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ABSTRACT: A large part of the variability in the Atlantic meridional overturning circulation (AMOC) and thus uncertainty in its
estimates on interannual time scales comes from atmospheric synoptic eddies and mesoscale processes. In this study, a suite of
experiments with a 1/128 regional configuration of the MITgem is performed where low-pass filtering is applied to surface wind
forcing to investigate the impact of subsynoptic (,2 days) and synoptic (2-10 days) atmospheric processes on the ocean circulation.
Changes in the wind magnitude and hence the wind energy input in the region have a significant effect on the strength of the
overturning; once this is accounted for, the magnitude of the overturning in all sensitivity experiments is very similar to that of the
control run. Synoptic and subsynoptic variability in atmospheric winds reduce the surface heat loss in the Labrador Sea, resulting
in anomalous advection of warm and salty waters into the Irminger Sea and lower upper-ocean densities in the eastern subpolar
North Atlantic. Other effects of high-frequency variability in surface winds on the AMOC are associated with changes in Ekman
convergence in the midlatitudes. Synoptic and subsynoptic winds also impact the strength of the boundary currents and density
structure in the subpolar North Atlantic. In the Labrador Sea, the overturning strength is more sensitive to the changes in density
structure, whereas in the eastern subpolar North Atlantic, the role of density is comparable to that of the strength of the East
Greenland Current.

SIGNIFICANCE STATEMENT: A key issue in understanding how well the Atlantic meridional overturning circulation is
simulated in climate models is determining the impact of synoptic (2—10 days) and subsynoptic (shorter) wind variability on
ocean circulation. We find that the greatest impact of wind changes on the strength of the overturning is through changes in
energy input from winds to the ocean. Variations in winds have a more modest impact via changes in heat loss over the Labrador
Sea, alongside changes in wind-driven surface currents. This study highlights the importance of accurately representing the
density in the Labrador Sea, and both the strength and density structure of the East Greenland Current, for the correct
representation of overturning circulation in climate models.
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1. Introduction 2022). On interannual time scales, westward propagating Rossby

. e . . . waves generated by fluctuations in wind stress curl are known to
The Atlantic meridional overturning circulation (AMOC) plays a £ y

crucial role in the climate system by facilitating poleward heat
transport in the ocean and is projected to weaken in the future as a
result of anthropogenic greenhouse gas emissions (IPCC 2021).

However, the variability of the AMOC on decadal and longer time ; ) a
scales is often obscured by large interannual and seasonal cvaporation. The strength and the anomaly of wind stress curl is

fluctuations (Moat et al. 2020; Jackson et al. 2022). Recent important for the strength and the position of the subpolar gyre and
defines the position of the North Atlantic Current, impacting

have an important effect on AMOC variability (e.g., Barnier 1988;
Sinha et al. 2013). Wind speed is intricately linked to surface
buoyancy fluxes, affecting magnitudes of sensible and latent heat
fluxes as well as modifying the freshwater fluxes through

observations have revealed significant interannual variability in the o : )
AMOC at subpolar latitudes (Lozier et al. 2019; Li etal. 2021) with salinity in the eastern part of the basin (Holliday et al. 2020); the
both wind and buoyancy forcing considered to be important drivers latter is important for surface water mass transformations and the

on these time scales (Biastoch et al. 2008; Yeager and Danabasoglu AMOC. .
2014; Larson et al. 2020; Kostov et al. 2021). The extant literature has explored the AMOC response to the

A large part of AMOC variability and thus uncertainty in its magnitude of winds and generally shows a slowdown of AMOC

estimates on interannual time scales comes from atmospheric
synoptic eddies and mesoscale processes (Buckley and Marshall
2016; Sinha et al. 2013). It is generally accepted that the major

when the magnitude of wind stress is reduced (Lohmann et al.
2021; Putrasahan et al. 2019; Yang et al. 2016). A number of studies
have explored the response of the AMOC to wind stress anomalies
associated with the North Atlantic Oscillation (NAO), which is the
dominant mode of atmospheric variability in the

influence of wind stress on AMOC anomalies comes from Ekman
transports and wind-induced geostrophic currents (Jackson et al.
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North Atlantic sector (e.g., Visbeck et al. 1998; Delworth and
Greatbatch 2000; Marshall et al. 2001; Eden and Jung 2001;
Saratanov 2009). The AMOC shows a lagged oceanic response to
atmospheric variability (Xu et al. 2013; Danabasoglu et al. 2016;
Boning et al. 2006 ) and seems to be more sensitive to the positive
phase of NAO (e.g., Lohmann et al. 2009). Other studies (e.g., Eden
and Willebrand 2001; Deshayes and Frankignoul 2008; Khatri et al.
2022) have demonstrated a fast barotropic oceanic response to wind
stress anomalies associated with the NAO on intraseasonal time
scales that is coming from the Ekman transports and a delayed
baroclinic oceanic response on the scale of several years connected
to the spin up of the subpolar gyre.

However, the effects of wind variability across different temporal
scales on the AMOC have yet to be fully elucidated. Such
considerations are particularly germane given the limited spatial
resolution of the phase 6 of Coupled Model Intercomparison
Project (CMIP6) models, which may not fully capture the dynamics
of intense cyclonic events and mesoscale processes in the
atmosphere. In the North Atlantic sector, atmospheric cyclones do
not propagate poleward enough in coupled climate model
simulations (Priestley et al. 2023). Furthermore, the spatial
resolution of the climate models is not always sufficient to resolve
the frequency of high-intensity cyclones (Priestley et al. 2020) as
well as mesoscale processes in the atmosphere such as tip jets,
katabatic winds, and coldair outbreaks that are also associated with
strong air—sea heat fluxes (Vage et al. 2009; Condron and Renfrew
2013; Moore 2014; Papritz and Spengler 2017; Josey et al. 2019;
Gutjahr et al. 2022) and play an important role for surface water
mass transformation and thus overturning at subpolar latitudes. In
this way, understanding the differential effect of atmospheric flow
decomposed into different length and time scales on the AMOC can
contribute a new perspective in understanding projections of
meridional overturning circulation (MOC) in the future.

