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Characteristics and variability of ocean ventilation in the high-latitude North Atlantic
in an eddy-permitting ocean model

Graeme MacGilchrist, Helen Johnson 
and David Marshall

Or where and when is NADW ventilated?!

MacGilchrist et al. (2020), MacGilchrist et al. (2021)

4. Ventilation of the deep North Atlantic Ocean 135
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Figure 4.29: (top panel) Average age distribution for NADW, Dy
a[Ṽ ], reversed in direction

and overlain with black dots corresponding to the age distribution in 2012, Da[Ṽ(y = 2012)].
(bottom panel) Normalised 2012 age distribution: (Da[Ṽ(y = 2012)] ≠ Dy

a[Ṽ])/Dy
a[Ṽ].

Horizontal dotted lines correspond to ±0.25.

subduction and re-entrainment (noting that the contribution from lateral export is

small; Figure 4.25). A positive anomaly in a given year may be established either

by an anomalously large amount of subduction in that year, or an anomalously

small amount of re-entrainment in year the following or indeed in subsequent

years. Similarly for a negative anomaly being the result of low subduction or high

re-entrainment. Temporal variability in one or both of these processes will be

establishing the distribution in Figure 4.29.

To establish how subduction and re-entrainment interact to set the age distribu-

tion in NADW, we consider how the volume of water subducted from the mixed

layer in a particular year changes over time. In Figure 4.30 we show, in the top

panel, the anomalous distribution of the volume of newly subducted water in the



North Atlantic ocean ventilation is 
important for mean climate and for the 
response to anthropogenic forcing

The Oceanic Sink for
Anthropogenic CO2

Christopher L. Sabine,1* Richard A. Feely,1 Nicolas Gruber,2

Robert M. Key,3 Kitack Lee,4 John L. Bullister,1 Rik Wanninkhof,5

C. S. Wong,6 Douglas W. R. Wallace,7 Bronte Tilbrook,8

Frank J. Millero,9 Tsung-Hung Peng,5 Alexander Kozyr,10

Tsueno Ono,11 Aida F. Rios12

Using inorganic carbon measurements from an international survey effort in the
1990s and a tracer-based separation technique, we estimate a global oceanic
anthropogenic carbondioxide (CO2) sink for theperiod from1800 to1994of118!
19petagramsof carbon. Theoceanic sink accounts for"48%of the total fossil-fuel
and cement-manufacturing emissions, implying that the terrestrial biosphere was
a net source of CO2 to the atmosphere of about 39! 28 petagrams of carbon for
this period. The current fraction of total anthropogenic CO2 emissions stored in the
ocean appears to be about one-third of the long-term potential.

Since the beginning of the industrial period in
the late 18th century, i.e., over the anthropo-
cene (1), humankind has emitted large quan-
tities of CO2 into the atmosphere, mainly as a
result of fossil-fuel burning, but also because
of land-use practices, e.g., deforestation (2).
Measurements and reconstructions of the at-
mospheric CO2 history reveal, however, that
less than half of these emissions remain in the
atmosphere (3). The anthropogenic CO2 that
did not accumulate in the atmosphere must
have been taken up by the ocean, by the land
biosphere, or by a combination of both. The

relative roles of the ocean and land bio-
sphere as sinks for anthropogenic CO2 over
the anthropocene are currently not known.
Although the anthropogenic CO2 budget
for the past two decades, i.e., the 1980s and
1990s, has been investigated in detail (3),
the estimates of the ocean sink have not
been based on direct measurements of
changes in the oceanic inventory of dis-
solved inorganic carbon (DIC).

Recognizing the need to constrain the oce-
anic uptake, transport, and storage of anthro-
pogenic CO2 for the anthropocene and to
provide a baseline for future estimates of
oceanic CO2 uptake, two international ocean
research programs, the World Ocean Circu-
lation Experiment (WOCE) and the Joint
Global Ocean Flux Study (JGOFS), jointly
conducted a comprehensive survey of inor-
ganic carbon distributions in the global ocean
in the 1990s (4). After completion of the U.S.
field program in 1998, a 5-year effort was
begun to compile and rigorously quality-con-
trol the U.S. and international data sets, in-

cluding a few pre-WOCE data sets in regions
that were data limited (5). The final data set
consists of 9618 hydrographic stations col-
lected on 95 cruises, which represents the
most accurate and comprehensive view of the
global ocean inorganic carbon distribution
available (6). As individual basins were com-
pleted, the ocean tracer–based #C* method
(7) was used to separate the anthropogenic
CO2 component from the measured DIC con-
centrations (8–10). Here we synthesize the
individual ocean estimates to provide an
ocean data-constrained global estimate of the
cumulative oceanic sink for anthropogenic
CO2 for the period from "1800 to 1994 (11).
Distribution and inventories of an-

