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Abstract Translation of atmospheric forcing variability into the ocean interior via ocean ventilation is
an important aspect of transient climate change. On a seasonal timescale in the subtropics, this translation
is mediated by a so-called “Demon” that prevents access to all except late-winter mixed-layer water. Here,
we use an eddy-permitting numerical circulation model to investigate a similar process operating on
longer (interannual) timescales in the subpolar North Atlantic. We find that variations in atmospheric
forcing are mediated in their translation to the ocean interior, with year-to-year changes in the late-winter
mixed layer depth being the critical factor. The signature of persistent strong atmospheric forcing driving
deep mixed layers is preferentially ventilated to the interior when the forcing is ceased. Susceptibility to
this effect depends on the location and density of subduction—with the rate at which newly ventilated
water escapes its region of subduction being the crucial factor.

Plain Language Summary Water that leaves the ocean’s surface boundary layer—where
water is in direct contact with the overlying atmosphere—to be transported into the subsurface, is said

to be “ventilated” (the name arising from the abundance of oxygen in newly ventilated water). The
ventilation process, which carries implications for the ocean storage of climate-relevant substances such
as carbon dioxide, occurs only at certain times and under certain conditions. In describing a mechanism
for the selective nature of ventilation over the seasonal cycle, Henry Stommel imagined a Demon sitting
at the base of the surface boundary layer, granting access only to parcels of water that meet certain
characteristics (namely their speed of “escape”). Thus, “Stommel’s Demon” was born. Here, we investigate
this same process as it operates in more northerly regions and on longer timescales. In so doing we give
birth to a new “interannual Demon,” and describe its characteristics.

1. Introduction

In 1939, Iselin noted that the properties of the ocean thermocline match those of the late-winter mixed
layer, as opposed to a year-round average (Iselin, 1939). Some 40 year later, Stommel (1979) suggested that
this arises from the seasonality of the mixed layer depth, which effectively re-entrains water subducted at
any time except late-winter. Stommel likened the process to that of “Maxwell’s Demon” in thermodynamics,
with the Demon here operating a trapdoor at the base of the mixed layer, allowing access to the ocean inte-
rior only for water moving away fast enough to escape re-entrainment. Williams et al. (1995) subsequently
used tracers in a numerical simulation to show that this process does indeed operate as Stommel described.
The process, which has since become known as “Stommel’s Demon,” simplifies models of the ocean ther-
mocline, whereby the late-winter mixed layer base can be adopted as the upper boundary and mixed layer
seasonality effectively ignored (Luyten et al., 1983; D. Marshall, 1997; D. Marshall & Marshall, 1995; J. C.
Marshall, Williams, & Nurser, 1993; Qiu & Huang, 1995; Sarmiento, 1983; Williams, 1991).

Here, we continue in the Demonic tradition by considering whether a similar process operates on an in-
terannual timescale in the ventilation of deep ocean water masses, and mediates the translation of atmos-
pheric forcing variability into the ocean subsurface. We focus on the North Atlantic, and in particular on
the Labrador Sea, a critical region for the ventilation of deep ocean waters (MacGilchrist et al., 2020; Rhein
et al., 2017). Water subducted here flows southward as part of the Atlantic Meridional Overturning Circula-
tion, returning to the surface predominantly in the Southern Ocean, after a timescale on the order of centu-
ries (DeVries & Primeau, 2011; Gebbie & Huybers, 2012). Consequently, the region has been shown to play
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a crucial role in transient climate change through the uptake of anthropogenic carbon dioxide (Khatiwala
et al., 2009), oxygen (Koelling et al., 2017), and heat (Zanna et al., 2019). Understanding the sensitivity of
deep ocean ventilation to changes in surface forcing is thus an important step toward accurately projecting
its future evolution (Boer et al., 2007; Katavouta et al., 2019).