This study investigates the effects of winds across different
temporal scales on the AMOC, with a particular focus on synoptic
and higher-frequency variability. Using a suite of sensitivity
experiments with a 1/128 regional configuration of the MITgcm,
we apply low-pass filtering to surface winds to extract variability
associated with mesoscale processes and atmospheric cyclones and
examine the impact of wind magnitude and variability on the
circulation in the subpolar North Atlantic. Our experimental
approach is described in section 2, where we also provide a brief
rationale for our methods. In sections 3-5, we present our main
findings on the influence of wind on the properties of the upper
ocean, meridional transports of heat and salt, and the overturning
circulation. Finally, in section 6, we summarize and discuss our
results.

2. Model setup and experiment design

We conduct numerical experiments using the MITgecm ocean
general circulation model (Adcroft et al. 2018; Marshall et al. 1997)
coupled with a dynamic—thermodynamic sea ice model (Losch et
al. 2010; Heimbach et al. 2010). The model solves the primitive
equations in rescaled z* coordinates (Adcroft and Campin 2004).
The model is run on a latitude-longitude—cap grid; its
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computational domain covers the North Atlantic region from ;108S

to ;738N which permits us to include the equatorial
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FIG. 1. (a) Mean relative dynamic sea surface height during the
winter season (January—March) of years 11-15 over the regional
domain of the MITgem; (b) 4 months’ time series of 10-m zonal wind
speed in the location shown with the cyan dot in (a) in the Irminger Sea.
The time series comprises JRAS55-do reanalysis data used as forcing for
the control experiment (black), along with filtered lowfrequency winds
(blue), low-frequency plus synoptic winds (yellow), and scaled low-
frequency winds (red) used as wind forcing in three sensitivity
experiments. The black line in (a) shows the position of the
observational OSNAP array.

waveguide, while remaining computationally efficient (Fig. 1a).
The model is eddy rich with a nominal horizontal resolution of
1/128 and 50 vertical levels. The integration time step is 5 min, and
we use the seventh-order advection scheme. We prescribe lateral
open boundary conditions from the Arctic Subpolar State Estimate
(ASTE) (Nguyen et al. 2021), based on an ocean—sea ice model
constrained by a large amount of satellite and in situ observations.
Meridional velocities at the southern boundary of the domain are
adjusted to ensure that the volume budget is closed. A sponge layer
for velocity fields is applied at the lateral boundaries, with a
thickness of 24 grid cells (28). The model is forced by time-varying
repeated year forcing from JRA-55 dataset for driving ocean—sea
models (JRA55-do) (Tsujino et al. 2018) corresponding to 1 May
2003—-1 May 2004, following Stewart et al. (2020). This period is
chosen since it is neutral in terms of the NAO phase, and the
transition day at the beginning of May avoids large high-latitude
variability in forcing fields and deep water formation that takes
place in winter and early spring. The model is initialized with
salinity fields from World Ocean Atlas
corresponding to May 2003. After initialization, the model is spun
up into a statistically steady state by running it for 50 years. All
simulations (including the control run) are then run for 15 repeated
years starting from the end of this 50-yr model spinup.

temperature and
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The control run demonstrates a reasonable representation of the
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which serves as the reference model run. Later, we decompose the
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FIG. 2. (a) Wind speed and (f) wind stress curl in JRA55-do averaged over the period from 1 May 2003—1 May 2004 (corresponding to repeated
year forcing period), colored contours in (e) show zero curl line in control experiment (black), experiment forced by lowfrequency winds (blue),
low-frequency plus synoptic winds (yellow), and scaled low-frequency winds (red). (b),(g) The differences between control and low-frequency
winds. (c),(h) The differences between scaled and nonscaled low-frequency winds. (d),(i) The differences between control and scaled low-
frequency winds. (e),(j) The differences between control and low-frequency plus synoptic winds.

oceanic circulation in the region. Subtropical and subpolar gyres
are clearly identifiable (Fig. 1a), with the Gulf Stream appropriately
separating from the North American coast near Cape Hatteras (Fig.
la). The strength of the basinwide AMOC in depth space reaches
up to 21 Sv (1 Sv ; 10® m® s?!) which is within the range of the
estimates in global eddy-rich models (Hirschi et al. 2020).
Furthermore, the model accurately positions the sea ice edge (Fig.
3f). However, it is important to note that our model exhibits a
salinity bias when compared to the Overturning in the Subpolar
North Atlantic Program (OSNAP) observations in the subpolar
North Atlantic (Lozier etal. 2019; Li et al. 2021). The mean salinity
across the OSNAP line (position shown in Fig. 1a) in our control
run is approximately 0.5 psu higher than the observed values of
salinity. Specifically, our model forced by repeated year forcing
corresponding to May 2003-04 yields a mean salinity of 35.40 psu
along the OSNAP line, while the observations (during May 2014—
August 2018) indicate a salinity of 34.92 psu (Lozier et al. 2019).
The gradient of salinity across the OSNAP East section (estimated
as the difference between mean values shallower than 500 m in the
western and eastern parts of the OSNAP East line) is larger in the
control run compared to the observations (1.09 vs 0.99 psu), while
the temperature gradient is lower in the model; this leads to a lower
density gradient in the upper 500 m in the control run compared to
the observations (0.08 vs 0.14 kg?m?’). Salinity bias in the
Labrador Sea in models may lead to a greater influence of
temperature on density on decadal and interannual time scales
(Menary et al. 2015). Acknowledging this limitation, we also note
that the overestimation of salinity in this region is a common feature
in eddy rich models and is due to a stronger subpolar gyre (Hirschi
et al. 2020; Petit et al. 2023).