thropogenic CO2 in the ocean. The objec-
tively gridded individual sample estimates
were vertically integrated to produce the
column inventory map shown in Fig. 1.
Because the global survey had limited data
coverage in the marginal basins and the
Arctic Ocean (north of 65°N), these areas
were excluded from the mapped regions.
The cumulative oceanic anthropogenic CO2

sink in 1994, for the ocean region shown in
Fig. 1, is 106 ! 17 Pg C. Accounting for
the excluded regions, we estimate a global
anthropogenic CO2 sink of 118 ! 19 Pg C.
The uncertainty in the total inventory is
based on uncertainties in the anthropogenic
CO2 estimates and mapping errors (11).

Figure 1 shows that this anthropogenic
CO2 is not evenly distributed throughout the
oceans. The highest vertically integrated con-
centrations are found in the North Atlantic.
As a result, this ocean basin stores 23% of the
global oceanic anthropogenic CO2, despite
covering only 15% of the global ocean area
(table S1). By contrast, the Southern Ocean
south of 50°S has very low vertically inte-
grated anthropogenic CO2 concentrations,
containing only 9% of the global inventory.
More than 40% of the global inventory is
found in the region between 50°S and 14°S
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Fig. 1. Column inventory of anthropogenic CO2 in the ocean (mol m
$ 2). High inventories are

associated with deep water formation in the North Atlantic and intermediate and mode water
formation between 30° and 50°S. Total inventory of shaded regions is 106 ! 17 Pg C.
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youngest DSOW is found in the DWBC at each latitude, which appears to be in contrast to findings based
on overflow water pathways simulated in a high-resolution ocean model using particle trajectories [Lozier
et al., 2013], suggesting more interior spreading of DSOW and a less pronounced confinement at the west-
ern boundary. To analyze regional similarities and differences in more detail, the Atlantic Ocean is split into
five areas (Figure 1) that are related to main oceanic circulation features.

Figure 2. Maps of (a, b) water mass ages and (c, d) water mass fractions calculated for (left) Labrador Seawater (LSW) and (right) Denmark Strait Overflow Water (DSOW) younger than
40 years.
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Column inventory of anthropogenic CO2



Variability in atmospheric conditions affects the ocean surface mixed layer…

Yashayev and Loder et al. (2016)

…but how is this translated into the ocean interior?



Questions

When, where and how does ventilation of North Atlantic Deep Water (NADW) happen?

How is variability in atmospheric forcing communicated into the ocean interior?

Approach

Backwards-in-time trajectories in an ocean model hindcast.  
Determine where and when NADW was last in the surface mixed layer. 

Model details

- NEMO, ORCA025, Drakkar simulation
- Ocean + sea-ice at 1/4o

- Forced by atmospheric reanalysis 
- 57 year model run (1958-2015)
- Initialised from climatology 
- Lagrangian trajectories using Ariane

and 5-day-mean velocity fields
- model’s NADW =   27.7  < γn < 28  kg m-3
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FIG. 2. (a) Depth-median month of subduction for ventilated NADW in 2015. (b) Distribution of the month of subduction (colored bars;
volumetric distribution derived from trajectories) and the month of deepest mixed layers (dashed line; distribution of surface area fraction derived
from the Eulerian fields). The dashed curve is evaluated by first determining the timing of the deepest mixed layer over the course of each year for
each grid cell in the high-latitude North Atlantic (North of 40�N). A histogram is then taken over all years and across all grid cells and the surface
area occupied by each month is divided by the total surface area.

tion (Figure 3b) is shown in Figure 5a where the marker
size corresponds to the volume of subduction at that point
(taken from Figure 3a) and the color corresponds to the
winter-mean mixed layer depth (taken from Figure 3c).
Following the cyclonic flow of the boundary current, we
note that elevated subduction on the western boundary
closely corresponds with the region where there is a sub-
stantial horizontal gradient in the mixed layer depth. This
is shown more clearly in panels Figures 3b and c where
we ‘unwrap’ the streamlines to show late-winter mixed
layer depth (b) and subducted volume (c) along stream-
lines as a function of distance around the Labrador Sea
starting in the north east. Along the streamlines, the mixed
layer deepens from around 200m in the north east to a

maximum of approximately 1000m after a distance of be-
tween 400 and 700km. Over this region, subduction is
generally low. Mixed layer depths then decrease sharply
to shallower than 200m between 600 and 1000km along
the streamline. Regions of elevated subduction correspond
closely to this decrease in the mixed layer depth, even to
the extent that maxima in subducted volume (at around
700km for y ⇡�8Sv and 900km for y ⇡�20Sv) corre-
spond to the sharpest gradients in mixed layer depth along
these streamlines. This close correspondence continues
around the south west of the Labrador Sea, with elevated
subduction between 1400 and 1700km aligning with a de-
crease in the mixed layer depth toward the Grand Banks
(around 50�N 48�W ).
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Depth median month of subduction

Most NADW in the 
interior left the mixed 
layer in March/April.

