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« Abstract

7 The biological carbon pump (BCP), involving photosynthesis at the surface and remineralisation at depth, maintains a significant
s vertical gradient in dissolved inorganic carbon (DIC), promoting the ocean’s ability to absorb atmospheric CO,. Remineralised
o DIC s a good indicator of the strength of the BCP. It can be estimated from apparent oxygen utilisation (AOU) that measures the
10 deficit of oxygen compared to saturation. AOU is projected to increase under climate change due to changes in remineralisation
1 rates and circulation. However, the amplitude of the change is still uncertain. Here, we identify linear relationships between
1z AOU trends and age trends in the deep ocean in simulations of the contemporary (1972-2013) and future (2015-2099) periods
13 from five Earth system models (ESMs). Linear relationships identified within observational data for the contemporary period
1 indicate that ESMs overestimate the sensitivity of AOU to age changes in the deep ocean. The study highlights the stability
15 over time of the AOU sensitivity to age changes, suggesting an overestimation of the BCP strengthening inferred from AOU.
15 Furthermore, our analysis underscores the substantial role of circulation slowdown in increasing remineralised DIC. These
7 insights emphasise the challenges and opportunities to constrain future BCP projections due to circulation uncertainties.
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» Introduction

1s The capacity of the ocean to take up and store carbon is driven by the marine carbonate chemistry, the solubility pump and the
2 biological carbon pump (BCP hereafter, accounting for the carbonate and soft-tissue pumps, Volk and Hoffert [1985] and see
a1 DeVries [2022] for a review of the ocean carbon cycle). A part of the BCP is the photosynthetic transformation of inorganic
2 carbon to organic carbon at the surface. The organic material is then transported to depth where it is transformed back into
23 its inorganic form through remineralization. In the deep ocean, remineralised carbon and nutrients are accumulated. This
2« accumulation is an important component of the BCP and is connected to the strength of the ocean circulation. Then, inorganic
»s  carbon and nutrients are transported back to the surface, closing the loop. The BCP is thought to be responsible for keeping
s the concentration of dissolved inorganic carbon (DIC) at the surface low, resulting in a large vertical gradient of DIC [Volk and
2z Hoffert, 1985, Boyd et al., 2019, DeVries, 2022] with more DIC in the deep ocean. This enhances the capacity of the ocean
2 to take up atmospheric CO, [Kwon et al., 2009]. Without the BCP, atmospheric CO, would be more than 200 ppm higher
2 [Sarmiento and Toggweiler, 1984, Maier-Reimer et al., 1996, Goodwin et al., 2008, Tjiputra et al., 2025].

30 Due to competition between the decrease in organic matter export and slower circulation, it is unclear how the role of BCP will
a1 change in the future [Frenger et al., 2024]. There is a general consensus between state-of-the-art Earth system models (ESMs)
22 that the BCP and the processes involved are impacted by global warming [Wilson et al., 2022], but the amplitude of the change
s and its response to higher atmospheric CO; are both still uncertain. Indicators of the functionality of the BCP are primary
3 production (related to the photosynthetic transformation of carbon at the surface), export production (related to the transport of
35 organic material to depth) and the amount of remineralised carbon. On average, ESMs project a decrease in globally averaged
36 primary production and export production across various future scenarios of increasing atmospheric CO, [Henson et al., 2022,
sz Wilson et al., 2022, Kwiatkowski et al., 2020]. Yet, these results differ regionally with, e.g., a general increase in the Arctic
;s Ocean, Southern Ocean, and a general decrease in the equatorial Pacific [Myksvoll et al., 2023, Henson et al., 2022, Wilson
s et al., 2022, Kwiatkowski et al., 2020]. Globally and regionally, the range of projected changes in primary production and
20 export production differs largely between ESMs such that the inter-model range of the change is often more than twice its
« multi-model mean [Tagliabue et al., 2021]. In contrast, more remineralization of organic matter in the interior can be expected
« due to a more sluggish circulation [Tjiputra et al., 2018, Weijer et al., 2020], increasing the effectiveness of the BCP despite
s areduced export production from the surface [Liu et al., 2023]. However, despite model consensus on a global increase of
« remineralised carbon across scenarios, the amplitude varies widely between models [Wilson et al., 2022].

s The quantity of remineralised carbon (DIC;¢min) is a good indicator of the strength of the BCP and its impact on atmospheric
4% CO, [Marinov et al., 2008, Kwon et al., 2009, Koeve et al., 2020, Frenger et al., 2024]. In a steady state climate, large DIC,emin
47 stocks correspond to low atmospheric CO; levels [Marinov et al., 2008, Frenger et al., 2024] and in a transient climate, the
4 strongest increase in DIC,enin corresponds to the strongest biologically-induced decline in atmospheric CO, [Koeve et al.,
s 2020, Frenger et al., 2024]. In contrast, export production is unrelated to atmospheric CO, [Marinov et al., 2008, Kwon et al.,
so 2009, Frenger et al., 2024]. DIC;epmin can be estimated from apparent oxygen utilisation (AOU, Frenger et al. [2024], Wilson
s et al. [2022]), which measures the deficit of oxygen compared to saturation. It is an estimate of the cumulative oxygen utilised
s> to remineralise organic material since the water parcel was last in contact with the atmosphere. Despite some limitations such
53 as assuming 100% oxygen saturation at the surface [Ito et al., 2004], changes in AOU can be used for quantifying the impact
s« of the BCP on atmospheric CO, [Koeve et al., 2020].

ss AOU is traditionally supposed to be the product of the oxygen utilisation rate (OUR) and an estimation of the time since the
s water-mass was last in contact with atmosphere [Sulpis et al., 2023, Feely et al., 2004, Sarmiento et al., 1990]. In regions with
sz sufficient oxygen concentration, the relation between AOU and age is linear when they are affected similarly by transport [Koeve
ss and Kihler, 2016]. Typically the linear relationship breaks in areas where gradients are too different [Thomas et al., 2020]. A
so  stronger remineralization closer to the surface or below highly productive zones (e.g., equatorial Pacific) will locally increase
s AOU without any correlation to a change in age. The linear relation between AOU and age has been used to estimate the OUR
e [Sulpis et al., 2023] and as a proxy of water-mass age [Thomas et al., 2020]. The relationship between trends or changes in
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e AOU and age can further be used to decompose changes in AOU into circulation-driven and biologically-driven factors. So far
63 this relationship has been little explored in future climate projection. Bopp et al. [2017] found a strong relationship in one ESM
& from the Coupled Model Intercomparison Project Phase 5 (CMIPS5), however, ventilation ages were not available for the other
s CMIP5 models. More recently, Liu et al. [2023] explored the relation between changes in circulation and changes in AOU.
e They found that the slowing down of the meridional overturning circulation, which is an indicator of ocean interior residence
o7 time, would allow more time for the exported biogenic carbon to accumulate at depth and thus increase the deep ocean storage
e of carbon by the BCP.

e In this work we further explore the relationship between changes in circulation and changes in the BCP using Earth system
7 model simulations from the sixth Coupled Model Intercomparison Project (CMIP6) as well as observations from the Global
n  Ocean Data Analysis Project (GLODAPv2, Lauvset et al. [2024]). Following the approach suggested by Frenger et al. [2024],
72 we use remineralised DIC, measured from AOU, as indicator for the BCP. We show that changes in AOU are linearly related to
73 changes in age in large parts of the deep ocean. We further use the linear relationship to quantify the respective role circulation
= changes in the future evolution of the BCP. Lastly, we discuss future opportunities to constrain the estimates of the deep ocean
s BCP with observations.

» Methods

7 Earth system models outputs and observational data

7 Eleven Earth system models (ESMs) provide the monthly 3D output fields required to compute AOU for the preindustrial
7 control (piControl), historical and SSP5-8.5 future scenario simulations in a replica of the CMIP6 database. Among these
s eleven ESMs, only eight also provide outputs for the age tracer: MPI-ESM1.2-LR and MPI-ESM1.2-HR [Mauritsen et al.,
a1 2019], ACCESS-ESM1.5 [Ziehn et al., 2020], IPSL-CM6A-LR [Boucher et al., 2020], MIROC-ES2L [Hajima et al., 2020],
&2 NorESM2-LM and NorESM2-MM [Seland et al., 2020] and CanESMS5 [Swart et al., 2019]. We do not consider NorESM2-MM
s and MPI-ESM1.2-HR here to keep only one variant of each model. We also do not consider CanESMS5 because it does not
e provide phosphate fields that are used to compute the PO-tracer [Broecker et al., 1991], required to define water-masses (see
s section about water-masses definition). Hence, five ESMs are selected to be analyzed in detail in this work. For comparison,
s we also compute AOU for the four remaining ESMs (CanESMS5, CNRM-ESM2-1 [Séférian et al., 2019], GFDL-ESM4 [Dunne
ez etal., 2020], UKESM1-0-LL [Sellar et al., 2020]).

s To have an observational baseline over the recent period, we also conduct an observation-based analysis of the trends in AOU
s and trends in age using co-located temperature, salinity, phosphate and oxygen measurements as well as AOU and age estimates
90 from the observational data product GLODAPv2.2024 [Lauvset et al., 2024]. AOU is computed in the same way as for the ESMs
o1 (see next section about AOU and remineralised carbon), while age is derived from measurements of the chlorofluorocarbons
92 (CFCs) CFC-11 and CFC-12, as well as the transient tracer sulphur hexafluoride (SF6) [Jeansson et al., 2021]. The time range
o3 of the observational baseline is limited by the age dataset and extends from 1972 to 2013. Only observations below 1000 metres
o depth are considered to avoid the influence of mixed-layer processes and subtropical gyres.

ss Apparent oxygen utilisation and remineralised carbon
9 Apparent oxygen utilisation (AOU in [mol O, m—3])is computed as:
o7 AOU = Oaat -0 Equation 1.

e where O is the in-situ dissolved oxygen concentration and O3 is the dissolved oxygen concentration at saturation computed
9 from temperature and salinity following Garcia and Gordon [1993, 1992]. The amount of carbon resulting from this remineral-
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wo  ization (DICemin in [gCm™3]) is estimated as:
101 DIC emin = mc X Rc.0, x AOU Equation 2.