The North Atlantic Oscillation (NAO) is the dominant mode of atmospheric variability over the North
Atlantic Ocean (Hurrell, 1995; J. Marshall, Johnson, & Goodman, 2001). Identified as an oscillation in the
pressure systems over Iceland and the Azores, the system swings between positive and negative phases
on an ~3-7 year timescale (Hurrell & Deser, 2010). In its positive phase, the atmospheric circulation is
anomalously strong and stormy, driving enhanced heat loss from the ocean surface across the subpolar gyre
(Visbeck et al., 2003) and resulting in deeper winter mixed layers, particularly in the Labrador Sea (Kieke
et al., 2007; Sarafanov, 2009).

In this study, we consider how NAO-mediated forcing of the ocean surface impacts the ventilation of the
deep Atlantic Ocean. In particular, we explore how the interplay of atmospheric forcing and ocean circu-
lation imparts interannual variability to the transport of mixed layer properties into the ocean subsurface.

2. Numerical Simulation and Lagrangian Trajectory Analysis

‘We tackle this problem using trajectory analysis in an eddy-permitting, forced ocean-sea-ice model. The nu-
merical simulation and Lagrangian trajectory experiments are described in MacGilchrist et al. (2020). Here,
we summarize the key points and refer the reader to that work for more details, as well as for comparison
of the model with observations in the high-latitude North Atlantic.

The numerical simulation is a global implementation of the Nucleus for European Modeling of the Ocean
(NEMO) model (Madec, 2014). The ORCA025 configuration is used, which has a grid resolution of 1/4°
(~27.75 km at the equator, refined at high-latitudes) and 75 uneven vertical levels. The ocean model is cou-
pled to a sea-ice model, LIM2 (Bouillon et al., 2009).

The simulation runs from 1958 to 2015, and is forced with the historical atmospheric reanalysis: “Drakkar
Forcing Set 5,” which is an updated version of the fields described in Brodeau et al. (2010). The simulation
is initialized from rest with temperature and salinity from the Levitus climatological hydrography (Levitus
et al., 1998). We do not include the first 18 year of the simulation in our analysis, when the adjustment of
the ocean state to the initial conditions is the largest.

Trajectories are evaluated “offline” using the Lagrangian analysis tool, Ariane (Blanke & Raynaud, 1997).
The model velocity and hydrographic fields (output as 5 days means) are assumed to be piece-wise sta-
tionary, changing discretely every 5 days. No attempt is made to parameterize sub-grid scale physics in the
trajectories (Van Sebille et al., 2018). Although the simulation is global, we restrict our Lagrangian experi-
ments to the Atlantic sector.

We evaluate backwards-in-time trajectories from a model-defined North Atlantic Deep Water (NADW) with
7" between 27.7 and 28.0 (see details in MacGilchrist et al., 2020), where y" is calculated according to the
empirical formulation of McDougall and Jackett (2005). Particles are initialized at each model tracer point
(located in the center of the grid cell) at the end of September every year between 1976 and 2015. Each
particle is assumed to be representative of the grid cell volume in which it is initialized. Trajectories are
evaluated backwards in time until reaching the base of the mixed layer, defined as being within 0.01 of the
density at 10 m, following Thomas et al. (2015). Our primary results are insensitive to this definition of
mixed layer depth.

To determine the interannual variability of ventilation, we calculate the time-mean age distribution of the
model NADW, achieved by averaging the distribution determined for each of the initialization years be-
tween 1976 and 2015. Then, we subtract that mean distribution from the age distribution in 2015, leaving
age distribution anomaly at the end of the simulation. An anomalously large amount of 20-year-old water
in 2015 signals an anomalously large amount of water retained in the subsurface due to ventilation in 1995.
We normalize by the mean age distribution to account for re-entrainment of the water mass over time.

MACGILCHRIST ET AL.

20f9



A s | .
NI Geophysical Research Letters 10.1029/2020GL092340

ADVANCING EARTH
AND SPACE SCIENCE

(a) Month of subduction in NADW (depth-median)
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(b) Volume of NADW subducted in each month

and month of deepest mixed layers

~3r 5 0.1
g
% 2 5
% 0.05 G
gt =
o >
= 0 . i 0

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month of subduction

Figure 1. (a) Depth-median month of subduction for ventilated

NADW (7" between 27.7 and 28.0) in 2015. Dark gray indicates regions
unventilated during the simulation. White contour corresponds to

y" = 27.85 at a depth of 10 m for the late-winter (March to April) time-
mean density. (b) Distribution of the month of subduction (colored

bars; volumetric distribution derived from trajectories) and the month

of deepest mixed layers (red dashed line; distribution of surface area
fraction derived from the Eulerian fields). The dashed curve represents the
probability that, for a given location and a given year, the deepest mixed
layer occurred during that month.