To investigate the sensitivity of the AMOC to synoptic and
higher-frequency variability in atmospheric winds, we perform a
suite of sensitivity experiments by applying low-pass filtering to
atmospheric winds and forcing the ocean model with these filtered
winds. Throughout this manuscript, we refer to the experiment
forced by the original JRAS55-do winds as the control experiment,
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wind forcing into three components corresponding to short-term
subsynoptic variability (0-2 days), synoptic-scale variability
(defined here as 2—10 days; e.g., Hoskins and Hodges 2002), and
low-frequency variability (more than 10 days) using a bandpass
Lanczos filter (Lanczos 1956; Duchon 1979) as in a number of
studies (Ayrault et al. 1995; Gulev et al. 2002; Foussard et al. 2019;
Markina et al. 2019). Filtering the wind yields two distinct effects:
the modulation of temporal variability and the alteration of
magnitude. As an example, a 4-month long time series of 10-m
zonal winds in the four experiments performed in this study is
shown in Fig. 1b.

Throughout the manuscript, we use the notation WIND_
LF_SYNOP to refer to the experiment where we filter out
variability of surface winds on periods shorter than 2 days (i.e., the
difference between the control run and WIND LF SYNOP allows
us to see the impact of small cyclones and mesoscale variability)
and WIND LF to refer to the experiment where we exclude
synoptic plus higher-frequency atmospheric variability from the
forcing winds, leaving only the impact of low-frequency
atmospheric variability on time scales larger than 10 days. In this
way, the difference between the control and WIND LF
experiments allows us to see the impact of synoptic and higher-
frequency processes in the atmosphere.

Figure 2 (upper panel) shows the mean wind speed from JRAS55-
do that is used to force the control run from 1 May 2003 to 1 May
2004, as well as the differences in wind speed between the control
run and experiments forced by filtered winds. When we apply a
filter to remove both synoptic and higher-frequency variability
(WIND _LF experiment; Fig. 2b), the wind speed magnitude
decreases compared to the control run, with differences of up to 5
m s2' observed in subpolar latitudes. This suggests that a
combination of synoptic and higher-frequency winds contributes
significantly to the input of wind energy. In contrast, subsynoptic
winds (with periods shorter than 2 days) have a much lesser impact
on the wind energy input.
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Due to the filtering procedure, the low-frequency winds in our
experiment have lower magnitude than in the control experiment
(Fig. 1b, blue vs black line). To explore the impact of variability in
atmospheric winds on oceanic circulation, while accounting for
differences in magnitude, we conduct an additional experiment
denoted WIND_SCALED_LF. In this experiment, we scale the
low-frequency winds such that the total energy input (U?) over time
in each grid cell remains consistent with the control run (Fig. 1b).
In this way, in the WIND SCALED LF experiment, the synoptic
and subsynoptic atmospheric eddies are filtered out, and the winds
are smoother compared to the control run (Fig. 1b, red vs black
line), which leads to large-scale wind patterns persisting for longer
periods without being effectively damped. The magnitude of the
wind speed does not change significantly, with differences of up to
2 m s?! compared to the control run (Fig. 2d). This difference is
comparable to the influence of subsynoptic and mesoscale
processes seen in Fig. 2e.

In subsequent analyses presented in this paper, plots with five
columns follow a consistent format. The first column displays the
mean values derived from the control run. The second column
illustrates the influence of synoptic and higher-frequency winds
(capturing both magnitude and variability), the third column
separately captures the effect of magnitude in synoptic and higher-
frequency winds, and the fourth column separately captures the
effect of variability in synoptic and higher-frequency winds.
Finally, the fifth column isolates the impact of higherfrequency
winds alone (both their magnitude and variability). Plots with only
four columns show the effects of winds described above that have
been averaged over 5-yr periods, without showcasing the mean
values obtained from the control run. We note that comparing
WIND SCALED_LF and WIND_LF
(which differ only in magnitude) reveals very similar patterns to
those observed when comparing the control and WIND LF
experiments. This suggests that the differences between the control
and WIND_LF runs are primarily due to wind magnitude rather
than wind variability.

3. Effects of low-pass wind filtering on wind stress curl and
Ekman transport

In section 1, we discussed how changes in wind stress curl and
Ekman transport can impact ocean circulation. The lower section
of Fig. 2 shows the wind stress curl averaged over a repeated year
forcing period (1 May 2003—1 May 2004), as well as the differences
between control and sensitivity experiments. The zero wind stress
curl line, which runs from the North American coast to Scotland,
remains in the same position in all experiments (Fig. 2f, shown in
contours). This suggests that we may not see changes in the position
of the North Atlantic Current related to shifts in the zero curl line.

Synoptic and higher-frequency winds (,10 days) that are present
in the control and not in the WIND LF experiment contribute to a
larger wind stress curl in the subpolar regions and lower curl in the
subtropics (Fig. 2g), similar to the positive NAO phase (e.g.,
Barrier et al. 2014). The weakened

TABLE 1. Ekman transport at 268 and 508N in each experiment
averaged over the repeated year forcing period (May 2003-04).
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Ekman transport at Ekman transport

. 268N (Sv) at 508N (Sv)
Experiment
Control 0.43 20.17
WIND_LF 0.40 20.14
WIND_LF_SYNOP 0.43 20.17
WIND_SCALED_LF 0.54 20.26

circulation pattern in the WIND_LF experiment corresponds to a
reduction in Ekman transport in the tropics and midlatitudes,
resulting in weaker convergence between 268 and 508N compared
to the control experiment as shown in Table 1. In contrast, when
comparing the control run with the WIND SCALED LF
experiment (Fig. 21), there is a negative wind stress curl anomaly in
subpolar latitudes and a positive anomaly in the subtropics, similar
to the negative NAO phase (e.g., Barrier et al. 2014). As we
mentioned in section 2, in the WIND SCALED LF run, the
atmospheric winds exhibit a smoother behavior compared to the
control run (Fig. 1b) and large-scale wind patterns persist for longer
periods. As a consequence, there is an amplification of the wind
stress curl, particularly in regions naturally characterized by strong
wind stress curl, such as the subpolar and subtropical latitudes.