102 where mg is the molecular weight of carbon (12.01 gmolfl) and R0, is the stoichiometric ratio between carbon and oxygen
w03 (117:170, Anderson and Sarmiento [1994]).

104 Although providing a reasonably good indication of the BCP strength and its impact on atmospheric CO, [Koeve et al., 2020,
w5 Frenger et al., 2024], AOU has a couple of pitfalls that should be kept in mind. First, it assumes that at the surface, oxygen
106 concentration is in equilibrium with the atmosphere. This assumption is valid in most of the ocean, yet in high latitudes, water
w7 parcels can be detrained from the mixed layer while being under-saturated leading to an overestimation of respiration and
10s  AOU, notably in the deep ocean [Ito et al., 2004, Duteil et al., 2013]. True Oxygen utilisation [Ito et al., 2004] or Evaluated
100 Oxygen utilisation [Duteil et al., 2013] are intended to overcome this limitation. However, the computation of these variables
o requires additional tracers (e.g., preformed O, [Tjiputra et al., 2020]) that are not routinely available in the CMIP6 output
m database. Another limitation is that AOU only measures aerobic remineralization. Yet, when oxygen levels are too low,
12 anaerobic remineralization will take place and use other oxidants (e.g., nitrate for denitrification) instead of oxygen. In the open
us  ocean, denitrification typically occurs in suboxic waters, when oxygen concentrations drop below 5 umol O 1~! [Keeling et al.,
s 2010]. Suboxic waters represent only 0.1% of the contemporary ocean and are located in the upper 1000 metres [Deutsch et al.,
us 2011, Keeling et al., 2010]. During the 21st century, suboxic volume may extend but is projected to not exceed 1% of the ocean
s volume [Deutsch et al., 2011, Cocco et al., 2013, Fu et al., 2018].

17 Water-masses definition

us  We aim to find a linear relationship between the spatial distribution of AOU trends and age trends that is representative for most
1o of the deep ocean. From now on and unless specified otherwise, we define the deep ocean as the ocean below 1000 metres. We
120 assess the linear relationship within different water-masses of the deep ocean characterized with a combination of the PO-tracer
2z (PO*, Broecker et al. [1991]) and density.

12 For the water-mass definition of the ESMs, neither density nor PO* are standard outputs in the CMIP6 database so that we
123 compute density with the Gibbs SeaWater (GSW) Oceanographic Toolbox of TEOS-10 in xarray [Caneill and Barna, 2024,
1+ McDougall and Barker, 2011] and PO* based on the definition by Broecker et al. [1991] (PO* = PO4 + 0,/175). Both variables
125 are averaged over the years 1972 to 2013, i.e. the time period covered by the observational dataset used in this work. Our water-
126 mass definition for the ESMs focuses only on the deep ocean below 1000 metres and uses PO*-thresholds to define water masses
w7 originating in the North Atlantic and Southern Ocean (respectively 0.35 < PO* < 0.91 mmolPO;m~3 and 0.91 < PO* < 2
s mmolPO4m~3). These thresholds are derived from Broecker et al. [1998], yet they have been refined by iterative testing to
10 better suit the ESMs. Only grid-cells located south of 60°N are considered to exclude the Arctic Ocean. For the Atlantic
130 water-masses, only grid-cells located between 90°E and 30°W are included to exclude grid-cells in the Pacific and Indian ocean
w1 that fulfill the PO*-threshold. Each of these water-masses is then split into half according to density (see supplementary Tab.
12 S1), leading to four water-masses: (i) the Atlantic light waters, (ii) the Atlantic dense waters, (iii) the Southern light waters, and
133 (iv) the Southern dense waters. These four water-masses cover between 90 % and 98 % of the entire deep ocean, depending on
134 the ESM. For each water-mass and each ESM we define a spatial mask (supplementary Fig. S1), which is used to identify grid
135 points belonging to the same water-mass and compute the linear regression between trends in AOU and trends in age (see next
s section). We keep the masks constant throughout the historical and SSP5-8.5 simulations as the masks show minimal sensitivity
137 to the time period used for creating the PO* and density fields (supplementary Figs. S1 and S2)

1s  Similar to the definition of water-masses used for the ESMs, observations are classified into water masses originating in the
130 Southern Ocean and North Atlantic based on their PO* values (supplementary Fig. S3). Waters originating in the South-
o ern Ocean are defined via 1.2 < PO* < 2.0 umol POgkg ™! and those originating in the North Atlantic Ocean via PO* < 1.2
w umolPOskg™! with PO* thresholds based on Broecker et al. [1998]. In lighter density classes, due to the fanning out of tem-
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w2 perature and salinity, the number of data is too low to identify a relationship between AOU trends and age trends. Thus, the
us resulting water-masses are already relatively dense, with an average of 6y = 27.7kgm~3 and density no lighter than 27 kgm—3
s and were not further separated into light and dense waters. The water-masses will be referred to as Southern dense waters and
us  North Atlantic dense waters to facilitate a meaningful comparison with their model counterparts and are most representative of
us the water-mass end members.

17 Relationship between trends in AOU and trends in age

us Just as the relationship between AOU and age can be linear [Sulpis et al., 2023], one might expect that the trends in AOU and
1o the trends in age can be linearly related. In this work we intend to express the trends in AOU (dAd%) via trends in age (%) as

150 follows: JAOU d
age
m = Sﬁ?g(gU X 7(1% +B+e€. Equation 3.

12 We assess the linear relationship between spatial fields of AOU trends and age trends within the previously define water-masses

151

13 using a linear regression [Virtanen et al., 2020]. The slope of the linear regression is the sensitivity of AOU changes to age

SAAOU

14 changes (. ), the intercept is B and € is the error of the linear regression. B+ € gathers changes in AOU that are not linearly

Aage

155 related to chgnges in age such as changes in remineralization rates. SﬁfggU defined here is connected to the oxygen utilisation
156 rate (OUR) defined in other studies [Sulpis et al., 2023, Feely et al., 2004]. Indeed, if the equation AOU = OUR X age is
157 differentiated with respect to time, then SﬁaAg(gU and OUR are a similar quantity: an estimate of a spatio-temporal average of the
15 local instantaneous oxygen utilisation rate. We choose to call the slope of the linear regression Sﬁ;\g(gu instead of OUR for two
159 reasons: 1) we think this word convey more accurately the purpose of the analysis, i.e. investigating the relationship between
1o AOU trends and age trends and 2) we want to avoid ambiguity with studies working at estimating OUR (e.g. Sulpis et al.

o [2023]).

12 For the analysis of the ESMs, it is crucial to estimate and remove the drifts in the simulated fields of AOU and age tracer
163 before calculating their respective trends. The trends and drifts are estimated for every ocean grid-cell of the ESMs using a
14 linear regression over years 1850 to 2099 of the piControl simulation (note that actual years are adjusted to fit 1850-2099, see
165 supplementary Tab. S2). Outputs from the historical and SSP5-8.5 simulations are then drift corrected for each point in time
66 1 (Xdrift-corrected (1) = Xdrift-uncorrected (f) — (t — to) X drift, with to referring to 1850) before computing the trends. The trends are
17 computed for the years (i) 1972-2013 of the historical simulation to match the time period of available observational data and
s (ii) 2015-2099 (the entire SSP5-8.5 simulation). When considering the ESMs, for the time period 1972-2013, between 49 %
10 (NorESM2-LM) and 72 % (IPSL-CM6A-LR, MIROC-ES2L) of the deep ocean grid points have significant trends (p-value <
1o 0.05) in both AOU and age, while between 84 % (NorESM2-LM) and 94 % (MIROC-ES2L) have significant trends for the
1w time-period 2015-2099 (see supplementary Fig. S4). The non-significant trends are very close to zero. For each ESM, we only
12 consider grid-points with significant trends for computing the linear regression in each water-mass.

