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Abstract21

Ocean sediments may provide adequate long-term storage for carbon dioxide re-22

moval (CDR), with the abyssal ocean providing extra sequestration. The transit of car-23

bon from seafloor release to ocean surface can take up to millennia, as it occurs through24

many pathways characterized by long-tailed transit-time distributions (TTDs). Here, we25

introduce an idealized methodological framework for efficiently computing these TTDs26

from climate-model archives. We apply this framework to one Earth System Model and27

estimate the deep ocean sequestration efficiency for the 2030s and 2090s ocean circula-28

tions. We find the highest sequestration efficiencies on abyssal plains isolated from the29

deep branches of the conveyor belt, such as the North Pacific Basins, where less than 10%30

of water makes contact with the surface after 1000 years. The climate-warming induced31

slowdown of the 2090s deep ocean circulation extends return times by about 30%, which32

exceeds internal variability (∼ 20%) estimated from the ensemble of simulations.33

Plain Language Summary34

To limit global warming to 2 °C we must actively remove CO2 from the atmosphere.35

A good place for storing this removed carbon may be the sediments of the deep ocean,36

in part because the ocean provides an extra layer of sequestration. Carbon can travel37

through many ocean pathways from the seafloor to the surface, and this transit can take38

up to millennia. The transit times associated with this transport can be expensive to39

simulate with a climate model, even on powerful computers. Here, we introduce an ap-40

proximate but highly efficient method to reproduce these simulations based on climate-41

model archives only, i.e., without running the climate models themselves. Applying this42

method, we identify preferred locations for sedimentary storage such as the North Pa-43

cific Basins, where less than 10% of carbon will return to the surface after 1000 years.44

We also find that climate change weakens the deep ocean circulation and tends to ex-45

tend sequestration by about 30% by 2100.46

1 Introduction47

As greenhouse gas emissions into the atmosphere continue to rise, limiting global48

warming to less than 2 °C cannot be achieved by only reducing carbon dioxide (CO2) emis-49

sions: Carbon Dioxide Removal (CDR) technology will be required (e.g., Gattuso et al.,50
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2021; Riahi et al., 2023). The ocean is potentially a good candidate for carbon storage51

(Doney et al., 2024), currently holding about 50 times more carbon than the atmosphere52

(DeVries, 2022). And while the ocean has absorbed about 25% of anthropogenic CO253

and will naturally absorb more in the future, this process is slow relative to the pace of54

climate change (Wong & Matear, 1998).55

Many different marine-based CDR (mCDR) strategies have been proposed, includ-56

ing fertilizing the ocean (Pessarrodona et al., 2023), growing seaweed (Hurd et al., 2022;57

DeAngelo et al., 2023; Ross et al., 2023), artificial upwelling or downwelling (Oschlies58

et al., 2010), increasing alkalinity (Lenton et al., 2018), and injecting carbon into the sed-59

iments (Herzog, 2001; Ringrose, 2020). Key to effective mCDR is the carbon sequestra-60

tion time, i.e., the time that the removed carbon is sequestered before being released back61

into the atmosphere (e.g., Siegel et al., 2021). This sequestration time is tightly linked62

to the time that water takes to return to the ocean surface where carbon can be exchanged63

with the atmosphere.64

This water return time has been estimated in a number of contexts using various65

models and configurations (e.g., Holzer & Hall, 2000; Primeau, 2005; Primeau & Holzer,66

2006; Haine et al., 2008; DeVries & Primeau, 2011; DeVries et al., 2012; DeVries & Holzer,67

2019; Holzer et al., 2020, 2021; Siegel et al., 2021; Pasquier, Holzer, & Chamberlain, 2024;68

Nowicki et al., 2024; Haine et al., 2024). Yet, the effect of climate change and climate69

variability on the return time have not been investigated. This is likely because it is dif-70

ficult to directly simulate in most ocean models. While it is easy to log the return times71

of a dye injected in the ocean interior, it may require thousands of years of simulation72

time (Primeau, 2005), and doing so for many injection locations quickly becomes com-73

putationally prohibitive. A state-of-the-art, computationally efficient workaround is to74

track water backwards in time instead, i.e., from the surface back into the ocean inte-75

rior, using what is called an adjoint boundary propagator (e.g., Holzer & Hall, 2000; Primeau,76