Sanity check!

27.7  < γn < 28  kg m-3
MacGilchrist et al. (2020)
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FIG. 3. (a) Locations where ventilated NADW was subducted from the mixed layer. (b) Late-winter mean (March-April mean from 1975 to
2015) barotropic streamfunction, y . (c) Late-winter mean mixed layer depth (evaluated during the simulation using a density difference criteria
of Dr = 0.01kgm�3, consistent with that used in our Lagrangian trajectory experiments). In all panels, light gray lines correspond to bathymetric
contours at depths of approximately 500m, 1500m, 3000m and 3900m.

FIG. 4. Cumulative volumetric distribution of the water column
depth in the grid cells where subduction occurs, i.e. Figure 3a dis-
tributed as a function of bathymetric contour (model z-level). Vertical
gray lines delineate the bathymetric contours displayed in Figure 3 at
depths of approximately 500m, 1500m, 3000m and 3900m. Percent-
ages at the bottom of the panel correspond to the amount of ventilated
NADW water subducted between these contours.

The pattern of subduction in the boundary current corre-
sponds to a time-average picture of lateral fluxes across the
sloping late-winter mixed layer base. Figure 5 highlights

a crucial role in this process for deep mixed layers in the
north west of the Labrador Sea, near the entrance to Baffin
Bay. Viewed from the Lagrangian perspective of a water
column flowing around the boundary, the gradient in the
late-winter mixed layer depth is likely set by convection in
this north west corner followed by relatively rapid restrat-
ification (presumably by lateral freshwater fluxes from the
coastal regions; Pennelly et al. 2019) as the water column
moves southward. This results in a bolus of newly venti-
lated water moving rapidly away from the regions of deep-
est mixed layers, allowing ventilation of the wider North
Atlantic basin.

It is notable that this process of lateral induction is also
apparent in the open ocean region. In this region, the
maximum in subduction occurs at the northern edge of
the deep convection region, where the mixed layer depth
shallows sharply towards the north. The curving contours
of the barotropic streamfunction illustrate that in this re-
gion the time-mean flow recirculates within the Labrador
Sea (a feature observed in the ocean by Lavender et al.

Location of subduction

Labrador Sea boundary 
current dominates.

Lab Sea interior 
also plays a role.

Very little contribution 
from Nordic Seas

MacGilchrist et al. (2020)
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FIG. 5. (a) Late-winter mean mixed layer depth (colors; from Figure 3c), sampled along late-winter mean barotropic streamlines (from Figure
3b), where the size of each point represents the volume of ventilated NADW subducted at each location (from Figure 3a). Light gray contours are
the same as those in Figure 3 at of approximately 500m, 1500m, 3000m and 3900m. A representative distance along the streamline is shown in
two locations at approximately 340km and 1300km for ease of reference in panels b and c. (b) Mixed layer depth along the streamlines of panel a.
(c) Volume of ventilated NADW subducted along the streamlines of panel a.

while mixing the centre of mass progressively downwards
through the stratification over time.

A first-step towards understanding the source of these
density changes is to establish where they occur in the
model domain. For this purpose, we evaluate the location
and density of all of the ventilated particles (as of Septem-
ber 2015) every 5 days along their trajectories for the pre-
vious 10 years, or until they intersect the mixed layer. The
mean rate of density change experienced by trajectories
that cross each grid cell is shown in Figure 8a (there is a
logarithmic scale for both positive and negative rates of
density change). Note that this picture emphasizes the re-
gions in which the most substantial transformation takes
place, but does not necessarily indicate that these transfor-
mations make the largest contribution to the broad trans-
formations inferred from Figures 6 and 7.