73 To overcome the difficulty of identifying trends with highly spatio-temporally sparse observational data, as it is the case for age
s estimates, we collapse the available observations in Temperature-Salinity (T-S) space. Trends in AOU and age are computed
s within bins in the T-S space (supplementary Fig. S5). Temperature ranges between —1.5 and 8 °C and is divided into 350
76 bins while salinity ranges between 34.2 and 34.9 and is divided into 300 bins. The chosen resolution of the T-S-bins, about
w7 0.027 °C and 0.0023, comes from the trade-off between: (i) ensuring that comparable measurements are grouped into the same
s T-S-bin even if they have a different geographical location, (ii) providing enough data points per T-S-bins to find significant
e (p-value < 0.05) trends and (iii) providing enough trends estimates (one per T-S-bins) to identify a significant (p-value < 0.05)
o relationship between AOU trends and age trends. Trends for AOU and age, (dAOU/dt) and (dage/dt) are computed when five
11 Or more observations are grouped into a given T-S bin. Trends are then grouped into the Southern and Atlantic water-masses
12 defined previously. For the Southern water-mass, out of 1076 trends identified, 77 are significant for age and 107 for AOU.
183 For the Atlantic water-mass, 1816 trends are identified, out of which 188 are significant for age and 246 for AOU. When
18« accounting only for the co-located measurements that have significant trends both in age and AOU, the number of trends is
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15 reduced to 23 and 118 for the Southern and Atlantic water-masses, respectively. As in the modeling counterpart of the analysis,
186 a linear regression was computed between the spatial distributions of AOU trends and the age trends, which is then used as an
17 observational constraint.

188 In this work we apply linear regressions for estimating trends and evaluating linear relationships. In these applications, we
180 evaluate the significance of the trends and the linear relationship base on the p-values testing the null hypothesis of zero slopes,
190 1.e. no trends or no linear relationship. When the p-value is lower than or equal to 0.05 we consider the trends or the linear

w1 relationship to be significant. The linear regression also provides a 95 % confidence interval for the slope, serving as a measure

12 of the uncertainty associated with Sﬁfg(gU

103 to the number of significant figures provided.

. If this uncertainty is not specifically stated, it means that it is negligible with respect

« Results

105 Contemporary spatial AOU patterns reflect physical transport and biological oxygen consumption. For example, AOU is par-
s ticularly high in areas combining weak ventilation or ventilation of oxygen-depleted water-masses and intense remineralization
17 such as the deep ocean, the North Pacific or in the upper 1000 metres in the equatorial band (Fig. 1a,b,c). Earth system models
s (ESMs) reproduce the general patterns shown by observations (supplementary Fig. S6), yet with some regional strong positive
190 and negative biases relative to observations (Fig. 1d,e,f). On average, ESMs overestimate AOU in the ocean deeper than 2000
200 metres north of ca. 40°S and below 1000 metres in the Pacific north of ca. 50°S. In contrast, ESMs underestimate AOU in the
200 Southern Ocean (south of ca. 30°S) and above 1000 metres depth in the whole northern hemisphere. In addition to these biases
22 in the model-mean, we note that there is a strong inter-model spread in large parts of the ocean, where the range of ESM values
203 is higher than 70 % of the observation value (stippling in Fig. 1d,e,f and supplementary Fig. S7).
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Figure 1. Evaluation of apparent oxygen utilisation (AOU) and consistency in the projected future change (AAOU) as simulated by Earth system models
(ESMs). (a, b, c) AOU from the World Ocean Atlas 2023 (WOAZ23, Garcia et al. [2024]), averaged over 1971-2000 in the Atlantic (10°W to 60°W), Pacific
(130°W to 180°W) and Indian (40°E to 90°E) sectors of the ocean. (d, e, f) Multi-model mean of AOU bias against WOA23. Stippling shows AOU uncertainty
in ESMs, i.e. when the range between the highest and lowest ESM values is greater than 70 % of the WOA23 value. Refer to supplementary Fig. S7 for
individual ESM bias. (g, h, i) Multi-model mean of projected change (1971-2000 minus 2070-2099) under the SSP5-8.5 scenario, zonally average. Stippling
shows AAOU uncertainty in ESMs, i.e. when the range between the strongest and weakest AAOU exceed three times the multi-model mean AAOU. Refer to
supplementary Fig. S8 for individual ESM AAOU. The red dashed lines indicate the 1000 metres depth separating the upper and deep ocean. (j, k, 1) Time
series of AAOU integrated on the (j) global, (k) upper and (1) deep ocean for each ESM considered in this study. The gray shading shows the range of other
ESMs not used in this study (CanESMS, CNRM-ESM2-1, GFDL-ESM4, UKESM1-0-LL). The vertical dashed gray line (year 2015) separates the historical
and SSP5-8.5 scenarios.

204 In the majority of the ocean, AOU is projected to increase under the SSP5-8.5 scenario (Fig. 1g.h,i). Most of the increase
205 occurs below 1000 metres (Fig. 11), with agreement on the sign of change among the models (supplementary Fig. S8). Above
206 1000 metres, AOU is projected to decrease in areas around the Equator or near the surface in the high latitude (Fig. 1g,h,i).
27 The uncertainty of the projected change is considerable between ESMs with the inter-model spread exceeding three times the
28 multi-model mean in the intermediate depth of the Pacific, in the low-latitude Indian, and in the deep subtropical North Atlantic
200 (stippling in Fig. 1g,h,i and supplementary Fig. S8). By 2099, the integrated projected global change in AOU compared to 1850
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210 ranges from 20 to 76 PgC (Fig. 1j). A substantial share of the inter-model uncertainty in AOU changes stems from the deep
o ocean (below 1000 metres). Here, the ESM spread encompasses 20 to 65 PgC (Fig. 11), while it ranges from —10 to 25 PgC
22 above 1000 metres (Fig. 1k). The inter-model differences in AOU changes within the ESMs used in this study is representative
a3 of the inter-model differences in the AOU changes as seen by other ESMs (grey shading in Fig. 1j.k,i).

212 For our model ensemble and the grid-points with significant trends in AOU and age in our defined Atlantic and Southern
25 water-masses, the AOU trends are significantly correlated with the age trends for the years 1972-2013 (Fig. 2) and 2015-2099
26 (supplementary Fig. S9). The coefficient of determination, R?, is higher than 0.7, indicating that the spatial variability in age
217 trends can explain more that 70 % of the spatial variability in AOU trends, for four out of five ESMs in the dense water-masses
218 and three out of five ESMs in the light water-masses. We only find weaker correlations between AOU trends and age trends
20 in five cases (see R? < 0.7 in Fig. 2). This is probably related to the definition of the different water-masses not being fully
20 appropriate for all models. For example, some deep grid points counted towards the Atlantic light waters could arguably be
21 included in the Atlantic dense waters. In addition, some of the grid points defined as light waters are situated around 1000
22 metres and could be part of sub-surface waters such as the Antarctic Intermediate Waters or Subantarctic Mode Water. The
23 linear regression analysis cover only between 49 % and 72 % of the deep ocean for the 1972-2013 period, depending on the
24 ESM, because i) we only consider grid points with significant trends in age and AOU, and ii) large part of the deep ocean
25 have weak and non-significant trends during the contemporary period. For the 2015-2099 period, the linear regression analysis
26 cover between 79 % and 95 % of the deep ocean, depending on the ESM, as the trends are stronger and more significant
2 (supplementary Fig. S9 and Fig. S4). The inclusion of the non-significant trends decreases R? but does not substantially alter
2s  the slope of the linear regression (supplementary Fig. S10 and Fig. S11). A positive linear correlation is also found between
2o the significant trends in AOU and age from the observation dataset (supplementary Fig. $12). Here, R? is 0.88 and 0.92 for the
20 Southern and Atlantic water-masses, respectively, suggesting that about 90 % of the spatial variability in AOU trends can be
2 explained by the spatial variability in age trends for the few significant trends in the Southern and Atlantic water-masses.
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Figure 2. Distribution of the trends in age and trends in apparent oxygen utilisation (AOU) for the contemporary period (1972-2013) simulated with five Earth
system models (ESMs): a) MPI-ESM1.2-LR, b) ACCESS-ESM1.5, ¢) IPSL-CM6A-LR, d) MIROC-ES2L, e) NorESM2-LM. The blue shading shows the
number of data point for each bin of age trends and AOU trends for the Southern and Atlantic light/dense waters. A linear regression is computed between the
AOU trends and age trends for each water-mass. On each panel, the slope (Sﬁing), the coefficient of determination (R2) and the fraction of the deep ocean
volume are shown in different colours for each water-masse. The gray shading show the distribution of trends for the entire ocean.