2005; Haine et al., 2024).77

Here, we focus on the ocean pathways that start from the seafloor and return to78

the surface to quantify the sequestration efficiency of the deep ocean for carbon storage.79

In reality, carbon would likely be stored in the sediments with the ocean providing an80

additional layer of sequestration delaying the return of carbon back into the atmosphere.81

This study specifically addresses the following questions:82
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1. How long does it take for water at the seabed to return to the ocean surface?83

2. What fraction of water remains out of contact with the atmosphere after a given84

time (e.g., 1000 years)?85

3. How do climate variability and climate change affect the return time from seabed86

to surface?87

To answer these questions, we compute the transit-time distribution (TTD) for water88

to transit from the seabed to the surface layer using monthly ocean transport matrices89

built from archives of the Australian Community Climate and Earth-System Simulator90

(ACCESS-ESM1.5; Ziehn et al., 2020). The TTD is efficiently computed from an adjoint91

boundary propagator for the seasonally varying annually periodic flow representing the92

ocean circulation climatology of the 2030s for the Shared Socioeconomic Pathway SSP3-93

7.0 (Riahi et al., 2017; Arias et al., 2021). We assess the effect of climate change by the94

end of the century by repeating the TTD computation for the 2090s. The effect of cli-95

mate variability is assessed using the 40-member ensemble of realizations of ACCESS-96

ESM1.5 submitted to the 6th phase of the Climate Model Intercomparison Project (CMIP6).97

2 Methods98

Our simulations are conducted in the idealized context of perpetually repeating a99

seasonally varying but annually periodic year representing the ocean circulation clima-100

tology of a given period. This idealized framework has multiple advantages. Chiefly, it101

allows us to simulate tracers for thousands of years, well beyond the available 1850–2100102

window of CMIP6 archives. In addition, it avoids the complications from model drift and103

simplifies the mathematics while retaining the features of seasonality (as opposed to the104

steady-state context of Holzer et al., 2020; Pasquier, Holzer, & Chamberlain, 2024; Pasquier,105

Holzer, Chamberlain, Matear, & Bindoff, 2024). This facilitates computing the adjoint106

boundary propagator required for computing the sequestration efficiency. Furthermore,107

it affords us considerable computational savings, with wall times about 150× shorter than108

standard climate-model simulations.109

2.1 Ocean Transport Matrices110

We build matrices from climate-model archives following Chamberlain et al. (2019)111

but improve on their approach by capturing seasonality. For a given period (e.g., the 2030s)112
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we build 12 monthly transport matrices Tm, such that T1 represents the January cli-113

matology of the circulation, T2 represents February, and so on. Each transport matrix114

Tm is a discretization of the climatological mean advective–eddy-diffusive transport op-115

erator T ≡ u ·∇−∇·K∇ for that month, where u is the resolved and parameterized116

advective velocity, and K is the parameterized diffusivity tensor. Multiplying the trans-117

port matrix Tm by a tracer concentration vector c is the discrete equivalent of multi-118

plying the transport operator T by the corresponding concentration field c and gives the119

divergence of the advective–eddy-diffusive flux of the tracer.120

Our transport matrices are built from ACCESS-ESM1.5 archives (Ziehn et al., 2020).121

Its ocean component is the Modular Ocean Model version 5 (MOM5 Griffies, 2012). MOM5122

is configured with a nominal horizontal resolution of 1°×1° and 50 vertical levels with123

cell thicknesses ranging from 10m at the surface to 335m for the deepest level. The MOM5124

grid is tripolar, with two poles in the Northern Hemisphere located on land.125

The resolved horizontal advective fluxes are taken from CMIP6-archived mass-transport126

variables, and the unresolved Gent–McWilliams and submesoscale advection from CSIRO-127

archived variables (details in Open Research Section). The vertical advective fluxes are128

built through mass conservation from the seafloor up and their flux-divergence opera-129

tor is built using a simple first-order centered scheme. This also improves the method130

of Chamberlain et al. (2019) by reducing the severe diffusivity of their upwind scheme.131

Diffusion is parameterized as a simple first-order scheme with global diffusivity con-132

stants that are calibrated against the ACCESS-ESM1.5 water age. Specifically, we ap-133

ply constant background horizontal diffusivity κH = 300m2 s−1 and vertical diffusivity134