3. Results
3.1. Stommel’s Demon in NADW

Stommel’s Demon was shown to operate in the ventilation of the sub-
tropical thermocline (Williams et al., 1995). However, it is not imme-
diately intuitive that such a process operates in the subpolar gyres. In
these regions, the time-mean, depth-integrated flow in the basin interior,
away from lateral boundaries, moves water poleward—back toward the
region of deep mixed layers—narrowing both the region and period over
which subducted water might hope to escape (J. C. Marshall, Williams,
& Nurser, 1993). Furthermore, substantial freshwater input (from glacial
and sea-ice melt, and river run-off) and deep convective events mean
that isopycnal outcrop migration does not occur in a strictly meridional
fashion. Consequently, water subducted into NADW in summer could
feasibly evade re-entrainment, dependent on its subsurface pathway (e.g.,
transported southward in the western boundary current).

Despite these confounding factors, we find here that the timing of venti-
lation in the subpolar gyre displays striking consistency with that in the
subtropics (Williams et al., 1995). In Figure 1a, we show the month of
subduction in each grid cell, averaged over the depth of NADW. The dom-
inance of light and dark green illustrates that the majority of ventilation
arises from subduction occurring in March and April, confirmed by the
volumetric histogram in panel (b). Although the peak is in late-winter,
ventilation of NADW takes place over a broad range of winter months,
from December through May.

The dashed line in Figure 1b shows a probability distribution for the tim-
ing of the deepest mixed layers across the high-latitude North Atlantic
domain. Throughout the year there is a strikingly consistent lag of ~1
month between the timing of deepest mixed layers and that of subduc-
tion. MacGilchrist et al. (2020) noted that the majority of NADW ventila-
tion occurs via subduction over a relatively narrow region in the Labra-
dor Sea boundary current. In this region, the deepest mixed layers occur
slightly later in the year than they do in the open ocean subpolar gyre,
perhaps explaining part of the shift between the two curves in Figure 1b
and emphasizing that the location of subduction is a crucial component
of ventilation, in addition to the timing.

3.2. An Interannual Demon

The normalized anomaly in the age distribution of NADW, which we
adopt as a proxy for ventilation variability, is shown in Figure 2a. The

time-mean age distribution is also shown, for which we can note the long-timescale decline in volume
with increasing age, indicative of a slow erosion of the water mass as it is mixed diabatically or returned to
the mixed layer. The interannual signal is strong, varying by as much as 100% of the mean (a normalized

anomaly value of 1).

We wish to understand how variability in ventilation is related to atmospheric forcing of the upper ocean.
In panel (b), we show the NAO index as well as the anomaly in the integrated volume of the mixed layer.
As expected (Visbeck et al., 2003), these two are well-correlated, indicating that changes in the atmospheric
state impact the depth of the upper ocean mixed layer.

Atmospheric forcing variability (Figure 2b) is translated to the ventilation anomalies (Figure 2a), at least
in the sense that broad periods of positive NAO match times of anomalously high ventilation (e.g., the
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Figure 2. (a) Ventilation variability derived from the Lagrangian experiments. Green line is the mean age distribution of NADW from different initialization
years (see Section 2). Orange bars are the normalized anomaly around this mean age distribution for the initialization in 2015: a proxy for the ventilation
anomaly in each year (e.g., + anomaly in 20-year-old water implies + anomaly in 1995 ventilation, etc.). Dotted line is a reconstruction of the ventilation
anomaly using multi-linear regression of mixed layer anomalies in the year itself and in the following year. (b) NAO index from Hurrell (1995, DJFM mean)
and the anomaly in the volume of the late-winter mean mixed layer (i.e., volume within 0.01 of the surface density above it).

