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ABSTRACT: The frequency and latitudinal dependence of the midlatitude wind-driven meridional overturning circula-
tion (MOC) is studied using theory and linear and nonlinear applications of a quasigeostrophic numerical model. Wind
forcing is varied either by changing the strength of the wind or by shifting the meridional location of the wind stress curl
pattern. At forcing periods of less than the first-mode baroclinic Rossby wave basin crossing time scale, the linear response
in the middepth and deep ocean is in phase and opposite to the Ekman transport. For forcing periods that are close to the
Rossby wave basin crossing time scale, the upper and deep MOC are enhanced, and the middepth MOC becomes phase
shifted, relative to the Ekman transport. At longer forcing periods the deep MOC weakens and the middepth MOC in-
creases, but eventually for long enough forcing periods (decadal) the entire wind-driven MOC spins down. Nonlinearities
and mesoscale eddies are found to be important in two ways. First, baroclinic instability causes the middepth MOC to
weaken, lose correlation with the Ekman transport, and lose correlation with the MOC in the opposite gyre. Second, eddy
thickness fluxes extend the MOC beyond the latitudes of direct wind forcing. These results are consistent with several recent
studies describing the four-dimensional structure of the MOC in the North Atlantic Ocean.

SIGNIFICANCE STATEMENT: The purpose of this study is to better understand how large-scale winds at midlati-
tudes move water northward or southward, even in the deep ocean that is not in direct contact with the atmosphere. This
is important because winds can shift where heat is stored and whether it might be released into the atmosphere. Our
results provide a guide on what controls this motion and highlight the importance of large-scale ocean waves and
smaller-scale ocean turbulence on the water movement and heat storage.
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1. Introduction variability in heat content, especially so for the North Atlantic
subtropical gyre and the eastern subpolar gyre (Lozier et al.
2008; Grist et al. 2010; Hikkinen et al. 2015; Williams et al.
2014; Evans et al. 2017, Pillar et al. 2016), and at mid- and low
latitudes in the Pacific Ocean (Tandon et al. 2020). Huang
(2015) termed such adiabatic, wind-driven oscillations of heat
content as ‘“‘Heaving Modes.”

On very short time scales, the connection between winds and
the overturning circulation stems from variations in sea surface
height resulting from Ekman transport, which in turn drives a
barotropic flow in the opposite direction (Bryan 1982; Jayne
and Marotzke 2001). Because the ocean is stratified, this wind-
driven overturning results in a net meridional heat transport
and temporary heat storage. Much of the overturning mea-
sured by the RAPID-MOCHA array at 26.5°N can be repro-
duced by simple wind-driven isopycnal models at both seasonal
(Kanzow et al. 2010; Zhao and Johns 2014a; Yang 2015) and
interannual time scales (Zhao and Johns 2014b; Pillar et al.
2016; Zou et al. 2019, 2020). Spall and Nieves (2020) found
that midlatitude variability in winds could force a remote
meridional overturning circulation (MOC) whose strength was
strongly dependent on the forcing frequency and the baroclinic
Rossby wave speed. While a direct connection between Ekman
transport and the MOC is expected based on the barotropic
response, these more recent studies find that at these lower
frequencies the response is both baroclinic and nonlocal, in-
Corresponding author: Michael A. Spall, mspall@whoi.edu dicating that more complex dynamics are at play.

The Atlantic meridional overturning circulation (AMOC) at
midlatitudes represents a northward flow of warm, salty water
in the upper ocean and a deeper southward flow of cooler,
fresher waters carried by both the deep western boundary
current and interior pathways. At 26.5°N, the AMOC trans-
ports approximately 1.25 X 10'>W of heat toward the north,
which represents the dominant component of the oceanic
meridional heat transport at this latitude (McCarthy et al. 2015;
Roemmich and Wunsch 1985). AMOC transport changes are
correlated with observed multidecadal variations of the large-
scale sea surface temperature distribution and surface heat
fluxes (Latif et al. 2006; Knight et al. 2005) and so under-
standing what drives variability of AMOC and the related
ocean heat content is central to understanding the ocean’s role
in climate variability.