κV = 3× 10−5 m2 s−1, with additional vertical diffusion in the mixed layer (κVML = 1m2 s−1).135

These constants are calibrated for our transport-matrix estimate of the water age to match136

the online ACCESS-ESM1.5 1850s age. Since the CMIP6 archived ACCESS-ESM1.5 age137

was not fully spun up (Mannis et al., 2024), we used Anderson Acceleration (Khatiwala,138

2023, 2024) to spin it up efficiently ourselves.139

2.2 Sequestration Efficiency and Transit Time140

The key metric herein is the sequestration efficiency, E(r, t, τ), which is the frac-141

tion of water at location r and time t that will not have reemerged into the surface layer142

after a time τ (DeVries et al., 2012). The sequestration efficiency is derived from the TTD,143
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which quantifies the probability of all the possible times for water to transit to the sur-144

face. Below, we briefly outline the mathematics and computational methodology employed,145

with details provided in Sections S1 and S2.146

The probability density function of the TTD is given by τ 7→ G†(r, t, t+τ), where147

G† is a Green function —the adjoint boundary propagator— which we use to track wa-148

ter backwards in time from future surface injection (see Section S1 for details). The se-149

questration efficiency is given by the complement of the cumulative distribution func-150

tion of the TTD:151

E(r, t, τ) =
∞∫
τ

dt′ G†(r, t, t+ t′). (1)

For simplicity, we average the sequestration efficiency and the timescales discussed152

throughout over one year. For instance, we consider the mean sequestration efficiency,153

given by154

E(r, τ) ≡ 1

1 yr

ti+1yr∫
ti

dt E(r, t, τ), (2)

which is independent of the initial time ti for annually periodic flow. (Throughout, an155

overline denotes the mean over one year.) The advantage of this averaging is that it re-156

moves the need to carefully stitch back together adjoint simulations (Fig. S1). In prac-157

tice, G†(r, tf−τ, tf) is computed backwards in time from surface injection at final time158

tf as a boundary impulse response (BIR; Eqs. (S4–S5)), and such BIRs are not neces-159

sarily TTDs for unsteady flow (see, e.g., Haine et al., 2024). However, averaged over one160

year of periodic flow, BIR and TTD are identical, and the mean adjoint boundary prop-161

agator,162

G†(r, τ) ≡ 1

1 yr

ti+1yr∫
ti

dtG†(r, t, t+ τ), (3)

can be directly used to compute the mean sequestration efficiency, which is then sim-163

ply given by164

E(r, τ) =
∞∫
τ

dtG†(r, t). (4)

To put sequestration timescales into context, we also consider the mean transit time,165

Γ†(r, t), which is the average time for water at (r, t) to reemerge into the surface layer.166

In theory, its mean Γ† can be computed as the 1st moment of the mean TTD as167

Γ†(r) ≡
∞∫
0

dτ τ G†(r, τ). (5)
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However, a useful property of Γ† in periodic flow is that it obeys a nonlinear equation168

that we directly solve with a Newton–Krylov method (Bardin et al., 2014), which is con-169

siderably more efficient than time stepping G† over the full TTD (details in Section S2).170

3 Results171

3.1 Sequestration Efficiency, E172

Carbon released on the continental shelf quickly returns to the atmosphere, with173

more than 90% reaching the surface layer in less than 100 years (E ≤ 10%; Fig. 1a). In174

contrast, on the abyssal plain away from the continental shelf, over 90% of the water has175

not reached the surface even after 100 years. For longer horizons, more water makes con-176

tact with the surface (Fig. 1b,c). By 1000 years, E declines below 90% everywhere ex-177

cept in the North Pacific Basins.178

The patterns of E have the markings of the ocean circulation. The isolated abyssal179

waters of the North Pacific Basins provide the strongest sequestration efficiencies because180

these waters sit at the advective terminus of the great ocean conveyor and their return181

pathways are dominated by slow eddy-diffusion (Holzer & Primeau, 2006; Holzer et al.,182