AAOU

22 The simulated sensitivities of AOU change to age change (SMgC ) are relatively similar in the light and dense waters. Yet, as

23 might be expected, given that remineralization is stronger in the shallower regions, SﬁaAg(zU is slightly stronger in light waters.
24 We find that ESMs with a large (small) SﬁaAg(gU in the contemporary period (1972-2013) also have a large (small) SﬁaAger for the
235 future period under the SSP5-8.5 climate change scenario (Fig. 3). In addition, for each ESM, the future Sﬁgﬁg”

236 smaller than the contemporary one (except for three cases, points above the 1:1 line in Fig. Fig. 3), suggesting a reduction of

is similar or

237 the remineralization rate under the SSP5-8.5 climate change scenario. The linear relation between present and future SﬁaAg(;U
238 1s strong for the Southern light and dense waters and the Atlantic dense waters across our model ensemble, as indicated by a
239 linear regression giving coefficients of determination higher than 0.7 and p-values below 0.05 (Fig. 3). The only exception are
20 the Atlantic light waters with a weak linear relation across the model ensemble, mainly due to the behavior of NorESM2-LM.
201 Sﬁg\g%U evaluated from the observations are 0.11 4-0.02 and 0.04 4 0.01 mmol O, m~3yr~! for the Atlantic dense and Southern
x> dense water-masses, respectively (vertical blue line and shading in Fig. 3). They have not been split into light and dense waters
23 due to the limited number of data points (see methods). In both cases, the values are on the low side of the ESMs range:
20 0.08 to 0.29 mmolO, m ™3 yr*1 and 0.06 to 0.18 mmolO, m ™3 yr*1 for the Atlantic dense and Southern dense water-masses,
xus  respectively.
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Figure 3. Distribution of the sensitivity of AOU change to age change (SﬁaAg%U) in each water-masse: a) Southern light, b) Atlantic light, ¢) Southern dense,

d) Atlantic dense. Each dot shows the SﬁaAg(;U for one Earth system model (ESM) on the contemporary (1972-2013) and future (2015-2099) period. For few

models, the red horizontal/vertical dash indicates a weak correlation (R> < 0.7) between AOU trends and age trends for the contemporary/future period. The

black line shows the linear regression and the gray shading its confidence interval. The associated coefficient of determination (R?) and the p-value are indicated

in each panel. The diagonal dashed gray line is the 1:1 line. The vertical blue lines (and shading) show the SﬁﬂAggU

estimated from observations of the GLODAPvV2 database, only for the Southern and Atlantic dense water-masses.

(and its uncertainty) on years 1972-2013

Once a linear relationship has been established providing the average trend in AOU for a given trend in age, we can use it to
further quantify the contribution of age trends to the trends in AOU in each ESM. This contribution is estimated by multiplying

AAOU AAOU . dage
the age trends by S Aage dt

Aage . Cstimated in each of the four water-masses (S X in Eq. 3). Globally integrated, age trends
contribute from 38 % (ACCESM-ESM1.5) to 95 % (IPSL-CM6A-LR) of the AOU trends in these water-masses (Fig. 4a). In
general, the positive trends in AOU mostly arise from the Southern dense water-mass, and are driven by positive trends in age
(Fig. 4b-p). The Atlantic dense water-mass exhibits also intense local positive AOU trends driven by age trends. In these two
ventilation regions, the models suggest a weakening in the ventilation rates in the future (increasing age). In contrast, negative
AOU trends are mostly located in the Southern and Atlantic light water-masses, found between 1000 and 2000 metres depth in
the subtropics and equatorial region. In these areas, negative age trends play a major role indicating that waters get younger
because of a shift in water-mass structure or stronger ventilation, thought stronger ventilation seems less likely considering that
stratification increase everywhere in the ocean [Kwiatkowski et al., 2020]. The remainder term, B + €, locally either slightly
compensates or reinforces changes driven by age trends resulting globally in a positive contribution to AOU trends. MPI-
ESM1.2-LR, the ESM with the lowest Sﬁﬁg(gU and closest to the observation estimate, has a water-mass averaged coefficient of
determination, ﬁ, of 0.78 and estimate the contribution of age trends to 57 % (Fig. 4a). MIROC-ES2L and NorESM2-LM,

AAOU
Aage

of age trends. However, R? is below 0.7 for these two models. MPI-ESM1.2-LR and MIROC-ES2L are quite contrasted in

whose ' is also relatively close to the observation estimate for at least one of the water-masses, have higher contribution
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»%2  terms of global trends in AOU and contribution from age trends. In addition, MPI-ESM1.2-LR simulates strong AOU trends,
»%3  driven by age trends, in the Atlantic dense waters north of 50°N, between 2000 and 3000 metres depth, a feature not present in
s MIROC-ES2L (Fig. 4b,ck,l). The significant trends in the four water-masses cover at least 79 % of the deep ocean. Integrated
s over these water-masses, the AOU trends are very close to AOU trends integrated on the entire deep ocean (dark grey bars
%6 versus black contour bars in Fig. 4a) and represent a significant part of the globally integrated AOU trends (dark grey bars
27 versus light grey bars in Fig. 4a).
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x Discussion and conclusions

29 Understanding changes in ocean BCP and its impact on future climate change remains an outstanding research question [Tjipu-
a0 tra et al., 2025]. In this work, we have demonstrated that the spatial fields of AOU trends (an indicator of BCP) and age trends
on  are strongly correlated in the ocean deeper than 1000 metres where spatial variability in age trends can explain at least 70 %
22 of the spatial variability in AOU trends (R> > 0.7). This relationship is identified in simulations of the contemporary period

a3 (1972-2013) and simulations of the future period (2015-2099) under the SSP5-8.5 climate change scenario. The sensitivity of

AAOU
S Aage

s from 0.06 to 0.34 mmol O, m~3 yr~! for the contemporary period, when considering only the linear relationship associated with
w R2>0.7. Sﬁ:ﬁ‘gOU remain relatively similar when computed for the 2015-2099 period. Using the linear relationship we estimate

2 AOU change to age change, (that is, the slope of the linear regression), varies between the ESMs and the water masses

(3
27 that, on the 2015-2099 time period, the increase in age due to changes in circulation or ventilation rates contribute between

a5 38 % and 95 % to the increase in deep ocean DIC,¢pi, depending on the ESM.
AAOU

29 Our estimates of S Aage

20 of estimates produced by ESMs. The reliability of these observational estimates for evaluating ESMs is compromised by

derived from observational data for the contemporary period are consistent with the lower range

s the limited number of data points used in the estimation. However, increasing the number of data points by including non-

22 significant trends yields only to minor changes in the estimations. In addition, given that SﬁaAg(;U

23 an estimation of the oxygen utilisation rate (OUR) averaged within the water-masses considered, comparison with prior OUR

is similar to some extent to

%+ estimates is appropriate. In the deep ocean, OUR estimations typically vary around 0.1 mmol O, m~3yr~! [Sulpis et al., 2023].
s These observation-based estimations are also consistent with the lower range of the ESMs estimations. This suggests that the
26 changes in simulated interior AOU may be overly sensitive to changes in age in most of the models analysed here. In addition,
257 our analysis shows a relative stability over time of this sensitivity. This is likely an underestimation of the sensitivity on the
s future warmer period since observational studies has suggested increase remineralization and oxygen consumption with higher
20 temperature [Brewer and Peltzer, 2017]. These results indicates that the projected increase in AOU and thus DIC e, might be
200 weaker for a similar increase in age.

200 Our results highlight the importance of circulation changes on the changes in AOU and therefore on DIC ep;, in the deep ocean.
22 Previous studies suggested that circulation was the main driver of changes in interior carbon content during the past and future
203 climate [Bopp et al., 2017, Kessler et al., 2018, Liu and Primeau, 2023]. We quantify that between 2015 and 2099, under the
24 SSP5-8.5 climate change scenario, in the ocean below 1000 metres, an increase in age contributes between 57 % and 81 %
25 to an increase DICemin, based on MPI-ESM1.2-LR, MIROC-ES2L and NorESM2-LM whose sﬁfg‘gU are the closest to the
206 Observation-based estimates. The densest water-mass coming from the Southern ocean (southern dense water-mass) contribute
27 predominantly to the deep ocean DIC,.i, increase. This water-mass covers a large portion of the deep ocean, have particularly
28 strong correlation between spatial fields of AOU trends and age trends and the contribution from the age increase is even larger.
209 While we highlight the importance of change in age in this water-mass, a substantial portion of the change in AOU is not driven
a0 by change in age in lighter water-masses, and question the reliability of using change in age as a proxy for change in AOU in
s the ocean above 2000 metres. Here, changes in export [Henson et al., 2022], spatially variable oxygen utilisation rate [Sulpis
s et al., 2023] can de-correlate changes in AOU from changes in age.

