
used to derive quantities estimating ocean biogeochemical cycles, such as regenerated nutrients (Duteil
et al., 2012; Ito & Follows, 2005), organic carbon export, net community production (Feely et al., 2004; Jen-
kins, 1982; Oschlies & Kihler, 2004), or even anthropogenic carbon uptake (Asselot et al., 2024; Williams
et al., 2015), resulting in biases in these quantities (Billheimer et al., 2021; Feely et al., 2004; Ono et al., 2001).

In this study, we quantify the role of both physical and biological processes in modulating the evolution of
biogeochemical properties along mode water ventilation pathways, for the first time based on observations alone.
Unlike a more traditional framework where changes are interpreted along meridional or zonal transects (e.g., Frob
et al., 2016; Hahn et al., 2017; Miiller et al., 2023; Schmidtko et al., 2017), we follow changes on 3D isopycnal
pathways, along which water masses are advected following subduction.

2. Methods
2.1. Ventilation Pathways

To identify mode waters and ventilation pathways, we use a 1° X 1° gridded in situ temperature and salinity
product derived from Core-Argo data (RG-Argo, Roemmich and Gilson, 2009) provided on 58 standard pressure
levels (0-2,000 m) covering latitudes from 64.5°S to 79.5°N and the period from 2004 to 2023. From these, we
derive potential vorticity, approximate geostrophic streamfunctions, and geostrophic velocities (McDougall &
Klocker, 2010) on 0.1 kg m~> neutral density surfaces (Jackett & McDougall, 1997). For each mode water, we
define a mask (Figures 1a and 4a). First, we identify the region based on the literature (Table S1 in Supporting
Information S1, Feucher et al., 2019; Hanawa & Talley, 2001). Second, we locate the mode water layers by
finding the PV minimum in the water column (Figure S1 in Supporting Information S1). Thirdly, we create a
mask where PV is below a threshold (Table S1 in Supporting Information S1) and volume exceeds 0.8 x 10'2 m*
per grid cell. The PV thresholds are determined during step 2 and through visual inspection of maps (Figure 1a).
Only the North Atlantic Subpolar Mode Waters (NASPMW), which propagate outside the region covered by our
data product (Brambilla & Talley, 2008), are not considered in this study. Since mode waters predominantly
advect along geostrophic streamlines after subduction (Jones et al., 2016, Figure S2 in Supporting Informa-
tion S1), we determine the ventilation pathways by following the streamlines that emanate from low PV regions
(see Figure la for an example for the Pacific sector Subantarctic Mode Waters, SAMW p,.5.). The beginning of
the pathway is determined as the location from which oxygen decreases steadily, indicating that the water is no
longer in contact with the surface ocean.

To investigate biogeochemical changes along the identified pathways, we use two data sets: biogeochemical Argo
(BGC-Argo) floats (Argo, 2024; Wong et al., 2020) and the Global Ocean Data Analysis Project Version 2
(GLODAPvV2) v2022 ship-based data set (Lauvset et al., 2016; Olsen et al., 2016), which cover the last five
decades. We select the observations that fall within the mask and neutral density bounds associated with each
water mass (Figure 1a) and assign them a distance along the pathway based on the closest streamline.

2.2. Disentangling the Sources of Biogeochemical Changes Along Mode Water Pathways

Next, we distinguish physical and biological processes causing the evolution in biogeochemical properties along
the pathways. We first compute the mean water properties and standard deviation (o) in distance bins of 1,000 km,
within each 0.1 kg m™> neutral density layer. We do this for oxygen and nitrate concentrations (Figures 2a and
2b), but also temperature and salinity, from which we compute oxygen saturation for AOU.
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Figure 1. (a) Potential vorticity (PV) in the Southern Ocean for the 27.1-27.2 kg m™ neutral density layer, from the RG-Argo
product. Pink lines contour streamlines. The yellow contour delineates the mask used to define the Pacific SAMW water
mass on this layer, and the black dots represent individual measurements falling within this mask. Streamlines within the
water mass are colored according to the distance along the pathway. (b) Schematic of processes affecting biogeochemical
properties along ventilation pathways.