2021). Similarly, the Southwest Pacific Basin, north of the Pacific Antarctic Ridge and183

west of the East Pacific Rise, and the Canary Basin and the North American Basin, east184

and west of the Mid-Atlantic Ridge, also provide relatively strong sequestration poten-185

tial. Other basins provide less efficient sequestration, with the least efficient locations186

near the Southern Ocean (30–90% after 300 years, 10–50% after 1000 years), including187

the Weddell Sea, the Bellingshausen, and the Australian-Antarctic Basins south of the188

Southeast Indian Ridge, as well as the Crozet Basin, because connections into deep branches189

of the Antarctic Circumpolar Current (ACC) provide a conduit back to the surface (Toggweiler190

et al., 2019). Climate variability, quantified here by the 40-member ensemble range, is191

generally less than 20% (E units). However, variability in the Weddell Sea is high, (> 60%192

after 100 years and ∼ 30% after 1000 years), likely because of variability in deep water193

formation and mixed layer depths. For long time horizons (τ = 1000 years), we also find194

20–40% variability in the North American Basin, likely owing to variability in Atlantic195

Meridional Overturning Circulation (AMOC) and North Atlantic Deep Water (NADW)196

formation, which can vary strongly across simulations of the same model (e.g., Romanou197

et al., 2023).198

–7–



manuscript prepared for Geophysical Research Letters

60°S

30°S

0°

30°N

60°N

τ 
=
 1

00
 y

ea
rs

60°S

30°S

0°

30°N

60°N

τ 
=
 3

00
 y

ea
rs

60°E 120°E 180° 120°W 60°W 0°

60°S

30°S

0°

30°N

60°N

60°E 120°E 180° 120°W 60°W 0°

τ 
=
 1

00
0 

ye
ar

s

ensemble mean 2030s sequestration efficiency, ℰ‾(r, τ) (%)

0 20 40 60 80 100

ensemble range, max ℰ‾(r, τ) − min ℰ‾(r, τ) (%)

0 10 20 30 40 50 60

aa dd

bb ee

cc ff

Figure 1. (a–c) Mean sequestration efficiency, E(r, τ), for seabed water after (a) τ = 100

years, (b) τ = 300 years, and (c) τ = 1000 years, averaged over the 40-member ensemble, for the

2030s circulation. (d–f) Climate variability of (a–c) as quantified by the ensemble E(r, τ) range,

i.e., the ensemble maximum minus the ensemble minimum.
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3.2 Characteristic Seafloor-to-Reemergence Timescales199

We quantify the ocean’s sequestration potential in terms of characteristic timescales200

of the TTD. To put these timescales in perspective, we start with the mean time to reemer-201

gence, Γ† (Fig. 2a). On the abyssal plain (below 3000m), Γ† ranges from about 300 to202

3000 years. Waters of the Weddell Sea, Australian Antarctic, and Bellingshausen Basins203

reemerge relatively fast through ACC connections (300–1200 years). Similarly, a frac-204

tion of waters of the Arabian Basin and the Somali Abyssal Plain upwell adiabatically205

into Indian Deep Water (IDW) that returns to the upper ocean (Talley, 2015). Consis-206

tent with high E , the longest abyssal seafloor-to-reemergence times (more than 3000 years)207

are found in the North Pacific Basins. We emphasize that our results are specific to ACCESS-208

ESM1.5, which has a relatively weak deep ocean circulation and is thus expected to over-209

estimate transit times (see Section S3).210

Further, we derive the quantiles of the TTD. That is, instead of charting the frac-211

tion E of water that remains sequestered for a given time τ , we chart the time that a given212

fraction of water takes to reemerge (i.e., the time τ for a given value of E). For simplic-213

ity, we only consider the median (E = 50%) and the 10th percentile (E = 90%), i.e., the214

time for half and 10% of the water to reemerge, respectively (Fig. 2b,c). While their pat-215

terns are similar, the median time to reemergence is roughly 30± 15% shorter than the216

mean time to reemergence over the abyssal plain. This is because of ocean mixing, which217

imparts long tails and strongly skews the TTDs to the right (Primeau & Holzer, 2006;218