1990s). However, it is evident that the ventilation anomalies do not entirely match up with anomalies in the
atmospheric state or upper ocean, suggesting that ventilation variability is also mediated by upper ocean
dynamics.

Linear regression reveals that, as anticipated from Figure 2b, the volume of water present in the mixed layer
in each year is well-correlated with the NAO (R* = 0.41). However, that correlation is eroded (to R* = 0.14)
when considering only the water left in the subsurface following re-entrainment in the subsequent winter.
In contrast, correlation between the final ventilation anomaly (Figure 2a) and the volume subducted each
year is improved following re-entrainment (from R* = 0.61 to R* = 0.85). Such correlations show that while
ventilation anomalies are initially established by atmospheric forcing variability, they are confounded by
variations in the re-entrainment of water from year-to-year. In other words, changes in the depth of the
late-winter mixed layer—from one winter to the next—play an integral role in translating surface forcing
variability to the ocean interior.

Of course, deep mixed layers in any given year and re-entrainment in the following year are both a result of
atmospheric forcing, since re-entrainment itself is dependent on the subsequent year’s mixed layer depth
(with deeper mixed layers entraining more water). What is apparent here is that ventilation anomalies have
a memory of at least 2-year of atmospheric forcing, manifest in the varying depth of the winter mixed lay-
er. The dotted line in Figure 2a is a reconstruction of the ventilation anomaly based on mixed layer depth
anomalies in each year and in the subsequent year (a forwards-in-time auto-regressive model of order 1:
ART1). The reconstruction does a good job in most years, and we find that the cumulative error is approxi-
mately halved compared to an equivalent reconstruction with an ARO model (ventilation anomaly depend-
ent only on the mixed layer depth anomaly in that year). Failing to account for the time-varying deep winter
mixed layer results in the accumulation of errors in estimating ventilation to the ocean interior.
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Two time periods (the early 1990s and late 2000s) provide particularly clear examples of the mediation
of ventilation by atmospheric forcing variability. During the 1990s, there was a consistently strong, posi-
tive NAO, accompanied by deep winter mixed layers (Figure 2b). However, substantial positive ventilation
anomalies are only present in the later years (Figure 2a), after 1993, and largest in the final year (1995),
just before the NAO moved back into a negative phase. Likewise in 2008 and 2009, the ventilation anomaly
peaks in the year following the transition to a negative NAO.

3.3. Deep Convection and the Open-Ocean Demon

MacGilchrist et al. (2020) note that almost all of the ventilation in this simulation occurs in the bounda-
ry current of the Labrador Sea. We consider whether it is also in this region that the Demon operates, or
whether the signal arises from deep convection in the central Labrador Sea.

Figure 3a shows the ventilation anomaly (as in Figure 2a) now separated by the bathymetric depth in the
region where the particles left the mixed layer. Anomalies associated with subduction in the boundary cur-
rent (shallower than 3,000 m) make a broadly consistent contribution over time. On the other hand, major
excursions are the result of anomalies in the open ocean (deeper than 3,000 m), particularly forming the
dominant contribution in the 1990s.

A similar picture emerges when we consider the density class in which the ventilation anomalies appear
(Figure 3b). Anomalies in the densest water masses are crucial in establishing the large positive deviations
in the early part of the time-series and negative anomalies thereafter, interspersed with large positive anom-
alies in the intermediate classes. As noted in MacGilchrist et al. (2020), denser waters are preferentially sub-
ducted in the central Labrador Sea. This apparent shift is consistent with observed changes in that region,
for which the mid-1990s marked a shift in the formation of Labrador Sea Water (Kieke et al., 2007).