We then solve, for each bin i, mixing equations modified to include the effect of respiration/remineralization
(Figure 3f, Jutras et al., 2020; Tomczak, 1981). The last equation ensures mass conservation,

Ji=1Cit + favove Cavove + JoetowChetow = Ci (1a)
Ji=102,i-1 + JaboveO2.above + foetow Or.pelow + R = Oy (1b)
JimtNiet + favoveNavove + SoetowNbeiow + Tn:02R = N; (1c)

Jimt F Javove + fretow =1 (1d)

where C is a conservative property (here, temperature or salinity), O, is the dissolved oxygen concentration, N is
the nitrate concentration, labels above and below designate surrounding layers +0.1 kg m~, R is the respiration in
units pmol kg~! of oxygen and ry., = 16:—154 is the stoichiometric ratio of nitrate to oxygen during respiration
(Hedges et al., 2002). We provide values for Ci; 1 /apove/betows O2,i/i~ 1/above/betow 30 Nisi _ 1 /abovesvetow (Figures 3d
and 3e), and obtain two outputs: (a) the fraction of each water mass contributing to the sampled water parcel (f; _1,
Jaboves foelow) @nd (b) the respiration that occurred within the distance bin (R). Note that R represents what we could
call the respiration within the water mass, in contrast to integrated respiration, which would include the respi-
ration that occurs in surrounding water masses before they mix in. For the system to be exactly determined (four
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Figure 2. SAMW,,;;. biogeochemical evolution. (a and b) Section plots of gridded, averaged, and interpolated Argo and
GLODAP data along the pathway (colored lines in Figure la) of (a) dissolved oxygen concentration and (b) nitrate
concentration. Three isopycnal layers compose the SAMW p,;.. The dashed line delineates the top of the water mass

(7, = 26.9 kg/m®), while the black solid lines delineate an example layer used to produce panel (c) and Figure 3 (y, =27.1-
27.2 kg/m?). (c) Mean dissolved oxygen concentrations, nitrate concentrations, and age along the pathway on that isopycnal.
Orange and blue shadings indicate the density distribution of the Argo data. Dotted lines show linear regressions, with the slopes
indicated at the bottom right. (d) Section plot of the dissolved oxygen to nitrate ratio along the pathway. (e and f) Second vertical
derivative of (e) dissolved oxygen and (f) nitrate concentrations. Notice the very different scales for the two fields. For (e) and
(f), we use 250 km distance bins and 50 m depth bins and smooth the field using a 3 X 3 bin window. See Figure S6-S12 in
Supporting Information S1 for similar figures for other mode waters.

unknowns and four variables), we solve it separately for temperature and salinity and average the two solutions,
which are similar (Figure S3 in Supporting Information S1). We solve the system using a Monte Carlo approach.
We run 10,000 iterations, applying random perturbations distributed within the standard deviation ¢ associated
with each variable (see Text S1 in Supporting Information S1). From the outputs of Equation 1, we retrieve the
change in dissolved oxygen or nitrate attributable to either mixing or respiration:

A Arespiration =R (2a)
AAmixing =ﬁxboveAab0ve +fbelowAbelow - (fabove +fl;elow)Ai (Zb)

where A stands for oxygen or nitrate concentrations. Finally, we can estimate the amount of carbon being
remineralized along the whole pathway by summing over distance bins i: C,,,,;, = Y;R;V; where V; is the volume
from the RG-Argo product.
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Figure 3. Causes of biogeochemical changes in the SAMW p ;. 27.1-27.2 kg/m?® layer. Cumulative (a) oxygen and

(b) nitrate change due to respiration (full color) and to mixing with surrounding water masses (light color) along the pathway.
Distance bins with no clear increase in oxygen are combined with the next bin. (c) Mean true respiration rate (black) and
Particulate Organic Matter (POC) flux estimated from Argo backscatter data (see Tables S1 and S2 in Supporting
Information S1) in the three SAMW 5. density layers, along the ventilation pathway. Light colors show the individual
layers. (d—f) Mixing diagrams for dissolved (d) oxygen and (e) nitrate. Orange stars indicate the properties at the beginning of
the ventilation pathway. Orange lines indicate the change expected from respiration only. The other stars indicate the mean
water properties along distance bins, colored by distance. The squares and circles show the same for the waters above and below,

respectively (7, + 0.1 kg m™3). The gray points in the background illustrate individual measurements. (f) Schematic mixing
diagram. From an initial set of properties (black star), respiration increases nitrate (red dashed line), and mixing (blue dashed
lines) with surrounding water masses (black lines) tilts this displacement left or right.