Waugh et al., 2006). The 10th percentile time follows similar geographical patterns and219

is naturally smaller with significant variations over the abyssal plain. That is, it may take220

a couple of centuries for 10% of the water located in the Southern Ocean abyss to reemerge,221

but it takes more than a millennium for water in the North Pacific Basins.222

As we did for the sequestration efficiency, we assess the effect of internal-model cli-223

mate variability on reemergence timescales by looking at the ensemble range (Fig. 2d–224

f). We find that Γ† varies by 200–400 years or about 15–30% of the ensemble mean over225

most of the global abyssal plain. The largest relative internal variability on the abyssal226

plain is found in the Weddell Sea Basin, where the ensemble range is larger than the en-227

semble mean. This is consistent with large climate variability in deep water formation228

and mixed layer depth in the region. Climate variability for the median time to reemer-229

gence is similar to the mean time but noticeably smaller in the Weddell Sea. For the smaller230
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Figure 2. (a) Ensemble mean of the mean time to reemergence, Γ†, at the seafloor, for the

2030s circulation. (b) As (a) but for the median time, i.e., the time for half of the water to

reemerge (E = 50%). (c) As (b) but for the time for 10% of the water to make contact with the

surface (E = 90%). (d–f) Climate variability of (a–c) as quantified by the ensemble range, i.e.,

the ensemble maximum minus the ensemble minimum.

–10–



manuscript prepared for Geophysical Research Letters

110°E 120°E 130°E 140°E 150°E

40°S

30°S

20°S

10°S

injection
location

aa

seafloor depth (m)

200 1000 2000 3000 4000 5000

time after injection (years)
0 500 1000 1500 2000 2500 3000

tr
an

si
t t

im
e 

di
st

rib
ut

io
n,

 𝒢
† ‾‾
 (

ky
r−

1 )

0.0

0.2

0.4

2030s TTD

2090s TTD

mean time, Γ†‾‾
2030s 2090s

bb

time after injection (years)
0 100 200 300 400 500 600 700

se
qu

es
tr

at
io

n 
ef

fic
ie

nc
y,

 ℰ‾
 (

%
)

85

90

95

100

10th percentile time

cc

time after injection (years)
0 500 1000 1500 2000 2500 3000

se
qu

es
tr

at
io

n 
ef

fic
ie

nc
y,

 ℰ‾
 (

%
)

0

50

100

median time

dd

Figure 3. (a) Seafloor injection location (4200m depth). (b) Ensemble mean (solid lines) and

ensemble range (ribbons) of the TTDs for the 2030s (pink) and 2090s (gray), computed as G†.

The ensemble interquartile ranges of Γ† are represented as box plots and ensemble ranges as ver-

tical bands. (c) As (b) but for E . Ensemble interquartile ranges are shown for the 10th percentile

time, the median time, and E(τ) for τ = 100, 300, and 1000 years. (d) As (c) but zoomed out to

3000 years.

10th percentile time, climate variability in the Weddell Sea is almost entirely subdued231

(< 100 years) because it takes less than 100 years for 10% of the Weddell Sea Basin wa-232

ter to reemerge across the 40 members.233

3.3 Case Study: Injection on the Argo Abyssal Plain234

As a case study, we consider the time series of sequestration for water starting 4200m235

deep on the seabed off Northwest Australia (roughly 115.5°E, 16.6°S; Fig. 3a). We chose236

this location for its proximity to an existing offshore well, but emphasize that these time237

series are readily available at every ocean location within our framework, making it a238

useful planning tool for assessing the effectiveness of seabed carbon injection.239
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The TTD (Fig. 3b) skews strongly to the right, with a mode at about 500–700 years240

and a long tail extending well beyond our 3000 years of simulation, which is typical for241

TTDs in the ocean (Primeau & Holzer, 2006; Waugh et al., 2006). At about 1600–1900242

years, the mean time to reemergence Γ† is more than twice as large as the mode.243

Almost no water reemerges into the surface layer in the first 150 years (Fig. 3c,d).244

About 95% remains sequestered after 300 years, and 65% after 1000 years. In terms of245

characteristic timescales, it takes roughly 400 years for 10% of the water to reemerge.246

Owing to the TTD skewness, the median time to reemergence (E = 50%), is about 15%247

shorter than the mean time to reemergence, Γ†. That is, it takes about 1300 years for248