33 One caveat of our work is the use of AOU as a proxy of remineralised organic matter, notably as we focus on the deep
a4 ocean where water parcels coming from the high latitude can be exported while being-undersaturated with respect to oxygen
s [Ito et al., 2004, Duteil et al., 2013]. Interestingly, when compared to true oxygen utilisation (TOU) that is a more accurate
s measure of remineralised organic matter, AOU overestimates TOU but changes in AOU underestimates changes in TOU by
a7 25 % [Koeve et al., 2020]. For our work, this suggests 25 % stronger trends in remineralised organic matter and thus stronger
a8  sensitivity of the BCP to circulation slow down relative to the sensitivity estimated from AOU trends in our ESM ensemble
a0 and the observation baseline. In addition, AOU underestimates organic matter remineralisation because it does not account for
a0 denitrification occurring in suboxic waters. In global warming simulations, the volume of suboxic waters increases all along
su  the 20th and 21st century resulting in a small increase in denitrification [Fu et al., 2018, Cocco et al., 2013]. Nevertheless, since
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sz suboxic waters are mostly located in the upper 1000 metres of the ocean, the omission of denitrification is expected to have a

AAOU

a3 minimal impact on our results. If it does have an impact, it would likely result in a small underestimation of .§ Aage -

a1 One of the initial motivation for this work was to constrain ESMs projections of AOU based on the sensitivity of AOU changes
a5 to age changes. The linear relationship between present and future sensitivity across ESMs is promising. It can, in theory, be
sis used to identify ESMs whose sensitivities are the most consistent with observations in the contemporary period and be used
sz to constrain the sensitivity of the future period. However, at this point in time, we cannot directly constrain AOU projections
ais  following an emergent constraint approach [Bourgeois et al., 2022, Kwiatkowski et al., 2017] because of the small ESM en-
a0 semble available and the limitation of the currently available observations. Nonetheless, below 2000 metres, our results suggest
a0 that if we can constrain deep ocean ventilation changes then we can constrain projections of deep ocean AOU. However, to
s identify the best ESMs at projecting deep ocean ventilation changes is challenging. For instance, under a different climate,
sz the last glacial maximum, ESMs simulate very different changes in Atlantic MOC (meridional overturning circulation) depth
33 and strength one from another and none of them is really consistent with the estimations from proxies [Sherriff-Tadano and
324 Klockmann, 2021]. On the other hand, simulated changes in the North Atlantic circulation during stadial-interstadial climate
325 transition show promising comparison with proxies data [Waelbroeck et al., 2023] In addition, constraining only the changes
a6 in the MOC may not be enough to identify best ESMs at projecting changes in AOU in the interior ocean. The uncertainties
37 associated to interior ocean remineralization in the different models remain. For instance, the slow down of the Southern and
a8 Atlantic MOC in MPI-ESM1.2-LR is stronger compared to MIROC-ES2L [Liu et al., 2023], yet MPI-ESM1.2-LR shows the
9 weakest change in age-driven AOU trends and MIROC-ES2L the strongest one (Fig. 4). An accurate projection of the carbon
;0 sequestration by the BCP in the deep ocean needs an accurate formation of the deep water masses in the North Atlantic and
s Southern Ocean, yet it is not possible to determine even one CMIP6 model that represents those accurately [Heuzé, 2021].

s It is our hope that the ESMs represented in CMIP7 will offer further improvements compared to CMIP6 in terms of their
sz representation of ventilation, especially deep water formation. We would like to emphasize that there is a need for more CMIP7
s ESMs to run the simulations with an age and preformed tracers and to make the related outputs available in the CMIP7 database.
a5 Given a larger model ensemble and more observations with ongoing time, our approach is a promising solution that would allow
336 us to constrain the remineralised carbon sequestration in the deep ocean for the next CMIP7 generation to come.

= Acknowledgements

18 This work was funded by the European Union under grant agreement no. 101083922 (OceanICU). Views and opinions ex-
s pressed are however those of the author(s) only and do not necessarily reflect those of the European Union or European
o Research Executive Agency. Neither the European Union nor the granting authority can be held responsible for them. The
s computational and storage resources were provided by Sigma2 - the National Infrastructure for High Performance Computing
w2 and Data Storage in Norway (project no. NN1002K, NS1002K). The authors acknowledge the World Climate Research Pro-
3 gramme, which, through its Working Group on Coupled Modelling, coordinated and promoted CMIP6. The authors thank the
a4 climate modelling groups for producing and making available their model output, the Earth System Grid Federation (ESGF)
us  for archiving the data and providing access, and the multiple funding agencies who support CMIP6 and ESGF. The authors ac-
us  knowledge the KeyCLIM project (grant 295046 from the Research Council of Norway) for coordinating access to the CMIP6
a7 data.

« Data availability

s CMIP6 outputs are available from the Earth System Grid Federation (ESGF) portals (e.g. https://esgf-node.ipsl.upmec.fr).

13 0f 21



https://doi.org/10.5194/egusphere-2025-2566
Preprint. Discussion started: 8 July 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

= Code availability

s The code for producing the figure is available at https://github.com/damiencouespel/scripts-article-biological-carbon-pump-
32 aou-trends-vs-age-trends.

= Contributions

s Funding acquisition JT, Conceptualization and methodology DC, NG, SKL, JT, Formal analysis and visualization DC, XD,
s Analysis of the results DC, XD, NG, EJ, SKL, JT, Writing (original draft preparation) DC, Writing (review and editing) DC,
6 XD, NG, EJ, SKL, JT,

= Competing interests

s The authors declare no competing interests.

= References

0 Tyler Volk and Martin I Hoffert. Ocean carbon pumps: Analysis of relative strengths and efficiencies in ocean-driven atmo-
361 spheric CO2 changes. The Carbon Cycle and Atmospheric CO2: Natural Variations Archean to Present. (1985), 32:99-110,
362 1985. doi: 10.1029/GM032p0099.

33 Tim DeVries. The Ocean Carbon Cycle. Annual Review of Environment and Resources, 47(1):317-341, 2022. doi:
364 10.1146/annurev-environ-120920-111307.

s Philip W. Boyd, Hervé Claustre, Marina Lévy, David A. Siegel, and Thomas Weber. Multi-faceted particle pumps drive carbon
366 sequestration in the ocean. Nature, 568(7752):327-335, April 2019. ISSN 0028-0836. doi: 10.1038/s41586-019-1098-2.

7 Eun Young Kwon, Frangois Primeau, and Jorge L. Sarmiento. The impact of remineralization depth on the air—sea carbon
368 balance. Nature Geoscience, 2(9):630-635, September 2009. ISSN 1752-0908. doi: 10.1038/ngeo612.

30 J. L. Sarmiento and J. R. Toggweiler. A new model for the role of the oceans in determining atmospheric P CO2. Nature, 308
370 (5960):621-624, April 1984. ISSN 1476-4687. doi: 10.1038/308621a0.

sn  Ernst Maier-Reimer, Uwe Mikolajewicz, and Arne Winguth. Future ocean uptake of CO2: Interaction between ocean circula-
72 tion and biology. Climate Dynamics, 12(10):711-721, 1996. ISSN 09307575. doi: 10.1007/s003820050138.

33 Philip Goodwin, Michael J. Follows, and Richard G. Williams. Analytical relationships between atmospheric carbon diox-
374 ide, carbon emissions, and ocean processes. Global Biogeochemical Cycles, 22(3), 2008. ISSN 1944-9224. doi:
375 10.1029/2008GB003184.

s Jerry F. Tjiputra, Damien Couespel, and Richard Sanders. Marine ecosystem role in setting up preindustrial and future climate.
377 Nature Communications, 16(1):1-8, March 2025. ISSN 2041-1723. doi: 10.1038/s41467-025-57371-y.

ans vy Frenger, Angela Landolfi, Karin Kvale, Christopher J. Somes, Andreas Oschlies, Wanxuan Yao, and Wolfgang Koeve.
379 Misconceptions of the marine biological carbon pump in a changing climate: Thinking outside the “export” box. Global
380 Change Biology, 30(1):e17124, 2024. ISSN 1365-2486. doi: 10.1111/gcb.17124.

s Jamie D. Wilson, Oliver Andrews, Anna Katavouta, Francisco de Melo Virissimo, Ros M. Death, Markus Adloff, Chelsey A.
382 Baker, Benedict Blackledge, Fraser W. Goldsworth, Alan T. Kennedy-Asser, Qian Liu, Katie R. Sieradzan, Emily Vosper,

14 0f 21



https://doi.org/10.5194/egusphere-2025-2566
Preprint. Discussion started: 8 July 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

383 and Rui Ying. The biological carbon pump in CMIP6 models: 21st century trends and uncertainties. Proceedings of the
384 National Academy of Sciences, 119(29):¢2204369119, July 2022. doi: 10.1073/pnas.2204369119.

a5 Stephanie A. Henson, Charlotte Laufkotter, Shirley Leung, Sarah L. C. Giering, Hilary I. Palevsky, and Emma L. Cavan.
336 Uncertain response of ocean biological carbon export in a changing world. Nature Geoscience, 15(4):248-254, April 2022.
387 ISSN 1752-0908. doi: 10.1038/541561-022-00927-0.

s Lester Kwiatkowski, Olivier Torres, Laurent Bopp, Olivier Aumont, Matthew Chamberlain, James R. Christian, John P. Dunne,
380 Marion Gehlen, Tatiana Ilyina, Jasmin G. John, Andrew Lenton, Hongmei Li, Nicole S. Lovenduski, James C. Orr, Julien
300 Palmieri, Yeray Santana-Falc6n, Jorg Schwinger, Roland Séférian, Charles A. Stock, Alessandro Tagliabue, Yohei Takano,
301 Jerry Tjiputra, Katsuya Toyama, Hiroyuki Tsujino, Michio Watanabe, Akitomo Yamamoto, Andrew Yool, and Tilo Ziehn.
302 Twenty-first century ocean warming, acidification, deoxygenation, and upper-ocean nutrient and primary production decline
303 from CMIP6 model projections. Biogeosciences, 17(13):3439-3470, July 2020. ISSN 1726-4189. doi: 10.5194/bg-17-3439-
304 2020.