Returning again to the relation between ventilation and surface forcing variability, we consider the sur-
face-forced water mass transformation (Groeskamp et al., 2019; Walin, 1982). This is evaluated as the diver-
gence of the integrated surface density flux within density bins of width Ay" = 0.01 across the North Atlan-
tic domain, and reveals the transport of water across each density contour due to surface buoyancy forcing.
We see in Figure 3c that the surface-forced transformation exhibits variability that is broadly consistent with
that of ventilation, particularly on a timescale consistent with the NAO (Figure 2). It is striking that the
trajectory-derived ventilation anomalies exhibit such clear memory of the surface forcing even to the end
of the simulation and in the presence of substantial subsurface mixing (MacGilchrist et al., 2020). Closer
consideration of Figure 3 reveals that ventilation anomalies exhibit deviations from surface forcing varia-
bility, consistent with our impression from Figure 2. Maxima in ventilation in each density class arise after
periods of sustained transformation anomalies (see, for example, the mid-1980s, mid-1990s, and late 2000s).

A complementary view of the controls on ventilation timing emphasizes the difference between the advec-
tive displacement of a water parcel in the subsurface and the displacement of the density surface outcrop
in the mixed layer. Over a seasonal cycle, Williams et al. (1995) note that the former is roughly an order
of magnitude smaller than the latter, revealing the challenge faced by a water parcel in escaping the sea-
sonal movement of the outcrop. Likewise, we can consider year-to-year changes in the late-winter outcrop
location relative to the displacement of water parcels. Figure 3d shows the displacement of the late-winter
NADW outcrop between successive years with a strongly positive (1995) and negative (1996) NAO index
(Figure 2b), together with representative year-long trajectories starting in the open ocean and boundary
current. In the boundary current, the outcrop location changes very little between years, and is far exceeded
by the displacement of the trajectories. In the open ocean however, the outcrop displacement is large—
spanning tens of degrees of longitude, particularly for the inner outcrop boundary (corresponding to greater
densities)—and is of comparable magnitude to the trajectory displacements. Through this example, it can
be seen that subduction in the open ocean is likely to be more significantly impacted by interannual varia-
bility in atmospheric forcing than that in the boundary current, consistent with panels (a) and (b).
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(a) Ventilation anomaly as a function of bathymetry
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(d) Example displacement of late-winter NADW outcrop and particle
trajectories in the Labrador Sea
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Figure 3. (a) Normalized ventilation anomaly (as in Figure 2a) separated according to the bathymetric contour over
which subduction took place. (b) Normalized ventilation anomaly as a function of the neutral density of the water
in September 2015 (simulation end). (c) Surface water mass transformation anomaly as a function of neutral density.
(d) Outcrop locations (shaded patches) in the Labrador Sea for densities between y" = 27.8 and 27.9 (corresponding
to central densities of NADW) in years 1995 (red) and 1996 (blue). Also shown are example trajectories for particles
initialized in the boundary current (green) and open ocean (purple).

4. Conclusions

Ventilation of the deep Atlantic occurs in late-winter (Figure 1) and exhibits substantial variability on in-
terannual and longer timescales (Figure 2). Variability in atmospheric forcing associated with the NAO
imparts a multi-annual (3-7 year) timescale on ocean ventilation through its impact on mixed layer depth.
However, variations in the fraction of water that is re-entrained each year—by virtue of changes in the
late-winter mixed layer depth—imparts an additional signature on the subsurface ocean (Figures 2 and 3).
That is, water from particular years, selected for by changes in the depth of the late-winter mixed-layer and
the pace of escape from the subduction location, preferentially ventilates the deep Atlantic: a process we call
the “interannual Demon” by analogy with Stommel’s (1979) paper on the seasonal Demon.
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Figure 4. Schematic illustration of the operation of an interannual Demon, and the dependence on the speed at which
newly subducted water moves away from the region of deep mixed layers and hence evades re-entrainment. On the left,
we show two idealized pathways of water columns exiting the Labrador Sea: (dark blue) transport in the open-ocean
region, and (light blue) transport via the boundary current (light blue). The positions of the columns in late-winter of
successive years are labeled t;. On the right, we show the corresponding evolution of the mixed layer depth following
these two water columns under constant forcing (gray lines) and variable forcing (red lines). The pattern of these
forcings is shown on the top right, represented as idealized variations of the NAO. For the variable forcing case, we keep
track of the water ventilated during the first winter (¢,), represented by the pink patch.