Over 90% of the global heat gain over the past 60 years is
stored in the ocean (Levitus et al. 2012; Abraham et al. 2013).
Roughly 30% of that heat gain has occurred in the North
Atlantic Ocean (Hékkinen et al. 2015). The warming has not
been monotonic, however, as heat storage and heat exchange
with the atmosphere show strong variability on seasonal to
interannual and decadal time scales. Model studies clearly
show that wind forcing is important for much of this observed
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More complete wind- and buoyancy-forced basin and global
scale models have also been used to assess the relative im-
portance of wind and buoyancy forcing in MOC variability.
Several recent studies (Biastoch et al. 2008; Yeager and
Danabasoglu 2014; Polo et al. 2014; Pillar et al. 2016) have
found buoyancy-forcing to be most important in decadal MOC
variability but that wind forcing is dominant at shorter time
scales. Grist et al. (2010) also found that, on interannual time
scales, changes in ocean heat content in the North Atlantic
were dominated by advective flux convergence, not air-sea
exchange. Tandon et al. (2020) have found wind forcing
dominates MOC variability in the Pacific Ocean on annual to
interannual time scales, and that the associated meridional
heat transport is the dominant component of the interannual
variability in global meridional heat transport.

Several recent studies have begun to provide more detail on
the vertical and meridional structure of the MOC variability on
seasonal to decadal time scales. Frajka-Williams et al. (2016)
found that the Ekman transport in the RAPID-MOCHA ar-
ray was anticorrelated with the MOC in the Lower North
Atlantic Deep Water but was uncorrelated with the Upper
North Atlantic Deep Water, pointing to a deep overturning
cell at time scales from seasonal to interannual. Isopycnal
displacements on the western boundary support this variability
in the MOC. A similar wind-driven deep overturning cell was
found in the Pacific Ocean by Tandon et al. (2020). Zou et al.
(2019) use an eddy-resolving model of the North Atlantic,
an eddy-permitting global model, and an ocean reanalysis
product to show that variability in the Lower North Atlantic
Deep Water component of the MOC (approximately between
2000 m and the bottom) is correlated between the subpolar and
subtropical gyres but the Upper North Atlantic Deep Water
component of the MOC (depths between the surface and
2000 m) is not. Bingham et al. (2007) find a mix of a meridio-
nally coherent component of the MOC on interannual time
scales but also stronger, high-frequency localized variability
that results in a drop in the meridional coherence near 40°N.
This is consistent with Zou et al. (2020), who find two dominant
modes of variability in the MOC. One mode is coherent at all
latitudes between 25° and 53°N and is associated with changes
in the wind strength on interannual to decadal time scales. The
second mode is anticorrelated across the subtropical and sub-
polar gyres and is associated with a meridional shift of the
double gyre wind stress curl pattern on interannual time scales.

There are numerous observationally based studies that have
identified correlations between MOC, oceanic heat content,
and wind forcing. Williams et al. (2014) used reanalysis data to
demonstrate that heat content variability in the North Atlantic
dominates the secular warming trend over the past 60 years and
is due primarily to heat flux convergence, not anomalous air—
sea heat fluxes. Note that this differs from analysis confined to
the seasonal mixed layer, where local air-sea forcing can ac-
count for most of the variability in ocean heat content (Buckley
et al. 2015). The subtropical gyre thermal anomalies were
controlled by wind-induced changes to the Ekman heat con-
vergence while in the subpolar gyre the thermal anomalies are
of opposite sign and due to horizontal heat convergence by the
MOC minus the Ekman transport. This is consistent with the
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findings of Hékkinen et al. (2015), who used reanalysis and
observational datasets from the 1950s to 2012. Evans et al.
(2017) used an ECCO ocean state estimate together with an
Argo-based climatology to explicitly relate variability in ocean
heat content in the North Atlantic subtropical gyre with vari-
ability in the MOC. They find that variations in the volume and
heat budgets of the subtropical gyre are dominated by trans-
port divergences within the gyre.

Dynamical understanding to date has been derived largely
from sensitivity studies of either forward running numerical
models or linearized adjoint models, both of which are typi-
cally run with realistic domains and forcing fields. Most pro-
posed mechanisms involve westward-propagating baroclinic
Rossby waves generated in the ocean interior or at the eastern
boundary by changes in the wind stress curl, drawing on the
fundamental study of transient adjustments to wind forcing by
Anderson and Gill (1975). Previous idealized modeling studies
(Kanzow et al. 2010; Zhao and Johns 2014a; Yang 2015; Huang
2015; Spall and Nieves 2020) have considered only the first
baroclinic mode and linear dynamics. The present study uses
theory and an eddy-resolving three-layer quasigeostrophic
(QG) numerical model to address the midlatitude response to
time-dependent winds with a focus on the influences of me-
soscale eddies and higher baroclinic modes. A quasigeo-
strophic numerical model is introduced in section 2, followed in
section 3 by an example of midlatitude variability in the MOC
forced by oscillating winds. A quasigeostrophic, long-wave,
analytic model of wind-driven MOC variability is presented in
section 4. The numerical and analytical models are used in
section 5 to understand how the MOC response (phase, am-
plitude, correlations) depends on the forcing frequency, pat-
tern of wind variability, and presence of mesoscale eddies. A
final summary is provided in section 6.