2.3. Estimating Ventilation Time

We estimate the ventilation time along the identified ventilation pathways using Lagrangian tracking experiments
performed with the OceanParcels tool for Python (Van Sebille et al., 2023). Virtual particles are released at the
beginning of the pathways, on the target isopycnals and every 100 m in the horizontal (Figure 2b and Figure S4 in
Supporting Information S1) and are advected on isopycnals with a fourth-order Runge-Kutta scheme using the
velocities calculated from the RG-Argo product. Using the same mapping method as for water properties (Sec-
tion 2.1), we find a strong relationship between age and distance, which we use to estimate age along streamlines.

3. Results

3.1. Evolution Along Ventilation Pathways

Throughout Section 3, we illustrate our approach using, as an example, the y,, = 27.1-27.2 kg m~> neutral density
layer of the SAMWp,.;;. and then compare to various layers and mode waters globally (Figure 4a). At the

beginning of the SAMWp, ;. ventilation pathway, oxygen levels are 35-50 pmol kg™! below saturation.
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Figure 4. Net biogeochemical changes in different mode waters. (a) Masks
used to delineate the different mode waters (defined on 0.1 kg m™ neutral
density bounds, Section 2.1). The water mass labels stand for the following:
SAMW Pac: Pacific sector Subantarctic Mode Waters; SAMW Ind: Indian
Ocean sector Subantarctic Mode Waters; IOSTMW: Indian Ocean
Subtropical Mode Waters; NASTMW: North Atlantic Subtropical Mode
Waters; NPCMW: North Pacific Central Mode Waters; NPSTMW: North
Pacific Substropical Mode Waters; SASTMW: South Atlantic Subtropical
Mode Waters; PacAAIW: Pacific sector Antarctic Intermediate Waters.
(b) Net observed nitrate (top) and oxygen (bottom) change between the
beginning and the end of the ventilation pathways. Gray triangles provide the
length of the pathways. (c) Percentage of the net oxygen change due to local
respiration (dark color) and mixing (light color, see Section 2.2). The black
bar indicates the percentage relative to AOU instead of net oxygen change.

Globally, across mode waters, deviations from saturation at the beginning of
the pathway range from 20 pmol kg™! below saturation in the deepest Indian
Ocean SAMW (SAMW/,,i.,) to 57 pmol kg_1 below saturation in the deepest
North Pacific Central Mode Waters (NPCMW). This departure from satu-
ration results from a combination of undersaturation at the time of ventilation,
biological respiration, and mixing occurring during and after subduction.

Following ventilation in the Pacific sector of the Southern Ocean, SAMW p s
are modified as they take on average 18 years to propagate northwestward into
the interior Pacific Ocean (Figures la and 2a-2c). At the end of their
~10,000 km pathway, they have lost about 30 umol kg™ of oxygen, slightly
less AOU, and gained about 2 pmol kg ™! of nitrate (Figures 3 and 4c, Table S2
in Supporting Information S1). Dissolved oxygen concentrations in that water
mass decline at a rate of —2.7 to —6.7 pmol kg™! per 1,000 km, depending on
the layer (Figures 2c and 4b). Nitrate increases at a rate of 0.1-0.3 pmol kg~!
per 1,000 km. Temperature and salinity also increase, suggesting mixing with
surrounding water masses (Figures 3d and 3e).

Across mode waters, the mean rate of oxygen loss and nitrate gain along the
pathway varies, ranging for oxygen from —1.7 umol kg™! per 1,000 km in the
North Pacific Subtropical Mode Waters (NPSTMW) to —10.1 pmol kg™ per
1,000 km in the SAMW ,in, and for nitrate from +0.1 pmol kg™ per
1,000 km in the SAMW p,,;5. to +1.7 pmol kg~! per 1,000 km in the Indian
Ocean Subtropical Mode Waters 1OSTMW, Figure 4b). The stoichiometric
ratio in the change of oxygen relative to nitrate varies across water masses and
differs from the expected Redfield stoichiometric ratios (Figure S5 in Sup-
porting Information S1). The ratios are generally lower than the standard
values, except in the IOSTMW, NASPMW and SASTMW where they are
higher.