4. Surface and upper-ocean properties

During the winter season, the ocean in mid- and subpolar
latitudes experiences heat loss to the atmosphere (Fig. 3a). This heat
loss is amplified by stronger surface winds, associated with
synoptic and subsynoptic atmospheric processes (Fig. 3¢) with the
largest anomaly observed in the Labrador Sea. This highlights the
importance of these atmospheric processes for the heat loss in this
region. The amplification occurs through changes in sensible and
latent heat fluxes, introduced into the model’s bulk formulas by the
winds. This larger heat loss leads to a deeper mixed layer in the
Labrador Sea (Fig. 3h). While the mean mixed layer depth (MLD)
in March in our control experiment (Fig. 3f) aligns well with
observations (Holte et al. 2017), maximal values of mixed layer
depth in winter can reach the bottom of the Labrador Sea in some
individual years (not shown) due to higher salinity in our model
compared to observations. Contours in Fig. 3f also shows 15% sea
ice concentration in all simulations and demonstrate that the
experiments do not exhibit substantial changes of the sea ice edge.

The larger magnitudes and variability of surface winds have a
cooling effect on the upper-ocean waters throughout the subpolar
gyre (Figs. 4a,e,i). This cooling is particularly prominent in the
Irminger Sea and along the boundary currents during the first 5
years of the experiment (Fig. 4a). After this initial period, the
advection of warm and salty subtropical waters into the subpolar
North Atlantic becomes evident (Figs. 4e,i and S5e,i). The
experiment, forced by surface winds with larger magnitude,
initially exhibits more saline waters in the central
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FIG. 3. (a) Net heat flux into the ocean (Q,) in winter (January—March), (f) mean MLD in March, and (k) freshwater flux into the ocean in
winter (January—March) in years 11-15 in control experiment. Negative values of net heat flux correspond to the ocean losing heat to the
atmosphere; positive values of freshwater flux correspond to decrease in salinity. Colored contours in (f) show 15% concentration of the sea ice
in control experiment (black), experiment forced by low-frequency winds (blue), low-frequency plus synoptic winds (yellow), and scaled low-
frequency winds (red). (b),(g),(1) The differences between control and experiment forced by low-frequency winds (highlighting the effect of wind
magnitude and variability associated with synoptic and higher-frequency winds). (c),(h),(m) The differences between the experiments forced by
scaled vs nonscaled low-frequency winds (highlighting the effect of wind magnitude associated with synoptic and higher-frequency winds).
(d),(1),(n) The differences between control and experiment forced by scaled low-frequency winds (highlighting the effect of wind variability
associated with synoptic and higher-frequency winds). (e),(j),(0) The differences between control and experiment forced by low-frequency and

synoptic winds (highlighting the effect of wind magnitude and variability associated

with synoptic and higher-frequency winds).

Labrador Sea (Fig. 5b) possibly due to deeper convection and
mixed layers which entrain salty water from below. After 5 years,
the advection of saltier subtropical waters also becomes apparent,
and after 10 years, it spreads across the entire basin, including the
boundary current in the Labrador Sea, with the Irminger Sea
exhibiting the most substantial differences between the control run
and WIND_LF experiment.

The subsynoptic variability of surface winds has a relatively
uniform impact over the basin: it contributes to marginally more
intense heat loss (Fig. 3e), deeper mixed layers (Fig. 3j), and
reduced freshwater input into the ocean (Fig. 30). Over the years,
subsynoptic winds lead to the development of denser upper-ocean
waters in the western subpolar North Atlantic and somewhat lighter
waters in the eastern subpolar North Atlantic (Figs. 6d,h,1). The
warmer and more saline waters in the eastern subpolar North
Atlantic appear to be originating from the tropics, indicating that
the lighter densities are associated with warmer temperatures (Figs.
4-6d,h,1). This is supported by the fact that the light-density
anomalies transition to dense anomalies before reaching the
Greenland- Scotland Ridge.

The control experiment, which includes synoptic and
highfrequency atmospheric variability, exhibits reduced heat loss
from the ocean to the atmosphere in the Labrador Sea compared to
the WIND_SCALED _LF experiment where this variability is
filtered out (Fig. 3d). This could reflect the role of the more
persistent atmospheric patterns in the WIND SCALED LF
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experiment in enhancing the heat loss in the Labrador Sea and is
also consistent with moderately larger wind speed in the western
subpolar North Atlantic in wintertime (Fig. 2d) in that experiment.
This reduced heat loss in the Labrador Sea in the control experiment
precedes the higher temperatures and enhanced heat loss in the
Irminger Sea (not shown). A number of studies using Lagrangian
particle tracking have shown that the time scales for fast
propagation of density anomalies in the upper layer from the
Labrador into the Irminger Sea are from a few months to about 2
years (Chafik et al. 2022; Fox et al. 2022; Furey et al. 2023),
consistent with our estimates. In this way, we suggest that as a result
of different heat loss in the Labrador Sea, there is an advection of
warmer and saltier waters from the Labrador Sea interior into the
Irminger Sea interior (third columns in Figs. 4 and 5) that in turn
leads to the enhanced heat loss and reduction in the freshwater flux
in eastern subpolar North Atlantic seen in years 11-15 in Figs. 3d
and 3n.

Comparing the control and WIND _SCALED_LF experiment,
temperature seems to have a dominant effect on the change in
density in the eastern subpolar gyre (third column in Figs. 4-6).
This contrasts with the WIND LF experiment, where density
anomalies in the eastern subpolar North Atlantic are dominated by
the effect of salinity (Figs. 4-61). We
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higher-frequency winds).

suggest that this difference is due to the origin and persistence of
the temperature anomalies. Specifically, when these anomalies
come from subpolar latitudes (WIND_SCALED_LF), they tend to
remain and significantly contribute to the densification process.
Conversely, when anomalies that are both warmer and saltier
emerge from tropical regions (WIND_LF), they rapidly cool down.
This rapid loss of heat elevates the impact of salinity on density in
the eastern subpolar gyre.