s Mari S. Myksvoll, Anne Britt Sandg, Jerry Tjiputra, Annette Samuelsen, Veli Caglar Yumruktepe, Camille Li,
306 Erik A. Mousing, Joao PH. Bettencourt, and Geir Ottersen.  Key physical processes and their model repre-
307 sentation for projecting climate impacts on subarctic atlantic net primary production: A synthesis.  Progress in
308 Oceanography, 217:103084, 2023. ISSN 0079-6611. doi: https://doi.org/10.1016/j.pocean.2023.103084.  URL
399 https://www.sciencedirect.com/science/article/pii/S0079661123001271.

wo  Alessandro Tagliabue, Lester Kwiatkowski, Laurent Bopp, Momme Butenschon, William Cheung, Matthieu Lengaigne, and
s01 Jerome Vialard. Persistent Uncertainties in Ocean Net Primary Production Climate Change Projections at Regional Scales
a02 Raise Challenges for Assessing Impacts on Ecosystem Services. Frontiers in Climate, 3:738224, November 2021. ISSN
403 2624-9553. doi: 10.3389/fclim.2021.738224.

wi J. F Tjiputra, N. Goris, S. K. Lauvset, C. Heinze, A. Olsen, J. Schwinger, and R. Steinfeldt. Mecha-
405 nisms and early detections of multidecadal oxygen changes in the interior subpolar north atlantic. Geo-
406 physical Research Letters, 45(9):4218-4229, 2018. doi:  https://doi.org/10.1029/2018GL077096. URL
407 https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2018GL077096.

ws  W. Weijer, W. Cheng, O. A. Garuba, A. Hu, and B. T. Nadiga. CMIP6 Models Predict Significant 21st Century Decline
409 of the Atlantic Meridional Overturning Circulation. Geophysical Research Letters, 47(12):e2019GL086075, 2020. ISSN
a10 1944-8007. doi: 10.1029/2019GL086075.

an Y. Liu, J. K. Moore, F. Primeau, and W. L. Wang. Reduced CO2 uptake and growing nutrient sequestration from slowing
a2 overturning circulation. Nature Climate Change, 13(1):83-90, January 2023. ISSN 1758-6798. doi: 10.1038/s41558-022-
a3 01555-7.

a1 Irina Marinov, Anand Gnanadesikan, Jorge L Sarmiento, J R Toggweiler, M Follows, and B K Mignone. Impact of oceanic cir-
a1 culation on biological carbon storage in the ocean and atmospheric pCO2. Global Biogeochemical Cycles, 22(3):GB3007—
416 -n/a, 2008. doi: 10.1029/2007GB002958.

a7 W. Koeve, P. Kéhler, and A. Oschlies. Does Export Production Measure Transient Changes of the Biological Carbon Pump’s
418 Feedback to the Atmosphere Under Global Warming? Geophysical Research Letters, 47(22):¢2020GL089928, 2020. ISSN
a9 1944-8007. doi: 10.1029/2020GL089928.

a0 T.Ito, M. J. Follows, and E. A. Boyle. Is AOU a good measure of respiration in the oceans? Geophysical Research Letters, 31
a2 (17), 2004. ISSN 1944-8007. doi: 10.1029/2004GL020900.

w22 Olivier Sulpis, David S. Trossman, Mark Holzer, Emil Jeansson, Siv K. Lauvset, and Jack J. Middelburg. Respiration
423 Patterns in the Dark Ocean. Global Biogeochemical Cycles, 37(8):¢2023GB007747, 2023. ISSN 1944-9224. doi:
o 10.1029/2023GB007747.

15 0f 21



https://doi.org/10.5194/egusphere-2025-2566
Preprint. Discussion started: 8 July 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

»s  Richard A. Feely, Christopher L. Sabine, Reiner Schlitzer, John L. Bullister, Sabine Mecking, and Dana Greeley. Oxygen
426 Utilization and Organic Carbon Remineralization in the Upper Water Column of the Pacific Ocean. Journal of Oceanography,
a2 60(1):45-52, February 2004. ISSN 1573-868X. doi: 10.1023/B:JOCE.0000038317.01279.aa.

w8 Jorge L. Sarmiento, Gerhard Thiele, Robert M. Key, and Willard S. Moore. Oxygen and nitrate new production and reminer-
420 alization in the North Atlantic subtropical gyre. Journal of Geophysical Research: Oceans, 95(C10):18303-18315, 1990.
430 ISSN 2156-2202. doi: 10.1029/JC095iC10p18303.

s W. Koeve and P. Kihler. Oxygen utilization rate (OUR) underestimates ocean respiration: A model study. Global Biogeochem-
2 ical Cycles, 30(8):1166-1182, 2016. ISSN 1944-9224. doi: 10.1002/2015GB005354.

s3 Jordan L. Thomas, Darryn W. Waugh, and Anand Gnanadesikan. Relationship between Age and Oxygen along Line W in
on the Northwest Atlantic Ocean. Ocean Science Journal, 55(2):203-217, June 2020. ISSN 1738-5261, 2005-7172. doi:
435 10.1007/512601-020-0019-5.

s Laurent Bopp, Laure Resplandy, A Untersee, P Le Mezo, and M Kageyama. Ocean (de)oxygenation from the Last Glacial
a37 Maximum to the 21st century: Insights from Earth System Models. Philosophical Transactions of the Royal Society A:
438 Mathematical, Physical and Engineering Sciences, 375(2102), 2017. doi: 10.1098/rsta.2016.0323.

a0 Siv K. Lauvset, Nico Lange, Toste Tanhua, Henry C. Bittig, Are Olsen, Alex Kozyr, Marta Alvarez, Kumiko Azetsu-Scott,
440 Peter J. Brown, Brendan R. Carter, Leticia Cotrim da Cunha, Mario Hoppema, Matthew P. Humphreys, Masao Ishii, Emil
441 Jeansson, Akihiko Murata, Jens Daniel Miiller, Fiz F. Pérez, Carsten Schirnick, Reiner Steinfeldt, Toru Suzuki, Adam Ulfsbo,
a2 Anton Velo, Ryan J. Woosley, and Robert M. Key. The annual update GLODAPv2.2023: The global interior ocean biogeo-
443 chemical data product. Earth System Science Data, 16(4):2047-2072, April 2024. ISSN 1866-3508. doi: 10.5194/essd-16-
aaa 2047-2024.

ws  Thorsten Mauritsen, Jiirgen Bader, Tobias Becker, Jorg Behrens, Matthias Bittner, Renate Brokopf, Victor Brovkin, Martin
416 Claussen, Traute Crueger, Monika Esch, Irina Fast, Stephanie Fiedler, Dagmar Fldschner, Veronika Gayler, Marco Giorgetta,
a7 Daniel S. Goll, Helmuth Haak, Stefan Hagemann, Christopher Hedemann, Cathy Hohenegger, Tatiana Ilyina, Thomas Jahns,
448 Diego Jimenéz-de-la-Cuesta, Johann Jungclaus, Thomas Kleinen, Silvia Kloster, Daniela Kracher, Stefan Kinne, Deike Kle-
449 berg, Gitta Lasslop, Luis Kornblueh, Jochem Marotzke, Daniela Matei, Katharina Meraner, Uwe Mikolajewicz, Kameswar-
450 rao Modali, Benjamin Mobis, Wolfgang A. Miiller, Julia E. M. S. Nabel, Christine C. W. Nam, Dirk Notz, Sarah-Sylvia

451 Nyawira, Hanna Paulsen, Karsten Peters, Robert Pincus, Holger Pohlmann, Julia Pongratz, Max Popp, Thomas Jiirgen Rad-
452 datz, Sebastian Rast, Rene Redler, Christian H. Reick, Tim Rohrschneider, Vera Schemann, Hauke Schmidt, Reiner Schnur,
453 Uwe Schulzweida, Katharina D. Six, Lukas Stein, Irene Stemmler, Bjorn Stevens, Jin-Song von Storch, Fangxing Tian, Aiko

454 Voigt, Philipp Vrese, Karl-Hermann Wieners, Stiig Wilkenskjeld, Alexander Winkler, and Erich Roeckner. Developments
455 in the MPI-M Earth System Model version 1.2 (MPI-ESM1.2) and Its Response to Increasing CO2. Journal of Advances in
456 Modeling Earth Systems, 11(4):998-1038, 2019. ISSN 1942-2466. doi: 10.1029/2018MS001400.

ss7  Tilo Ziehn, Matthew A. Chamberlain, Rachel M. Law, Andrew Lenton, Roger W. Bodman, Martin Dix, Lauren Stevens, Ying-
as8 Ping Wang, and Jhan Srbinovsky. The Australian Earth System Model: ACCESS-ESM1.5. Journal of Southern Hemisphere
450 Earth Systems Science, 70(1):193-214, August 2020. ISSN 2206-5865. doi: 10.1071/ES19035.

wo  Olivier Boucher, Jérdme Servonnat, Anna Lea Albright, Olivier Aumont, Yves Balkanski, Vladislav Bastrikov, Slimane Bekki,