3.2. Causes of Biogeochemical Changes

Solving Equation 1 shows that local respiration accounts for 30%—-50% of the
net measured oxygen or AOU change along the SAMW,,. ;. ventilation
pathway, depending on the density layer (Figures 3a and 4c), while mixing
explains the balance. This proportion varies by up to 40% along the pathway,
ranging from 90% near the beginning to 50% by the end of the pathway in the
lightest layer (Figure 3a and Figure S14 in Supporting Information S1).
Mixing lowers oxygen concentrations, just like respiration does (Figure 3a),
but the effect on nitrate is variable, increasing it in some regions and
decreasing it in others (Figure 3b).

Across water masses, the proportion of biogeochemical changes attributed to
mixing and respiration remains relatively constant, with respiration ac-
counting for 29%—-62% of the observed net oxygen change along mode waters
ventilation pathways (Figure 4c). Respiration also explains only 30%—83% of
the net change in AOU along the pathways, again highlighting how AOU
differs from true respiration.

Dividing the obtained true respiration (Equation 1a) by age estimates from the
tracer release experiments, we calculate new estimates of true oxygen utili-
zation rates (OURy,,,). For SAMWp, 6., we find OURy,,, values ranging

from 0.3 to 0.1 pmol kg~'yr~! from the lighter to denser layers (Figure S13 and Table S2 in Supporting Infor-

mation S1). These numbers can be challenging to compare with published estimates, which do not follow in-

dividual water masses. However, OUR7,,, estimates match those made within the same region that correct for
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mixing (Koeve & Kihler, 2016, model-based) and are lower than estimates that do not apply this correction
(0.12-4.9 pmol kg~'yr~!, Feely et al. (2004); 25 pmol kg~'yr~!, Martz et al. (2008)). Across mode waters,
OURy,,, values range from 0.5 to 6.0 pmol kg™'yr~! (Table S2 in Supporting Information S1), again generally
lower than published estimates (see Figure S14 in Supporting Information S1).

9[0,]

Our calculated mixing rates, when expressed as Fy;, = k=5

ZS—l

, imply diffusion coefficients x on the order of
10~#m2s~! in the upper layers, and 10~°>m in the deeper layers. These values are consistent with current

estimates for the ocean (Whalen et al., 2012), providing support to our approach.

4. Discussion
4.1. Control on the Relative Roles of Mixing and Respiration

We demonstrated that the relative importance of mixing versus respiration varies for different variables and water
masses (Figures 3a, 3b, and 4c), but what causes these variations? The differential impact of mixing on oxygen
and nitrate (Section 3.1, Figures 3a and 3b) is related to the properties of surrounding waters: since mode waters
bring reoxygenated waters into the ocean's interior, they are surrounded by waters with lower oxygen concen-
trations (Figure 2a). Turbulent diapycnal mixing is to a first order proportional to the vertical gradients in con-
centrations (Equation 1), so mixing with these surrounding waters will lower oxygen concentrations (Figure 2e).
In contrast, because mode waters are formed in regions where surface waters are richer in nitrate compared to
lower latitudes (where surface waters are nitrate depleted), nitrate concentrations increase with depth in this
portion of the water column (Figure 2b) and hence offer a different response to mixing than oxygen. Mixing with
waters above will decrease nitrate concentrations, while mixing with waters below will increase them, making the
effect of mixing on nitrate more sensitive to the balance of mixing with above and below (Figure 2f).

While the relative proportion of respiration to mixing in biogeochemical evolution appears to be primarily
controlled by water properties, true respiration rates appear to follow organic matter availability, decreasing along
the ventilation pathways (Figure 3¢ and Figure S14 in Supporting Information S1). This decrease is consistent
with the progressive remineralization of subducted organic matter and with a decrease in the amount of sinking
organic matter along the pathways (Figure 3c and Figure S14 in Supporting Information S1) observed from Argo
backscatter data (Text S3 in Supporting Information S1).