The gyres are stronger in the control run compared to the
WIND_LF experiment (Fig. 7b) where the magnitude and
variability of surface winds are reduced. The comparison between
WIND_SCALED_LF and WIND_LF experiments
(Fig. 7¢) shows that this strengthening of the gyre is due to the
magnitude of the surface winds. This explains larger advection of
warm and salty subtropical waters into the subpolar North Atlantic
shown in Figs. 4 and 5 (panels e, i and also f, j). In the control run,
where all modes of atmospheric variability are present, the subpolar
gyre is generally weaker compared to the WIND _SCALED_LF
experiment, where synoptic and higher-frequency variability are
subtracted and large-scale wind patterns are more persistent (Fig.
7d). Note that in Figs. 7b—e, negative anomalies within the subpolar
gyre indicate a strengthening of the gyre, while positive anomalies
indicate a weakening. This is due to the climatological subpolar
gyre being negative (as shown in Fig. 7a), which is indicative of its
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counterclockwise circulation. In this way, the magnitude of surface
winds is important for sustaining the strength of the gyres, while
larger synoptic and subsynoptic variability of atmospheric winds
lead to the weakening of the subpolar gyre due to the dampening
effect of atmospheric eddies. The largest differences in current
speed are observed along the boundary currents in the Irminger and
Labrador Seas, as well as in the region around the North Atlantic
Current where the differences exhibit a more eddying structure
(Figs. 71-0). The separation line between subtropical and subpolar
gyres and the position of the North Atlantic Current do not exhibit
a noticeable shift in any of the three perturbed wind forcing
experiments (Figs. 7a—e).

5. Meridional transports of heat and freshwater and
overturning circulation
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The magnitude and synoptic and subsynoptic variability of This is due to the higher temperatures in the eastern subpolar North
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FIG. 5. As in Fig. 4, but for salinity in the upper 500 m.

surface winds impact both upper-ocean temperatures and salinities
and lead to variations in the strength of the gyres. Figure 8
illustrates the meridional transports of heat and freshwater across
408N calculated following the
methodology described in Lozier et al. (2019), with the exception
that we use a reference salinity of 35 psu. In the experiment where
synoptic and higher-frequency variability of atmospheric winds are
filtered out (WIND_LF), there is an initial enhancement of
meridional heat and freshwater transport across 408N (solid lines

in the four experiments,

in Fig. 8). This can be attributed to a reduction in southward Ekman
transport in the midlatitudes in these experiments compared to the
control run (Table 1). However, following an initial 3—4-yr period,
the meridional heat and freshwater transport decrease in both the
WIND LF and WIND _LF_SYNOP, that can be attributed to the
weakening of the subpolar gyre (Figs. 7b,e) resulting from the
reduction in the magnitude of surface winds. After 15 years, the
heat and freshwater transports in WIND_LF stabilize and do not
experience further weakening (not shown).

On the other hand, the WIND_SCALED_LF experiment, where
synoptic and higher-frequency variability of surface winds are
filtered out but energy input is the same as in the control run, is
characterized by stronger wind stress curl (Fig. 2i) and increased
southward Ekman transport in the midlatitudes (Table 1). During
the initial 4 years, the heat transport in the WIND SCALED LF
experiment is lower compared to the control run (Fig. 8a). This is
attributed to the larger southward Ekman transport in the
midlatitudes in the WIND_SCALED_LF compared to the control
run (Table 1). However, in the subsequent period, the magnitude of
heat transport across 408N aligns more closely with the control run.

Brought to you by MBL/WHOI Library | Unauthenticated | Downloaded 11/20/25 09:36 PM UTC

Atlantic (as shown in the third column of Fig. 4) offsetting the
weaker gyre in the control run, resulting in a similar magnitude of
heat transport in both the control and WIND SCALED LF
experiments at this latitude.

Larger magnitude winds lead to a stronger AMOC with a deeper
core which is evident when we compare both control and also
WIND SCALED _LF experiments to the WIND LF experiment
(first and second columns in Fig. 9). This is consistent with
enhanced convection and deeper mixed layers in the control
experiment (Figs. 3g,h) and likely reflects a stronger deep western
boundary current (not shown). The subsynoptic variability of
atmospheric winds results in a similar pattern of the AMOC change,
but with smaller magnitude (Figs. 9d,h,1).
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In contrast, synoptic and high-frequency wind variability in the
control experiment lead to stronger AMOC in the subpolar latitudes
and weaker AMOC in the subtropics (Fig. 9c) compared to the
WIND_SCALED_LF run. This pattern is related to smaller
downwelling around 408N in the control run due to reduced Ekman
convergence (Table 1). This dipole pattern in the AMOC during the
first 5 years (Fig. 9c) is also reminiscent of the transient ocean
response to changes in Ekman transport. These changes are
typically associated with anomalies in surface wind stress curl
during the positive phase of the NAO (e.g., Eden and Willebrand
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position exhibits a slight displacement compared to the WIND
SCALED_LF experiment (Figs. 9¢,g.k).

To estimate the total volume of lighter water moving northward
in the upper limb and denser waters moving southward in the lower
limb in the subpolar North Atlantic, we also look at the meridional
overturning streamfunction in density space. Figure 10 compares
the overturning streamfunction between our model experiments
and observations taken along the OSNAP line (Figs. 10a—c) that
extends from the Labrador Sea, traverses south of Greenland, and
continues along 608N up to northern Scotland, as illustrated in Fig.
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FIG. 6. As in Fig. 4, but for mean potential density (so) in the upper 500 m.

2001; Martin et al. 2019; Khatri et al. 2022). In our case, however,
this pattern exhibits opposite signs, which is consistent with the
wind tress curl being weaker in the control experiment compared to
WIND _SCALED LF as illustrated in Fig. 2i and discussed in
section 3. After the first 5 years (Fig. 9g), the negative anomaly in
the lower limb propagates southward and also spreads northward
up to ;458N which could be an imprint of weaker subpolar gyre in
the control run compared to the WIND SCALED_LF experiment
(Fig. 7d). This is also consistent with the shallowing mixed layers
in the subpolar North Atlantic (Fig. 3i) and a weakening of the deep
western boundary current (not shown).