The most conspicuous feature in Figure 8a is that the
largest density changes occur close to bathymetry. This

is predominantly close to the basin boundaries, but also
includes a signature around the mid-Atlantic Ridge wher-
ever it shallows into the depth range of NADW. Some
of the largest density changes are seen in the region of
dense overflows — at the Greenland-Scotland ridge and
the Mediterranean outflow — the former of which is con-
sidered in more detail in Section 3d. Along much of the
path of the deep western boundary current, the pattern
of density changes (with water becoming lighter on the
shoreward side and more dense on the oceanward side)
is consistent with theoretical arguments for where dense
waters will upwell and downwell through boundary layer
mixing in an ocean basin with sloping sidewalls (Armi
1978; Garrett et al. 1993; Ferrari et al. 2016). However,
such a pattern is clearly not consistent across the whole
basin, e.g. in the Labrador Sea.

The imprint of bathymetry on the pattern of these den-
sity changes encourages us to consider how the model pa-

Ventilated 
volume along 

barotropic
streamlines 

Boundary current subduction occurs via lateral fluxes across the sloping late-winter ML base.

ML depth along 
barotropic streamlines 

ML shallows 
rapidly here

MacGilchrist et al. (2020)
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FIG. 1: (a) Average age distribution. (b) Age distribution anomaly.

FORCING AND MLD The time-series of subduction cap-
tures broad features of the ventilation distribution, such
as positive anomalies in the mid-1980s and early 1990s
and negative values during the mid-2000s and early 2010s.
However, the relative magnitudes and shorter timescale of
anomalies in the ventilation time-series is not captured un-
til after the following winter (white bars), when mixed lay-
ers deepen and re-entrain newly subducted water. This
indicates that there are notable inter-annual variations in
the subsurface retention of newly subducted water, with
substantial impact on the years contributing to ventilation
variability. This is particularly notable, for example, dur-
ing the early 1990s. Subduction is anomalously high each
year between 1989 and 1995, but twice as much of the
water subducted in the later years is retained in the sub-
surface.

STATISTICAL INFORMATION FROM MET-
OFFICE MODEL.

It is clear from Figure 2a that variations in the retention
(or, by parallel, re-entrainment) of dense water is an im-
portant process setting the timescale on which NADW is
ventilated. Figure 2b emphasises this variability, showing
the volume reduction of subducted water from each year
following re-entrainment (light grey). For subduction in
any given year, the amount of water re-entrained in the

following year can be as much as 70%, such as in the mid-
1980s and early 1990s, or as little as 20-30% such as in
the mid-to-late 1990s or at times during the 2000s. In par-
ticular, it is clear that many of the strongest peaks in the
ventilation distribution (Figure 1b; e.g. 1995, 2009) arise
not from large anomalies in subduction in those years but
rather from anomalously small re-entrainment in the sub-
sequent winter, resulting in high subsurface retention. We
note also that while re-entrainment in the second year fol-
lowing subduction (Figure 2b; dark grey bars) is smaller,
there remains substantial variability, with percentage re-
duction varying between 5 and 35%.

Variability in the subsurface retention of newly venti-
lated water can be construed as resulting from variations
in the ‘effectiveness’ of Stommel’s demon from year to
year. That is, conditions in some years present them-
selves as more or less favourable for water subducted in
that year to escape re-entrainment in the following win-
ter. These conditions include changes in the transport of
water away from regions of deep mixed layers (through
changes in e.g. the strength of the subpolar gyre or lateral
transport by eddy activity) or inter-annual changes in the
depth of the winter mixed layer. From Figure 2a, we noted
that substantial inter-annual and longer timescale changes
in subduction were driven by variations in the convective

Interannual variability in NADW ventilation



Ventilation variability compared with atmospheric forcing and ML response

MacGilchrist et al. (2021)
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Anomaly in ventilated volume for open ocean (    ) compared with boundary current (    ) subduction

Re-entrainment associated with Labrador Sea open 
ocean convection dominates the ventilation variability. 

65 °W
60 °W 55 °W 50 °W 45 ° W 40 ° W

35
° W

30
° W

50 °N

55 °N

60 °N

65 °N

open ocean
boundary current

Trajectories

NAO+ (1995)

NAO- (1996)

(d) Example displacement of late-winter NADW outcrop and particle 
trajectories in the Labrador Sea

Late-winter outcrops

MacGilchrist et al. (2021)

Ventilation variability depends on variability in the sub-
surface retention of newly ventilated water in addition to 
variability in the amount subducted each year.



Conclusions

Ocean ventilation is a fundamentally Lagrangian process, requiring subduction out of the 
surface mixed layer and subsurface retention. Mixed layer depth is not always a good proxy!

NADW ventilation in the model is predominantly due to subduction in the Labrador Sea 
boundary current.

Variability in ventilation is driven by atmospheric forcing changes related to the NAO, and is 
heavily influenced by year-to-year variations in subsurface retention in the Lab Sea interior. 
An interannual version of Stommel’s Demon is at work!
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