461 Rémy Bonnet, Sandrine Bony, Laurent Bopp, Pascale Braconnot, Patrick Brockmann, Patricia Cadule, Arnaud Caubel,
462 Frederique Cheruy, Francis Codron, Anne Cozic, David Cugnet, Fabio D’ Andrea, Paolo Davini, Casimir de Lavergne,
463 Sébastien Denvil, Julie Deshayes, Marion Devilliers, Agnes Ducharne, Jean-Louis Dufresne, Eliott Dupont, Christian Ethé,

464 Laurent Fairhead, Lola Falletti, Simona Flavoni, Marie-Alice Foujols, Sébastien Gardoll, Guillaume Gastineau, Josefine
465 Ghattas, Jean-Yves Grandpeix, Bertrand Guenet, E. Guez, Lionel, Eric Guilyardi, Matthieu Guimberteau, Didier Hauglus-
466 taine, Frédéric Hourdin, Abderrahmane Idelkadi, Sylvie Joussaume, Masa Kageyama, Myriam Khodri, Gerhard Krinner,

16 of 21



https://doi.org/10.5194/egusphere-2025-2566
Preprint. Discussion started: 8 July 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

506

507

508

509

Nicolas Lebas, Guillaume Levavasseur, Claire Lévy, Laurent Li, Francois Lott, Thibaut Lurton, Sebastiaan Luyssaert, Gur-
van Madec, Jean-Baptiste Madeleine, Fabienne Maignan, Marion Marchand, Olivier Marti, Lidia Mellul, Yann Meurdesoif,
Juliette Mignot, Ionela Musat, Catherine Ottlé, Philippe Peylin, Yann Planton, Jan Polcher, Catherine Rio, Nicolas Rochetin,
Clément Rousset, Pierre Sepulchre, Adriana Sima, Didier Swingedouw, Rémi Thiéblemont, Abdoul Khadre Traore, Mar-
tin Vancoppenolle, Jessica Vial, Jérdme Vialard, Nicolas Viovy, and Nicolas Vuichard. Presentation and Evaluation of the
IPSL-CM6A-LR Climate Model. Journal of Advances in Modeling Earth Systems, 12(7):e2019MS002010, 2020. ISSN
1942-2466. doi: 10.1029/2019MS002010.

Tomohiro Hajima, Michio Watanabe, Akitomo Yamamoto, Hiroaki Tatebe, Maki A. Noguchi, Manabu Abe, Rumi Ohgaito,
Akinori Ito, Dai Yamazaki, Hideki Okajima, Akihiko Ito, Kumiko Takata, Koji Ogochi, Shingo Watanabe, and Michio
Kawamiya. Development of the MIROC-ES2L Earth system model and the evaluation of biogeochemical processes and
feedbacks. Geoscientific Model Development, 13(5):2197-2244, May 2020. ISSN 1991-959X. doi: 10.5194/gmd-13-2197-
2020.

@yvind Seland, Mats Bentsen, Dirk Olivié, Thomas Toniazzo, Ada Gjermundsen, Lise Seland Graff, Jens Boldingh Debernard,
Alok Kumar Gupta, Yan-Chun He, Alf Kirkevag, Jorg Schwinger, Jerry Tjiputra, Kjetil Schanke Aas, Ingo Bethke, Yuanchao
Fan, Jan Griesfeller, Alf Grini, Chuncheng Guo, Mehmet Ilicak, Inger Helene Hafsahl Karset, Oskar Landgren, Johan Liakka,
Kine Onsum Moseid, Aleksi Nummelin, Clemens Spensberger, Hui Tang, Zhongshi Zhang, Christoph Heinze, Trond Iversen,
and Michael Schulz. Overview of the Norwegian Earth System Model (NorESM2) and key climate response of CMIP6
DECK, historical, and scenario simulations. Geoscientific Model Development, 13(12):6165-6200, December 2020. ISSN
1991-959X. doi: 10.5194/gmd-13-6165-2020.

Neil C. Swart, Jason N. S. Cole, Viatcheslav V. Kharin, Mike Lazare, John F. Scinocca, Nathan P. Gillett, James Anstey, Vivek
Arora, James R. Christian, Sarah Hanna, Yanjun Jiao, Warren G. Lee, Fouad Majaess, Oleg A. Saenko, Christian Seiler, Clint
Seinen, Andrew Shao, Michael Sigmond, Larry Solheim, Knut von Salzen, Duo Yang, and Barbara Winter. The Canadian
Earth System Model version 5 (CanESMS5.0.3). Geoscientific Model Development, 12(11):4823-4873, November 2019.
ISSN 1991-959X. doi: 10.5194/gmd-12-4823-2019.

Wallace S. Broecker, Sean Blanton, William M. Smethie Jr., and Gote Ostlund. Radiocarbon decay and oxygen utilization in
the Deep Atlantic Ocean. Global Biogeochemical Cycles, 5(1):87-117, 1991. ISSN 1944-9224. doi: 10.1029/90GB02279.

Roland Séférian, Pierre Nabat, Martine Michou, David Saint-Martin, Aurore Voldoire, Jeanne Colin, Bertrand Decharme,
Christine Delire, Sarah Berthet, Matthieu Chevallier, Stephane Sénési, Laurent Franchisteguy, Jessica Vial, Marc Mallet,
Emilie Joetzjer, Olivier Geoftroy, Jean-Frangois Guérémy, Marie-Pierre Moine, Rym Msadek, Aurélien Ribes, Matthias
Rocher, Romain Roehrig, David Salas-y-Mélia, Emilia Sanchez, Laurent Terray, Sophie Valcke, Robin Waldman, Olivier
Aumont, Laurent Bopp, Julie Deshayes, Christian Ethé, and Gurvan Madec. Evaluation of CNRM Earth System Model,
CNRM-ESM2-1: Role of Earth System Processes in Present-Day and Future Climate. Journal of Advances in Modeling
Earth Systems, 11(12):4182-4227,2019. ISSN 1942-2466. doi: 10.1029/2019MS001791.

J. P. Dunne, L. W. Horowitz, A. J. Adcroft, P. Ginoux, I. M. Held, J. G. John, J. P. Krasting, S. Malyshev, V. Naik, F. Paulot,
E. Shevliakova, C. A. Stock, N. Zadeh, V. Balaji, C. Blanton, K. A. Dunne, C. Dupuis, J. Durachta, R. Dussin, P. P. G.
Gauthier, S. M. Griffies, H. Guo, R. W. Hallberg, M. Harrison, J. He, W. Hurlin, C. McHugh, R. Menzel, P. C. D. Milly,
S. Nikonov, D. J. Paynter, J. Ploshay, A. Radhakrishnan, K. Rand, B. G. Reichl, T. Robinson, D. M. Schwarzkopf, L. T.
Sentman, S. Underwood, H. Vahlenkamp, M. Winton, A. T. Wittenberg, B. Wyman, Y. Zeng, and M. Zhao. The GFDL Earth
System Model Version 4.1 (GFDL-ESM 4.1): Overall Coupled Model Description and Simulation Characteristics. Journal
of Advances in Modeling Earth Systems, 12(11):e2019MS002015, 2020. ISSN 1942-2466. doi: 10.1029/2019MS002015.

Alistair A. Sellar, Jeremy Walton, Colin G. Jones, Richard Wood, Nathan Luke Abraham, Miroslaw Andrejczuk, Martin B.
Andrews, Timothy Andrews, Alex T. Archibald, Lee de Mora, Harold Dyson, Mark Elkington, Richard Ellis, Piotr Florek,
Peter Good, Laila Gohar, Stephen Haddad, Steven C. Hardiman, Emma Hogan, Alan Iwi, Christopher D. Jones, Ben Johnson,

17 of 21



https://doi.org/10.5194/egusphere-2025-2566
Preprint. Discussion started: 8 July 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

510 Douglas I. Kelley, Jamie Kettleborough, Jeff R. Knight, Marcus O. Kohler, Till Kuhlbrodt, Spencer Liddicoat, Irina Linova-
511 Pavlova, Matthew S. Mizielinski, Olaf Morgenstern, Jane Mulcahy, Erica Neininger, Fiona M. O’Connor, Ruth Petrie, Jeff
512 Ridley, Jean-Christophe Rioual, Malcolm Roberts, Eddy Robertson, Steven Rumbold, Jon Seddon, Harry Shepherd, Sungbo
513 Shim, Ag Stephens, Joao C. Teixiera, Yongming Tang, Jonny Williams, Andy Wiltshire, and Paul T. Griffiths. Implemen-
514 tation of U.K. Earth System Models for CMIP6. Journal of Advances in Modeling Earth Systems, 12(4):e2019MS001946,
515 2020. ISSN 1942-2466. doi: 10.1029/2019MS001946.

s Emil Jeansson, Reiner Steinfeldt, and Tanhua Toste. Water mass ages based on GLODAPv2 data product (NCEI Accession
517 0226793). NOAA National Centers for Environmental Information. Dataset., 2021. doi: 10.25921/xp33-q351.

s H.E. Garcia and L.I. Gordon. Erratum: Oxygen solubility in seawater: Better fitting equations. Limnology and Oceanography,
519 38:656, 1993.

s20  Herncin E Garcia and Louis I Gordon. Oxygen solubility in seawater: Better fitting equations. Limnology and Oceanography,
s21 37(6):1307-1312, 1992. doi: 10.4319/10.1992.37.6.1307.