The features observed around 368-398N in Figs. 9c, 9g, and 9k
are consistent with variations in the strength and position of the
standing eddy near the Gulf Stream separation point (Figs. 7i,j) that
projects onto the overturning streamfunction. It is worth noting that
the interaction between eddies and the underlying topography in the
Gulf Stream separation region often gives rise to such features in
eddy-resolving models (Chassignet and Marshall 2008). The
strength of this standing eddy in the control experiment is weaker
compared to the WIND LF SYNOP experiment (Fig. 91), and its
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11a. Here, we analyze overturning from our model for years 11-15
and compare it to the longest time series of the OSNAP
observations available to date (August 2014—May 2018; Lozier et
al. 2019). Since our model and the observations cover different time
periods, we do not expect to see exact correspondence between the
two; nevertheless, a few things should be noted. The control run
overestimates the strength of the overturning, particularly in the
Labrador Sea (Fig. 10c), possibly due to larger salinities and larger
densities in our model compared to observations (see section 3). It
is common for higher-resolution models to overestimate the
magnitude of overturning in subpolar latitudes (e.g., Petit et al.
2023). These models often feature a stronger subpolar gyre, leading
to a greater impact of warm, saline subtropical Atlantic waters on
the western subpolar gyre and resulting in greater dense water
formation there, as discussed by Jackson et al. (2020).
Furthermore, our model does not demonstrate the same degree of
density compensation as that inferred from the observations in the
Labrador Sea (Zou et al. 2020) as in our case, the transformations
in temperature and salinity space closely align with the values of
overturning in density space across OSNAP West (not shown). The
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isopycnal of maximum overturning across OSNAP East is
surprisingly consistent with the observations across all runs (Fig.
10b), even though all of our model runs have different thermohaline

properties
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model experiments. This is consistent with recent findings by Evans
et al. (2023) who have shown that mixing plays an important role
in setting the time-mean strength of the overturning streamfunction

in the subpolar North Atlantic. The surface density in the
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FIG. 7. (a) Barotropic streamfunction, (f) sea surface height, and (k) surface current speed, averaged over years 11-15 in control experiment.
(b),(g),(1) The differences between control and experiment forced by low-frequency winds (highlighting the effect of wind magnitude and
variability associated with synoptic and higher-frequency winds). (c),(h),(m) The differences between the experiments forced by scaled vs
nonscaled low-frequency winds (highlighting the effect of wind magnitude associated with synoptic and higher-frequency winds). (d),(i),(n) The
differences between control and experiment forced by scaled low-frequency winds (highlighting the effect of wind variability associated with
synoptic and higher-frequency winds). (e),(j),(0) The differences between control and experiment forced by lowfrequency and synoptic winds
(highlighting the effect of wind magnitude and variability associated with synoptic and higher-frequency winds). Magenta contour lines in (a)—
(e) show the zero line of the barotropic streamfunction in the control experiment, averaged over

years 11-15.

in the eastern subpolar North Atlantic (Figs. 4 and 5). We also note
that the WIND_LF experiment is the most consistent with
observations in terms of the magnitude of the AMOC (Figs. 10a—
¢), despite the magnitude of the low-frequency wind forcing being
weaker compared to the full atmospheric reanalysis winds and
despite demonstrating too shallow mixed layer depths (Fig. 3g).
The variability in the overturning (shown in shading in Figs. 10a—
c) is the lowest in the WIND_LF compared to all other experiments,
including WIND_SCALED_LF. This suggests that a reduced
magnitude of surface winds decreases overturning variability, while
reduced high-frequency variability of surface winds without a
change in magnitude does not have this effect. In all experiments,
except for WIND LF, overturning variability aligns with
observations along OSNAP East and exceeds that along OSNAP
West, while in the WIND_LF experiment, the opposite is true.
Surface water mass transformations have been computed
following the methodology described in Walin (1982) and
Tziperman (1986) for areas in the subpolar North Atlantic between
458N and the northern boundary of our domain (Figs. 10d-f,
regions north of the dashed white lines in Fig. 1la). These
transformations show similar patterns to the overturning
streamfunction (Figs. 10a—c); however, maximal values of water
mass transformations correspond to lighter densities, which
highlights the role of mixing that seems to be quite uniform in all
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WIND LF experiment is generally lower than that in the other
experiments and water mass transformations are shifted toward
lighter densities compared to other experiments. To investigate
whether the differences in surface water mass transformations are
coming from differences in the surface densities or from differences
in the air-sea fluxes, we also calculated surface water mass
transformations using sea surface temperatures and salinities from
the control run together with air—sea fluxes from each of the
simulations with filtered winds (shown in dashed lines in Figs. 10d—
f). The magnitudes of surface water mass transformation depend on
the air-sea fluxes, while using different surface density fields
allows us to match the densities of the maximal surface water mass
transformation across all experiments.

Figure 11a shows the outcrops of isopycnals corresponding to the
maximum AMOC in density space across the full OSNAP array in
each of the experiments. All of these outcrops are very consistent
in the eastern subpolar North Atlantic, while in the western part of
the domain, the isopycnal of maximum overturning in the
WIND LF experiment outcrops only in the small region in the
northern part of the Labrador Sea. This smaller area of the isopycnal
outcrop could be the
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a. Meridional heat transport
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FIG. 8. Time series of (a) meridional heat and (b) freshwater transport
across 408N in control experiment (black) and sensitivity tests:
experiment forced by low-frequency winds (blue), experiment forced
by low-frequency 1 synoptic winds (yellow), and experiment forced by
scaled low-frequency winds (red). Dotted lines in (a) show meridional
heat transports across 608N.

reason behind lower surface water mass transformations and
overturning across the western part of the OSNAP array in the
WIND_LF relative to the control run (Figs. 10c,f).