We illustrate the operation of the interannual Demon in Figure 4. Borrowing from schematic representa-
tions of Williams et al. (1995), we follow the Lagrangian evolution of water columns as they move pro-
gressively away from, or “escape,” regions of deepest mixed layers. We consider two regimes: one in which
escape is slow and one in which it is fast; manifest in the extent to which the winter mixed layer shallows
year-on-year under constant forcing conditions (gray lines). As an illustrative example, we consider variable
interannual forcing (red lines) consisting of two years of progressively more positive NAO followed by a
year of negative NAO. Along the slow escape pathway, the deepening of the mixed layer associated with
the second year of positive NAO exceeds the natural shoaling of the mixed layer due to the water column’s
lateral displacement. Consequently, all of the water that leaves the mixed layer after the first winter is re-en-
trained the following year. No signature of ventilation from the first year is retained in the ocean subsurface,
despite the positive NAO anomaly and deeper-than-normal mixed layer in that year. In this way, interan-
nual variability mediates the passage of water into the subsurface ocean. By contrast, along the fast escape
pathway, the natural shoaling of the mixed layer far exceeds the forcing-derived deepening of the winter
mixed layer in the second year, allowing water subducted in the first year to remain in the subsurface. Thus,
the pathway of newly ventilated water is a critical determinant for the influence of atmospheric variability
and the operation of an interannual Demon.

As well as illustrating the impact of a time-varying mixed layer depth on ocean ventilation, the interannual
Demon has important practical implications. In particular, it is common to adopt the late-winter mixed
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layer depth and its year-to-year variation as a proxy for ocean ventilation and its variability (Boé et al., 2009;
Heuzé, 2017; Li et al., 2016). That perspective ignores the impact of an interannual Demon mediating the
translation of surface variability into the subsurface ocean. We noted in Section 3.2 that this leads to a cu-
mulative error in the estimation of ventilated volume. More appropriate, at least in this case for the North
Atlantic, is to construct a model for ventilation that incorporates interannual changes in late-winter mixed
layer depth (Figure 2a).

Although we have focused our analysis on the high-latitude North Atlantic, the interannual Demon could
be operating across the global ocean. Based on our analysis, it is likely to be operating where the year-on-
year changes in winter mixed layer depth exceed, or come close to, the change of the mean winter mixed
layer depth over the lateral annual displacement of the fluid column (Figure 4). In the case of the North
Atlantic, this is intricately connected to the occurrence of deep convection and the cyclonic circulation
within the open-ocean Labrador Sea. Other potential locations then include the high-latitude Southern
Ocean where convective events are thought to occur sporadically (Bernardello et al., 2014; Killworth, 1983),
or mode and intermediate waters in the Southern Ocean, whose formation regions display substantial year-
on-year variability in mixed layer depth and formation volume (Kolodziejczyk et al., 2019; Qu et al., 2020).

Finally, we have noted that the interannual Demon operates effectively in the open-ocean Labrador Sea
because water there escapes only slowly and thus is frequently returned to the mixed layer. Such persistent
re-ventilation, however, could increase the uptake and sequestration of certain atmospheric tracers. Carbon
dioxide has a long equilibration timescale (between 6 and 18 months Jones et al., 2014) meaning that max-
imal atmosphere-ocean exchange requires water to be exposed to the atmosphere for more than a year. The
interannual Demon might thus enhance the uptake of carbon in the open-ocean Labrador Sea, since waters
that eventually permanently subduct are likely to have had more time to reach equilibrium. It could thus be
the case that the Demon is partly responsible for establishing the location and efficiency of anthropogenic
carbon uptake.

Data Availability Statement

Code for reproducing the figures presented here is available on GitHub (github.com/gmacgilchrist; in re-
positories “nadw” for Figure 1 and “draw_figs_nadw” for Figures 2 and 3). The NEMO Ocean Model con-
figuration, together with details on running and access to forcing files, is available on GitHub (https://
github.com/meom-configurations/ORCA025.L75-GIM189.git), and has been released with an associated
DOI https://doi.org/10.5281/zenod0.4626012. The Lagrangian trajectory calculation software, Ariane, is
available at https://stockage.univ-brest.fr/grima/Ariane/.
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