4.2. Derived Biogeochemical Properties

Not accounting for mixing leads to biases in biogeochemical quantities derived from changes in biogeochemical
variables or from AOU. For instance, stoichiometric ratios during respiration/remineralization are sometimes
calculated from measured changes in oxygen and nitrate (e.g., Anderson & Sarmiento, 1994). We suggest that
these measured ratios should be termed apparent stoichiometric ratios, since mixing modifies the measured
stoichiometric ratios in ways that do not follow respiration alone. Mixing with surface waters, which are nitrate-
depleted and oxygen-enriched (Figures 2a, 2b, 3d, and 3e), will increase the measured ratios, while mixing with
deeper waters, where the ambient oxygen-to-nitrate ratio is generally low (Figure 2d), will decrease the measured
ratios (Figure S5 in Supporting Information S1). This is consistent with studies showing that mixing with cold
waters causes deviations from the Redfield ratio in the Southern Ocean (Ishizu & Richards, 2013) and that mixing
homogenizes nutrient concentration and phenotype distribution, thus smoothing stoichiometric ratios (Deutsch &
Weber, 2012; Weber & Deutsch, 2010). We also suggest that mixing could help explain observed anomalies in the
amount of nutrients remineralized relative to carbon remineralization and oxygen consumption in subtropical
waters (e.g., Fawcett et al., 2018; Letscher & Villareal, 2018).

The impact of mixing also propagates into metrics used to analyze the marine carbon cycle. For instance, AOU is
directly used to partition regenerated and pre-formed nitrate concentrations (Duteil et al., 2012; Ito & Fol-
lows, 2005). These estimates are then used to evaluate the efficiency of the soft-tissue pump (Ito & Fol-
lows, 2005), but are also integrated over depth and stoichiometrically converted to carbon to estimate biological
carbon fluxes, storage, and production (Feely et al., 2004; Jenkins, 1982; Oschlies & Kihler, 2004). It has been
suggested that not accounting for mixing will thus overestimate biological carbon storage (Feely et al., 2004; Ono
etal., 2001). We quantify this overestimation to be 45%—75% in mode waters (Section 3.2). Remineralized carbon
estimates are further utilized to predict expected carbon concentrations, which are then compared with measured
values to estimate anthropogenic carbon concentrations (e.g., Asselot et al., 2024; Williams et al., 2015).
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Neglecting the effects of mixing could therefore lead to an underestimation of the anthropogenic carbon content in
mode waters.

Hence, our method offers a way to avoid these biases. By applying a C,,,:O, stoichiometric ratio to our estimates
of true respiration, we obtain the first observation-based estimates of remineralized carbon, providing a measure
of biological carbon storage by specific water masses (excluding advected carbon). Considering a ratio of
—106:154 (Hedges et al., 2002), we find that SAMW p,5. acquires 0.16 Pg of remineralized carbon between
subduction and the end of its pathway, at a rate of 0.2-2.4 mgC m~3yr~!. Published estimates within the same
region are generally larger (0.1-3.4 mgC m—3yr~!, Feely et al. (2004); 13—45 mgC m3yr~!, Martz et al. (2008)),
as expected, since they do not account for the effect of mixing. Our results moreover provide important insights
into the role of different water masses in carbon storage in the ocean. Comparing all mode waters suggests that
subtropical mode waters play a particularly important role in biological carbon storage, accumulating respired
carbon at rates of 1.5-9.5 mgC m—3yr~! (Table S2 in Supporting Information S1) compared to less than 2.5 mgC
m3yr~! in subpolar mode waters. However, over the entire pathways, SAMW p,ific accumulates the highest
amount of biological carbon (0.16 PgC), while subtropical mode waters, which have shorter pathways, accu-
mulates less (0.002—0.006 PgC). These comparisons highlight the benefit of a water mass approach and explicit
determination of mixing rates to constrain ocean biogeochemical cycles.