Figure 11b shows where the isopycnals corresponding to the
maximum overturning along the OSNAP line outcrop at 638N in
the Labrador Sea (shown in cyan in Fig. 11a). Their structure is very
consistent in all simulations; however, this outcrop encloses a much
smaller area in the WIND_LF experiment. More generally, there is
a strong relationship (R?> . 0.99 for the mean values in four
experiments) between the area of outcrop of the isopycnal
corresponding to maximum overturning across a full OSNAP array
in the western subpolar North Atlantic (north from 458N and west
from 458W) and the strength of the overturning across the full
OSNAP array. Density structure in the western subpolar North
Atlantic defines the magnitude of overturning here: in Fig. 1lc,
using densities from WIND_LF and velocities from the control run
in computing the overturning yields a similar overturning to the
WIND_LF experiment, whereas using densities from the control
experiment and velocities from the WIND LF experiment results
in a magnitude and shape of meridional overturning similar to the
control run.

In the eastern subpolar North Atlantic, meridional transports are
dominated by the East Greenland Current, and isopycnals of
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maximal overturning in each of the experiments are located at
different depths in that region (Figs. 12a—d). Specifically, in the
WIND_LF experiment, which differs the most from the control run,
the isopycnal of maximal overturning is around 800 m deep,
whereas it is closer to the surface in the control run. This suggests
that the southward transport within the East Greenland Current
(EGC) in the WIND_LF run is divided between upper and lower
branches of the meridional overturning streamfunction (Fig. 12b),
whereas in the control run, more of it is in the lower branch.
Consequently, the variation of densities along this current plays a
crucial role in determining the magnitude of overturning. This
factor has also been acknowledged and discussed in the literature
as a mechanism responsible for the seasonal variations of the
overturning across OSNAP East (Wang et al. 2021; Tooth et al.
2023). Interestingly, the WIND SCALED LF experiment has a
similar position of the isopycnal of maximal overturning compared
to the control run (Fig. 12d) implying that high-frequency wind
variability has a marginal effect on densities here, despite impacting
the EGC transport.

Additionally, the boundary currents in the WIND_LF experiment
are the weakest among all of our experiments (Fig. 12b, also see
Fig. 71). Therefore, in the eastern subpolar North Atlantic, the
magnitude of overturning appears to be determined by both velocity
and density structure. Figure 12e illustrates this by showing that
combining densities from WIND_LF with velocities from the
control run yields a similar density-space overturning as combining
densities from the control run with velocities from the WIND_LF
experiment, while both of these overturning streamfunctions lay
between the control and WIND_LF experiments. In this way, winds
impact the strength of the boundary currents and density structure
in both the western and eastern subpolar North Atlantic. However,
in the western subpolar North Atlantic, density changes seem to be
more important for overturning, while in the eastern subpolar North
Atlantic, the role of density is comparable with the changing
strength of boundary currents.

6. Conclusions and discussion

In this paper, we have analyzed the response of the North Atlantic
Ocean circulation to atmospheric dynamical processes on various
time scales. For this purpose, we performed a suite of sensitivity
experiments with a 1/128 regional configuration of the MITgecm
where we applied low-pass filtering to surface winds to extract
variability associated with subsynoptic (,2 days) and synoptic
processes (2—10 days) in the atmosphere and examined the impact
of wind magnitude and synoptic and subsynoptic variability on the
circulation in the subpolar North Atlantic.

The magnitude of the surface winds seems to play a particularly
important role for the western subpolar North Atlantic. In the first
5 years, we mostly observe the local effect of overall cooling due
to the impact of winds on turbulent and latent heat fluxes and also
on the mixing and an increase in the salinity in the Labrador Sea
(Figs. 3b,g.l, and 5a). After 5 years,
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differences between the experiments forced by scaled vs nonscaled low-frequency winds (highlighting the effect of wind magnitude associated
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(highlighting the effect of wind variability associated with synoptic and higher-frequency winds). (d),(h),(1) The differences between control and
experiment forced by low-frequency and synoptic winds (highlighting the effect of wind magnitude and variability associated with synoptic and
higher-frequency winds). Note: The first two columns use different colormap limits
A reduced magnitude of surface winds in our experiment decreased
interannual variability in overturning, while reduced high-
frequency variability of surface winds did not have an effect on
overturning variability
(Figs. 10a—c).

After normalizing for the difference in wind energy input, we find
that the variability of surface winds associated with synoptic and
higher-frequency processes in the atmosphere reduces the heat loss
in the Labrador Sea (Fig. 3d). The advection of the resulting
warmer and saltier waters into the eastern subpolar gyre then leads

compared to the third and fourth columns.

the advective feedbacks start to play a role: wind with larger
magnitudes leads to a stronger subpolar gyre that in turn leads to
stronger impact of the North Atlantic Current bringing warmer and
saltier waters to the subpolar North Atlantic (Figs. 4 and 5a,e,i).
Thus, both of these effects of the magnitude of surface winds
associated with synoptic and higherfrequency atmospheric
processes result in the densification of the upper waters in the
western subpolar North Atlantic (Figs. 6a,e,i). This anomaly in the
density of the upper ocean in the Labrador Sea, created by the

to lower densities in the upper ocean there. Variability associated
with synoptic and higher-frequency atmospheric processes also
leads to weakening of the subpolar gyre and boundary currents due
to the dampening effect of atmospheric eddies (Figs. 7d,n). The
meridional overturning circulation in the eastern subpolar North
Atlantic is sensitive to changes in the strength of the East Greenland
Current and the depth of the isopycnal of maximum overturning

effects of winds on both surface fluxes and ocean circulation, is
important for the magnitude of overturning in the subpolar North
Atlantic since it defines whether isopycnals corresponding to the
maximum overturning will be in contact with the atmosphere and
exposed to watermass transformation at the surface. This is
consistent with a number of recent studies suggesting a strong
relationship between overturning and salinity/density in the
western subpolar North Atlantic (e.g., Hodson and Sutton 2012;
Robson et al. 2016; Ortega et al. 2021; Jackson and Petit 2023). We
also show that in the experiments with reduced winds, the