s2  Laurence A. Anderson and Jorge L. Sarmiento. Redfield ratios of remineralization determined by nutrient data analysis. Global
523 Biogeochemical Cycles, 8(1):65-80, 1994. ISSN 1944-9224. doi: 10.1029/93GB03318.

s O. Duteil, W. Koeve, A. Oschlies, D. Bianchi, E. Galbraith, I. Kriest, and R. Matear. A novel estimate of ocean oxygen
525 utilisation points to a reduced rate of respiration in the ocean interior. Biogeosciences, 10(11):7723-7738, November 2013.
526 ISSN 1726-4170. doi: 10.5194/bg-10-7723-2013.

s7 Jerry F. Tjiputra, Jorg Schwinger, Mats Bentsen, Anne L. Morée, Shuang Gao, Ingo Bethke, Christoph Heinze, Nadine Goris,
528 Alok Gupta, Yan-Chun He, Dirk Olivié, @yvind Seland, and Michael Schulz. Ocean biogeochemistry in the Norwegian Earth
520 System Model version 2 (NorESM2). Geoscientific Model Development, 13(5):2393-2431, May 2020. ISSN 1991-959X.
530 doi: 10.5194/gmd-13-2393-2020.

sa Ralph F Keeling, Arne Kortzinger, and Nicolas Gruber. Ocean deoxygenation in a warming world. Annual review of marine
532 science, 2:199-229, 2010. doi: 10.1146/annurev.marine.010908.163855.

s;3 Curtis Deutsch, Holger Brix, Taka Ito, Hartmut Frenzel, and LuAnne Thompson. Climate-forced variability of ocean hypoxia.
s34 Science, 333(6040):336-339, 2011. doi: 10.1126/science.1202422.

s V. Cocco, F. Joos, M. Steinacher, T. L. Frolicher, L. Bopp, J. Dunne, M. Gehlen, C. Heinze, J. Orr, A. Os-
536 chlies, B. Schneider, J. Segschneider, and J. Tjiputra. Oxygen and indicators of stress for marine life in multi-
537 model global warming projections. Biogeosciences, 10(3):1849-1868, 2013. doi: 10.5194/bg-10-1849-2013. URL
538 https://bg.copernicus.org/articles/10/1849/2013/.

s Weiwei Fu, Francois Primeau, J Keith Moore, Keith Lindsay, and James T Randerson. Reversal of increasing tropi-
540 cal ocean hypoxia trends with sustained climate warming. Global Biogeochemical Cycles, 32(4):551-564, 2018. doi:
541 10.1002/2017GB005788.

sz Romain Caneill and Andrew Barna. Gsw-xarray. Zenodo, May 2024.

ses T. J. McDougall and P. M. Barker. Getting Started with TEOS-10 and the Gibbs Seawater (GSW) Oceanographic Toolbox.
544 SCOR/TAPSO WG127, 2011. ISBN 978-0-646-55621-5.

s W. S. Broecker, S. L. Peacock, S. Walker, R. Weiss, E. Fahrbach, M. Schroeder, U. Mikolajewicz, C. Heinze, R. Key, T.-H.
546 Peng, and S. Rubin. How much deep water is formed in the Southern Ocean? Journal of Geophysical Research: Oceans,
547 103(C8):15833-15843, 1998. ISSN 2156-2202. doi: 10.1029/98JC00248.

18 of 21



https://doi.org/10.5194/egusphere-2025-2566
Preprint. Discussion started: 8 July 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

sss Pauli Virtanen, Ralf Gommers, Travis E. Oliphant, Matt Haberland, Tyler Reddy, David Cournapeau, Evgeni Burovski, Pearu
549 Peterson, Warren Weckesser, Jonathan Bright, Stéfan J. van der Walt, Matthew Brett, Joshua Wilson, K. Jarrod Millman,
550 Nikolay Mayorov, Andrew R. J. Nelson, Eric Jones, Robert Kern, Eric Larson, C. J. Carey, {lhan Polat, Yu Feng, Eric W.
551 Moore, Jake VanderPlas, Denis Laxalde, Josef Perktold, Robert Cimrman, Ian Henriksen, E. A. Quintero, Charles R. Harris,
552 Anne M. Archibald, Antonio H. Ribeiro, Fabian Pedregosa, and Paul van Mulbregt. SciPy 1.0: Fundamental algorithms for
553 scientific computing in Python. Nature Methods, 17(3):261-272, March 2020. ISSN 1548-7105. doi: 10.1038/s41592-019-
554 0686-2.

sss  Hernan E. Garcia, Zhankun Wang, Courtney Bouchard, Scott L. Cross, Christopher R. Paver, James R. Reagan, Timothy P.
556 Boyer, Ricardo A. Locarnini, Alexey V. Mishonov, Olga K. Baranova, Dan Seidov, and Dmitry Dukhovskoy. World Ocean
557 Atlas 2023, Volume 3: Dissolved Oxygen, Apparent Oxygen Utilization, Dissolved Oxygen Saturation and 30-year Climate
558 Normal. 2024.

sso  Peter G. Brewer and Edward T. Peltzer. Depth perception: The need to report ocean biogeochemical rates as functions of tem-
560 perature, not depth. Philosophical Transactions of the Royal Society A: Mathematical, Physical and Engineering Sciences,
s61 375(2102):20160319, August 2017. doi: 10.1098/rsta.2016.0319.

s2  A. Kessler, E. V. Galaasen, U. S. Ninnemann, and J. Tjiputra. Ocean carbon inventory under warmer climate conditions
563 — the case of the last interglacial. Climate of the Past, 14(12):1961-1976, 2018. doi: 10.5194/cp-14-1961-2018. URL
564 https://cp.copernicus.org/articles/14/1961/2018/.

ss Y. Liu and F. Primeau. Surface-to-Interior Transport Timescales and Ventilation Patterns in a Time-Dependent Circulation
566 Driven by Sustained Climate Warming. Journal of Physical Oceanography, 54(1):173—-186, December 2023. ISSN 0022-
s67 3670, 1520-0485. doi: 10.1175/JPO-D-23-0113.1.

ss  Timothée Bourgeois, Nadine Goris, Jorg Schwinger, and Jerry F. Tjiputra. Stratification constrains future heat and carbon
560 uptake in the Southern Ocean between 30°S and 55°S. Nature Communications, 13(1):340, January 2022. ISSN 2041-1723.
570 doi: 10.1038/s41467-022-27979-5.

sn Lester Kwiatkowski, Laurent Bopp, Olivier Aumont, Philippe Ciais, Peter M. Cox, Charlotte Laufkotter, Yue Li, and Roland
572 Séférian. Emergent constraints on projections of declining primary production in the tropical oceans. Nature Climate Change,
573 7(5):355-358, May 2017. ISSN 17586798. doi: 10.1038/nclimate3265.

s Sam Sherriff-Tadano and Marlene Klockmann. PMIP contributions to understanding the deep ocean circulation of the Last
575 Glacial Maximum. Past Global Changes Magazine, 29(2):84-85, November 2021. ISSN 2411605X, 24119180. doi:
576 10.22498/pages.29.2.84.

sz C. Waelbroeck, J. Tjiputra, C. Guo, K. H. Nisancioglu, E. Jansen, N. Vazquez Riveiros, S. Toucanne, F. Ey-
578 naud, L. Rossignol, F. Dewilde, E. Marches, S. Lebreiro, and S. Nave. Atlantic circulation changes across a
579 stadial-interstadial transition.  Climate of the Past, 19(5):901-913, 2023. doi: 10.5194/cp-19-901-2023. URL
580 https://cp.copernicus.org/articles/19/901/2023/.

ss1  Céline Heuzé. Antarctic Bottom Water and North Atlantic Deep Water in CMIP6 models. Ocean Science, 17(1):59-90, January
582 2021. ISSN 1812-0784. doi: 10.5194/0s-17-59-2021.

19 of 21



https://doi.org/10.5194/egusphere-2025-2566
Preprint. Discussion started: 8 July 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

Figure 4. Trend in apparent oxygen utilisation (dAd(‘)U) and the contribution from trends in age (SﬁaAggU X %) under the SSP5-8.5 climate change scenario

simulated with five Earth system models (ESMs): MPI-ESM1.2-LR, ACCESS-ESM1.5, IPSL-CM6A-LR, MIROC-ES2L, NorESM2-LM. The remainder
(B + ¢) is computed as the difference between the two aforementioned components (see Eq. 3). Panel a) shows the trends spatially integrated over the global

ocean (light grey), the deep ocean (black contour) and the four water-masses considered in this study (dark grey, dark blue and light pink). The white percentage
in the dark blue bars indicates the share of the age trends contribution to AOU trends integrated on the four water-masses. At the bottom of the panel, *Vol.

ratio’ indicates the share of the deep ocean volume covered by the four water masses, while R? indicates the volume-weighted average of the coefficient of

determination over the four water masses. Panels b-p) shows the zonally average trends for each ESM (in rows): first column displays dAd?U, the second column
Shndl x %8¢ and the third one the remainder B+ €. Trends are computed for the period from 2015 to 2099.
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Figure 4. (continued)

a) Spatially integrated trends
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