4.3. Limitations and Uncertainties

This study relies on a number of assumptions. We assume that water is advected by the geostrophic flow,
neglecting the eddy-induced flow. Jones et al. (2016) showed that using geostrophic streamlines was a good
assumption for tracking SAMW pathways. We also assume that the ocean interior is sufficiently adiabatic to
follow water masses after subduction by tracking along density lines. In the RG-Argo product, the path of the
potential vorticity minimum (i.e., the core of mode waters) and approximate geostrophic streamlines align well
once away from the subduction zone (Figure S2 in Supporting Information S1), supporting our assumptions. In
addition, we average data from all years and employ fixed masks to define water masses, thereby providing a
mean climatological picture and neglecting potential temporal variability or trends in the water properties and
pathways. In the Southern Ocean between 2004 and 2008, PV only shows small variations that would marginally
affect the periphery of our masks (Figures 4a and 5 in Zhang et al., 2021). We also confirm that the data dis-
tribution does not induce biases due to uneven spatial sampling by comparing the evolution of physical properties
from the more extensive core-Argo data set and from the BGC-Argo data set, which are similar. In this study, we
did not explicitly include isopycnal mixing. We argue that isopycnal mixing within the water masses is implicitly
taken into account, acting perpendicularly to the streamlines along which we perform the analysis. We however
neglect isopycnal mixing at the edges of our masks. The small surface area of the edges compared to the whole
water masses should make this contribution negligible, but we acknowledge that it could represent a significant
source (Billheimer et al., 2021) or sink of oxygen in some water masses and its contribution should be explored in
the future. Lastly, we assume fixed stoichiometric ratios during remineralization, although these ratios vary with
location and depth (e.g., Martiny et al., 2013; Sauterey & Ward, 2022).

5. Conclusion

Ventilation pathways are often conceptualized as conduits, transporting water from the surface to the ocean
interior with minimal interactions with the surroundings. Our results add important nuance to this framework. By
applying a mixing analysis to observational data, we demonstrate that, in mode waters, mixing with oxygen-
deficient waters reduces oxygen levels during transport to the ocean interior, biasing AOU. The impact of
mixing on nitrate evolution varies depending on properties of surrounding waters. We provide true respiration
estimates that correct for both undersaturation at the time of subduction and for mixing, revealing that true
respiration accounts for less than half of the observed changes in oxygen along mode water subduction pathways
(Figures 1b and 4c), or, in other words, that AOU or net changes in oxygen overestimate respiration by about 50%
in mode waters. We use these estimates of true respiration to obtain estimates of true remineralized carbon, which
can be half those based directly on measured biogeochemical changes (e.g., on AOU or difference to pre-formed
nutrients). We identify SAMW as accumulating the highest amounts of respired carbon from ventilation to
complete mixing with other water masses, while subtropical mode waters exhibit the highest biological carbon
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accumulation rates per unit time. Correcting for mixing is thus essential for properly constraining oceanic
biogeochemical cycles, and requires a characterization of the water masses surrounding a water mass of interest.

Our analysis also demonstrates that BGC-Argo and GLODAP data can be used to characterize the evolution of
biogeochemical properties along the three-dimensional ventilation pathways of specific water masses. This opens
the door to observation-based estimations of transport of biogeochemical properties by specific water masses,
which have for now mostly been evaluated from models (Hauck et al., 2018).

Finally, while we focused on mode waters for their critical role in linking the surface to interior ocean, the
discrepancy between true biological activity and observed biogeochemical is likely different for other types of
water masses, in magnitude and in sign. The approach presented here could be applied to any water mass to derive
such estimates.

Data Availability Statement

The BGC-Argo data can be accessed through the GDAC (https://biogeochemical-argo.org/data-access.php), and
the GLODAP data can be downloaded directly from their website (https://glodap.info/index.php/merged-and-
adjusted-data-product-v2-2023/). The scripts used to extract the data and apply the water mass analysis are
available on Zenodo (Jutras, 2025). This repository also contains four processed data sets: (a) gridded global
potential vorticity and approximate geostrophic streamlines on neutral density levels, (b) ventilation pathways
associated with each water mass, (c) mean ventilation time along the pathways, based on Lagrangian tracking
experiments, and (d) biogeochemical evolution along pathways and results of the water mass analysis, including
the data required to reproduce Figures 1, 3, and 4.
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