50% of the water to reemerge. This suggests that our choice of location is a good can-249

didate for seabed carbon injection as the ocean would provide long-term sequestration250

in the case of carbon leaking from the sediments.251

3.4 Effect From Climate Change252

Ventilation is expected to generally decrease with global warming, although the com-253

plex reorganization of the global circulation may produce counterintuitive increases (Gnanadesikan254

et al., 2007; Liu & Primeau, 2023). To investigate the effect of climate change on TTDs255

and seafloor sequestration efficiency, we repeat our analysis but for the 2090s instead of256

the 2030s, the expected response being a general increase in sequestration efficiency and257

return timescales. While our idealized periodic simulations cannot accurately predict a258

transient future, we emphasize that our 2030s and 2090s simulations provide reasonable259

bounds for what we might expect from a transient ACCESS-ESM1.5 simulation.260

For τ = 1000 and 300 years (Figs. 4, S6), we find E increases by more than 30%261

in the Weddell Sea Basin and the Arctic, and by 10–20% in the Atlantic. Contrastingly,262

we find mild decreases in the Southwest Pacific Basin north of the Pacific Antarctic Ridge,263

which possibly indicates emerging connections to deep branches of the ACC caused by264

a reorganization of the deep ocean circulation. For the short time horizon (τ = 100 years;265

Fig. S6), the climate-change driven increase in E is generally small (less than +10%) as266

it was already large in the 2030s, except in the Weddell Sea (+40%).267

Along with sequestration efficiency, the time to reemergence generally increases by268

15–40% for the climate-change affected 2090s ocean circulation (Figs. 3–4, S6). The largest269

increases for the mean and median time to reemergence are found in the Weddell Sea270
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Figure 4. (a,b) As Figs. 1a and 2a but for the 2090s. (c,d) Climate-change effect as quantified

by the difference between the ensemble mean 2090s and 2030s.

Basin and in the Arctic (+1000–1200 years), in the Northeast Pacific Basin (+700–800271

years), and in the Northwest Atlantic Basin (+600–700 years). The increase in the me-272

dian and 10th percentile times are smaller in magnitude but remain large relative to their273

2030s values (+10–50%). We note that while our analysis and the magnitude of our es-274

timates are model dependent, the climate-change forcing, the mechanisms at play, and275

the relative changes in transit times should be more robust across models.276

4 Conclusions and Discussion277

We have introduced an idealized but computationally efficient framework to esti-278

mate the deep ocean’s sequestration efficiency from existing climate-model output. Seafloor-279

to-surface TTDs were computed in a seasonally varying annually periodic flow represent-280

ing the decadal climatology of the 2030s circulation of the ACCESS-ESM1.5 model for281

the SSP3-7.0 scenario. We repeated this analysis across a 40-member ensemble to as-282

sess the effect of climate variability, and then for the climatology of the 2090s circula-283

tion to assess the effect of climate change.284
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While sequestration efficiency is generally high on the abyssal plain, we found large285

geographical variations across basins, imparted by recognizable patterns of the ocean cir-286

culation. The most efficient sequestration can be found in isolated waters where trans-287

port back to the surface is dominated by slow diffusion. In contrast, abyssal waters that288

are swept into deep branches of the conveyor belt, which presents a relatively fast con-289

duit back to the surface, provide the least efficient sequestration. Seafloor-to-surface TTDs290

generally skew strongly to the right, such that it generally takes about 30% less time291

for half of the water to resurface compared to the mean reemergence time. The quan-292

titative answers to the questions posed in this study are summarized below for the ACCESS-293

ESM1.5 model:294

1. For abyssal basins that are swept by the conveyor belt, such as the Weddell Sea,295

the Bellingshausen, and the Australian-Antarctic Basins, it takes roughly 100 years296

for 10% and up to 600 years for 50% of the water to resurface (with a mean time297

of ∼ 1000 years). Waters in isolated abyssal plains take significantly longer, e.g.,298

in the North Pacific Basins, where it can take up to 1300 years for 10% and more299

than 2500 years for 50% of the water to resurface (> 3000 years on average).300

2. Water sitting on the abyssal plain remains well sequestered on multi-centennial301

timescales, while the bulk of water on the continental shelf resurfaces in less than302

a century. The sequestration efficiency of the abyssal plain generally remains above303

90% after 100 years, above 80% after 300 years, and above 30% after 1000 years.304

The North Pacific Basins provide the most efficient sequestration, with more than305