there (Fig. 12). Such changes can alter the balance of southward
flow in the upper and lower limbs, thus impacting the magnitude of
overturning, which aligns with

magnitudes of surface water mass transformations are defined by
the air-sea fluxes, while the density associated with maximal
transformation depends on the surface density field (Figs. 10d-f).
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FIG. 10. (top) Meridional overturning streamfunction in density space across (a) the full OSNAP array, (b) OSNAP East, and (c) OSNAP West
sections, from control experiment (black) and sensitivity tests (blue, yellow, and red) averaged over years 11-15 and compared to OSNAP
observations (purple) averaged over August 2014-May 2018; standard deviation for each density class is shown in shading. The location of the
OSNAP lines is illustrated in Fig. 11a. (bottom) Surface water mass transformations calculated within the region (d) north of 458N, further
separated into the regions (e) east of 458W and (f) west of 458 W shown with the dashed lines in Fig. 11a.

evidence from previous studies (e.g., Wang et al. 2021; Tooth et al.
2023).

Surprisingly, despite the differences in thermohaline structure
among the sensitivity tests, the overturning in density space in the
eastern subpolar North Atlantic remains remarkably stable under
different atmospheric forcings (Figs. 10a—c). The maximum
overturning across OSNAP East occurs at very similar densities in
all experiments. However, the experiments forced by winds with
larger magnitudes exhibit stronger overturning, likely due to the
strengthening of the subpolar gyre in these experiments. This
observation is intriguing in light of recent findings by Fu et al.
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(2020) which indicate that the strength of the overturning in the
subpolar North Atlantic has remained remarkably stable over the
past few decades, despite changing thermohaline conditions. In our
case, the strength of the AMOC in density space in
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FIG. 11. (a) Mean surface potential density (s) in winter (January—March) for the control experiment during years 11-15.
Contour lines correspond to isopycnals of maximum overturning across OSNAP line (refer to Fig. 10) in the control
experiment (black; so 5 27.76 kg m?®), WIND_LF (blue; 505 27.59 kg m?*), WIND _LF_SYNOP (yellow; s05 27.76 kg m?),
and WIND_SCALED_LF (red; sy 5 27.77 kg m?*). Magenta and orange lines show the location of the observational OSNAP
West and OSNAP East arrays, respectively; the regions used for calculating surface water mass transformations (shown in
Figs. 10d-f) are positioned to the north of white dashed lines. (b) The mean velocity across the 638N latitude in the Labrador
Sea [shown in cyan line in (a)], with contour lines corresponding to the isopycnals of maximal overturning in our simulations
across OSNAP line [color coding matches (a)]. (¢) MOC in density space (MOCs,) across OSNAP West [purple line on (a)]:
dashed blue line shows MOCs, computed using densities from control experiment and velocities from WIND_LF; dotted
blue line shows MOCs, computed using densities from WIND_LF experiment and velocities from control experiment.

the eastern subpolar North Atlantic does vary across the different
ocean states; however, the maximum overturning is consistently
associated with the same isopycnals across all experiments,
highlighting the robustness of this characteristic.

The subsynoptic (,2 days) variability of atmospheric winds has a
marginal effect on the overturning in density space in the subpolar
North Atlantic: the areas of isopycnal outcrop in the Labrador Sea
and magnitude of overturning across OSNAP West exhibit only
marginal differences from the control run (Figs. 10 and 11a). There
is evidence in the literature that smaller-scale atmospheric features
such as tip jets and cold-air outbreaks affect the water mass
transformation particularly in the Irminger Sea (Vége et al. 2009;
Condron and Renfrew 2013; Moore 2014; Papritz and Spengler
2017; Josey et al. 2019; Gutjahr et al. 2022). In our experiments,
the effect of removing higher-frequency atmospheric variability
seems to be similar to the effect of removing both synoptic and
higher-frequency atmospheric processes, albeit with a lower
magnitude of impact (Figs. 3 and 7-9). While marginally affecting
the subpolar overturning in density space, the higher-frequency
atmospheric variability generally makes the overturning in depth
space stronger and leads to its core being slightly deeper,
particularly in the subtropics
(Figs. 9d,h,1).

Summarizing, we find the changes in the wind magnitude, and
hence, the wind energy input in the region has the dominant effect
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on the strength of the overturning; once this is accounted for, the
magnitude of the overturning in all sensitivity experiments is very
similar to that of the control run. The major impacts from variability
of surface winds associated with synoptic and subsynoptic
processes on the AMOC arise from their impact on heat loss
reduction in the Labrador Sea, alongside changes in the Ekman
transports. This study highlights the importance of accurately
representing the density structure in the Labrador Sea as well as
both density structure and the strength of the East Greenland
Current in models for the correct representation of overturning in
the subpolar North Atlantic. These results also underscore the
critical importance of continuous in situ observations in the
Labrador Sea and along the boundary currents in the subpolar North
Atlantic. This is crucial both to capture potential changes in the
densities in the Irminger Sea due to Arctic freshwater influx and
Greenland Ice Sheet melt in the present and future
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FIG. 12. (a) Mean velocity across the OSNAP East line (shown in Fig. 11 with solid orange line) in the control experiment; contours show
annual mean positions of isopycnals of maximal overturning across OSNAP East in the control experiment (black), WIND LF (blue),
WIND_LF_SYNOP (yellow), and WIND_SCALED_LF (red). (b) Differences between control and experiment forced by lowfrequency winds.
(c) The differences between control and experiment forced by low-frequency and synoptic winds. (d) The differences between control and
experiment forced by scaled low-frequency winds. (e) MOCs, across OSNAP East (purple line in Fig. 11a): dashed blue line shows MOCs,
computed using densities from control experiment and velocities from WIND_LF; dotted blue line shows MOCs, computed using densities from

WIND_LF experiment and velocities from control experiment.
climate, and, in turn, their impacts on the strength of the gyre and
overturning circulation.
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