2. A quasigeostrophic model

A quasigeostrophic model is used to study the variability
of the meridional overturning circulation forced by time-
dependent winds. Quasigeostrophic models are not typically
used to study the MOC. This is partly due to the fact that the
MOC is fundamentally a buoyancy-forced circulation with
important diapycnal transformations taking place near the
surface and large-scale advection of these water masses away
from their formation regions taking place at depth. This im-
plies large deviations of isopycnals, which violates a basic as-
sumption of the quasigeostrophic formulation. Another aspect
of the global-scale MOC is that it spans a large range of lati-
tudes and the equator, another problem for quasigeostrophic
physics. However, the midlatitudes are far from both the high-
latitude outcrop regions and the equator, and are known to be
strongly wind forced, and so are suitable for quasigeostrophic
physics. Because the QG equations do not explicitly solve for
the ageostrophic motions the full MOC cannot be calculated
directly from the horizontal velocity field. However, the MOC
can be inferred from evolution of the perturbation density
field, as discussed in detail below.

There are several advantages offered by QG physics. First,
QG models can be configured as adiabatic, thus avoiding
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problems arising from artificial numerical diffusion that can be
found in depth-coordinate, hybrid-coordinate, and sigma-
coordinate primitive equation models. This allows for simple
diagnostics and closure of water mass budgets. Second, QG
models are computationally efficient, which allows for suffi-
cient resolution to perform many century-long eddy resolving
calculations. The QG model used for the present study
employs a flux-limited second-order upwind advection scheme
(CABARET), which results in well resolved, strong separated
jets in wind-driven double gyre simulations (Karabasov et al.
2009). Third, the layered configuration makes for a simple in-
terpretation of the vertical structure in terms of vertical modes.
The leading-order balances in the quasigeostrophic equa-

tions are geostrophic and hydrostatic:
w= -y,

v=4¢, and b=f, 6]

where fj is the Coriolis parameter (constant over the domain),
u and v are the zonal and meridional geostrophic velocities, ¢ is
the velocity streamfunction, b = —gp/p, is the buoyancy, and
subscripts indicate partial differentiation. Parameters x, y, z,
and ¢ are respectively the zonal, meridional, vertical, and
temporal coordinates, with y = 0 at the southern boundary and
x = 0 at the western boundary.

The model solves the quasigeostrophic potential vorticity
equation, which, in continuous form, is written as

q,*b.q,~q,=F+D, q= V2w+ﬁy+(f° lﬁz), )

where ¢ is the potential vorticity, B is the meridional gradient in
planetary vorticity, N is the Brunt-Viiséld frequency, F rep-
resents forcing, and D represents dissipation.

The model is discretized into three layers in the vertical di-
rection. The governing equation and definition of potential
vorticity for each layer are

:Fk+Dk and qk:V2¢k+By+Sk,

®)

where the subscript & is the model layer and Sy represents the
stretching of planetary vorticity:

Gt ¥y~ Y

B
Sl_ ]OFI w1)7 (4a)
2
- B e
= f° ). (4e)

The reduced gravity between layers is defined as gy = g(p—pr)/Po,
where py is a reference density and H is the mean thickness of
each layer.

Dissipation is parameterized as a fourth-order term in each
layer and a second-order term in the bottom layer, represent-
ing a bottom Ekman layer:

D, =2V, =18, VY, ; (5)
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8 is the Kronecker delta such that 8;; = 1 for k = i and is
otherwise zero. For all calculations in the paper, » = 100 m?s ™
and » = 4 X 10785~ !, Partial-slip lateral boundary conditions
are implemented through a Dirichlet boundary condition on all
sidewalls for V2, where 7, = V2ii is the relative vorticity. For
example, at the eastern boundary

{k(x = L) = l’[lkxx‘x=L = adlkXLC:L (6)

and the inverse length scale &~ ! = 120 km. This is intermediate
to a~! = = for free slip and a~! = 0 for no slip (Karabasov
et al. 2009).