90% of the water remaining below the surface after 1000 years. The Southwest306

Pacific Basin, north of the Pacific Antarctic Ridge also provides efficient seques-307

tration (> 80% after 1000 years). In the Atlantic, the highest sequestration ef-308

ficiency is found on the Canary Basin and the North American Basin, east and309

west of the Mid-Atlantic Ridge (> 50% after 1000 years).310

3. Climate change generally skews the TTDs further to the right, increasing both reemer-311

gence times and sequestration efficiency, through its effect on the circulation. This312

effect is particularly pronounced for our 2090s circulation in the Weddell Sea where313

deep water formation is dramatically reduced, adding an average 1200 years of tran-314

sit for seabed water to reemerge. In general, the seafloor-to-surface transit takes315

about 30% more time, which is greater than internal climate-model variability at316

about 20%.317
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Our work combines and highlights novel conceptual and computational methods318

that could benefit other modeling efforts. These methods include building monthly trans-319

port matrices from climate-model archives that accurately capture the ocean transport,320

efficient Newton–Krylov solvers for periodic solutions, efficient forward and backward321

time-stepping for estimating propagators and TTDs, and Anderson Acceleration for ef-322

ficient spin up. We propose that applying some of these methods to a wide range of CMIP323

models could significantly improve our understanding of the ocean system.324

Accurate estimates of ocean sequestration will be crucial for mCDR in the fight325

against climate change, for which the resources required are substantial (Smith et al.,326

2016; Sykes et al., 2020). It is therefore critical to plan mCDR projects in regions of the327

ocean where long-term storage is feasible. The reemergence timescales produced here are328

model-dependent but clearly highlight the higher sequestration potential of the North329

Pacific and other isolated abyssal plains. Applying our approach to other models will330

refine these estimates.331

More broadly, our framework could straightforwardly be applied to other mCDR332

techniques, such as alkalinity enhancement, and beyond mCDR, potentially open up av-333

enues for future research. This includes, for example, assessing the potential impacts of334

deep-sea mining on surface ecosystems through the seafloor-to-surface transit of trace335

metals (e.g., Drazen et al., 2020; Weaver et al., 2022).336
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Open Research337

The ocean mass transport from resolved velocity fields used (the umo, vmo vari-338

ables), grid metrics (areacello, volcello), and mixed layer depth variables (mlotst) are avail-339

able on CMIP6 archives, e.g., at https://esgf.nci.org.au/projects/esgfnci/. For340

the unresolved Gent–McWilliams and submesoscale mass transport fields, which were341

not archived with CMIP6 for ACCESS-ESM1.5, we used output from CSIRO produc-342

tion archives of the corresponding MOM5 transport diagnostics of the ACCESS-ESM1.5343

runs (using tx trans gm, ty trans gm, tx trans submeso, and ty trans submeso). The mean344

TTD (G†) and the mean sequestration efficiency (E) as plotted in the figures are avail-345

able on Zenodo (Pasquier, 2025).346

The code used in this work was written in Julia (Bezanson et al., 2017), Python347

(Van Rossum & Drake Jr, 1995), and MATLAB (The MathWorks Inc., 2022). The Python348

and Julia code used to preprocess CMIP6 output data is available at https://github349

.com/TMIP-code/notebooks. The Julia code used for building transport matrices from350

ocean model output (OceanTransportMatrixBuilder.jl; Pasquier, 2024) is available at https://351

github.com/TMIP-code/OceanTransportMatrixBuilder.jl. The Julia code for com-352

puting the adjoint boundary propagator and plotting the Figures (using Makie.jl; Danisch353

& Krumbiegel, 2021) of this manuscript is available at https://github.com/TMIP-code/354

ACCESS-TMIP. The MATLAB code for the Anderson Acceleration algorithm used (Khatiwala,355

2023, 2024) for efficient spinup of the ACCESS-ESM1.5 water age is available at https://356

github.com/briochemc/AndersonAcceleration/tree/ACCESS-ESM1-5. The age was357

spun up by using the historical ACCESS-ESM1.5 model configuration (Ziehn et al., 2020)358

available at https://github.com/ACCESS-NRI/access-esm1.5-configs and using the359

infrastructure provided by ACCESS-NRI, which is enabled by the Australian Govern-360

ment’s National Collaborative Research Infrastructure Strategy (NCRIS).361
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