The QG model is applied to the classic problem of a mid-
latitude wind-driven double gyre circulation. Essential infor-
mation and parameter values are provided here, for a detailed
description of the model and its numerical implementation the
reader is referred to Karabasov et al. (2009). The model do-
main is a square with dimensions L = 5120 km and horizontal
grid spacing of 10km. The domain is located at midlatitudes
with f, = 107*s L and B =2 X 107" m~!s™!. The domain is
4000 m deep with a flat bottom and vertical sidewalls. The
vertical stratification is represented by three layers with layer
thicknesses H; = 350m, H, = 650m, H3 = 3000 m. The re-
duced gravity between layers 1 and 2 is g, = 0.0213m?s ™}, and
between layers 2 and 3 it is go3 = 0.0176 m?s ™. This results in a
first baroclinic deformation radius of 40 km and a second baro-
clinic deformation radius of 20 km. The model is forced with a
wind stress curl that is defined as

Fy==8,  ——sin[m(y = y))/L,] |y—yl<L 7
k ()LgH 0 0 ¢ (7a)
Fk:0 ‘yiy()‘ZLg; (7b)

L, = 1536 km is the meridional extent of the subtropical and
subpolar gyres. The wind stress will be varied in two ways.
First, the amplitude will fluctuate sinusoidally in time with
frequency w, with amplitude 7" = 0.4, and will have a stationary
distribution centered at the midlatitude of the domain (yy =
0.5L = 2560 km):

7=7,(1 + 7 sinwr). (8)

A second form of time dependence is introduced by keeping
the magnitude of the wind stress constant (7 = 0) and varying
its meridional location as

Yo =L(0.5 + y' sinwt) )

with y’ = 0.1. This results in a wind pattern that shifts north and
south by 512 km with frequency w.

3. An example of wind-driven variability

The model was initialized at rest and run for a period of
120 years with 79 = 0.12Nm™2, 7 =0, and y’ = 0. The mean
transport streamfunction and layer thicknesses over the final
100 years are shown in Fig. 1. The mean circulation is domi-
nated by a double gyre system separated by a sharp jet that
penetrates several thousand kilometers into the basin. The



2428

mean streamfunction (Sv)

1000

3000
X (km)

5000

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 51

40
30
20

mean layer thickness (m)
10

600
500
400
0 - 300
20 :_3_> 200
30 100
-40 0
40 800
30
10 § 700
0 650
-;g 600
30 550
40 500

80 3250
20 3150
3050
0
2950
-40 2850
-80 2750
1000 3000 5000
X (km)

FIG. 1. Mean (left) streamfunction (Sv) and (right) layer thickness (m) for the quasigeostrophic
model run for 120 years.

wind-driven Sverdrup flow is carried in the upper layer with
maximum gyre transports of 30 Sv (1Sv = 10°m>s™"). There
are also very narrow recirculations adjacent to the separated
jet. The middle layer also has gyre-scale recirculations forced
by baroclinic instability of the separated jet and gyres (there is
no direct wind forcing in this layer), as well as the narrow re-
circulations. The deep layer is dominated by the narrow re-
circulation gyres, demonstrating their barotropic structure.
Detailed analysis of the dynamics of similar wind-driven gyres
can be found in Berloff (2016) and Berloff (2018).

The mean thickness of the upper layer varies from about
600m in the subtropical gyre to 100m in the subpolar gyre,
reflecting the large-scale Sverdrup flow (Fig. 1). The narrow
barotropic recirculation gyres are not evident in the layer
thickness. The middepth layer thickness mirrors that of the
upper layer, thin in the subtropical gyre and thick in the sub-
polar gyre. The bottom layer shows a similar structure with
a thinner subtropical gyre and a thicker subpolar gyre, indi-
cating that there is also some baroclinic shear between layers
2 and 3.

To use the QG model to study the MOC, first step is to
calculate the MOC from the quasigeostrophic variables.
The streamfunction ¢ represents only the geostrophic ve-
locity field, and so does not include ageostrophic effects due
to time dependence, variations in the Coriolis parameter, or
nonlinearities in the momentum balance. Furthermore, the
streamfunction is constant on the sidewalls, as required to
impose the no-normal flow condition on the geostrophic velocity.
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However, the geostrophic component of the MOC is driven by
the pressure difference between the eastern and western
boundaries. The primitive equations allow ageostrophic terms
that balance the pressure gradient on the boundary, thus
supporting a change in pressure across the domain and an in-
terior geostrophic meridional transport while satisfying the no-
normal-flow boundary condition.

The MOC can be inferred from the evolution of the layer
thicknesses at each latitude. The layer thicknesses, derived
from the thermal wind relation between each layer, are writ-
ten as

hl = Hl + (f()/glz)(w1 - '-!/2)9 (103)
hz = Hz + (f;)/gu)('l’z - lﬂl) + (f;)/gz3)(§[’2 - 1113), and (10b)
hy = Hy + (fy/8,,) (05 — ). (10¢)

To close the mass budget in each layer, the time rate of change
of the zonal integral of the layer thickness must be provided
by a divergence of the meridional mass flux. The MOC in each
layer, Wy, can thus be defined as the zonal and meridional in-
tegral of the time rate of change of layer thickness:
y L

v, () ZJoJohkt dxdy. 11)

The boundary condition of no flow through the southern

boundary is imposed, ¥;(0) = 0. Note that, because the model
is adiabatic and in a closed basin there is no mean MOC. For
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FIG. 2. Snapshot of layer thickness (m) for year 74 for (a) layer 1, (b) layer 2, and (c) layer 3.
(d) Kinetic energy in each layer, averaged into the 15-yr forcing period. black, layer 1; red, layer
2; blue, layer 3. the dashed line is the phase of wind stress (arbitrary units).

time-dependent winds the subtropical and subpolar gyres will
adjust through the upper layer spinning up and down as the
winds vary. However, the consequences of the upper layer
fluctuations are felt throughout the water column, as required
to conserve mass in each layer. For example, if the wind
strengthens, the subtropical gyre will deepen and the subpolar
gyre will shoal. Because the system is adiabatic, the some of the
layer-2 water displaced from the deepening subtropical gyre
must flow across the gyre boundary to fill the thickening layer 2
in the shoaling subpolar gyre. This adjustment process is
modulated by baroclinic waves with westward phase and group
velocities, making the response a function of the stratification
and forcing frequency.

An example of the wind-driven variability of the MOC is
provided by a calculation with 7o = 0.12Nm™ 2, 7 = 0.4,y =
0, and a forcing period of 15yr (0 = 1.33 X 107 8s71). A
snapshot of the layer thicknesses on year 74 is shown in Fig. 2.
The separated jet is meandering and shedding warm and cold
core eddies. The meanders and eddies penetrate through all
three layers, although they are surface intensified. The
westward flow along the northern subpolar and southern
subtropical gyres is also dominated by meanders and eddies.
This is evidence of baroclinic instability of the gyre circula-
tion and will be shown below to have an important influence
on the MOC. The basin-averaged kinetic energy, averaged
into the periodic forcing period of 15yr, is shown in Fig. 2d.
The signal is largest in the upper layer but, as a fraction of the
mean kinetic energy, it is largest in the deep layer. The pe-
riodic cycle in kinetic energy lags the that for the wind stress
by several years.

The MOC diagnosed at the midlatitude of the basin in each
layer from (11) is shown in Fig. 3. The meridional transport in
layer 1 (black) is very close to the Ekman transport (green)
with amplitude of 2.45 Sv. Because the domain is closed and
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the sea surface is very stiff, the transport in the middle and deep
layers must compensate for the upper layer transport. The
transport in the deep layer is nearly of equal magnitude and
180° out of phase with the upper layer transport. The transport
in the middle layer is weaker and approximately 90° out of
phase with the upper layer transport. The smaller magnitude is
not surprising given that layer 2 is much thinner than layer 3;
however, the phase shift suggests a more complex response
than the simple barotropic return flow discussed by Bryan
(1982) and Jayne and Marotzke (2001).

4. A simple quasigeostrophic theory

Insight into the basic response of the midlatitude stratified
ocean to time-dependent winds is provided by a simple analytic
solution to the quasigeostrophic equations subject to periodic
forcing. The starting point is the linear quasigeostrophic po-
tential vorticity equation:

2
%lpzzl + Bl/]x =0. (12)
The long-wave approximation is made so that relative vorticity
is neglected. The mean ocean state is also at rest, so the mean
wind-driven subtropical and subpolar gyres are not included.
Solutions for the streamfunction are sought that are wave-like
in the zonal direction with wavelength 27/A and frequency
w with a vertical structure ¢. It is assumed that the stratification
is uniform so that the vertical structure function ¢, derived
from (12), is a simple cosine form:

g, =N (2), ¢ =2"cos(nmz/H).  (13)

The wavenumber is related to the frequency through the dis-
persion relation



2430

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 51

T T T T T
4 -

= 2 4 N \ \
> s /l
28 0 L g e [ " - ' "!. ‘ \ ‘.'! ‘.‘ r \ k,u h
Q [} [/ ,r ) 1 14 Wi .-
o f y 0 Y 4 !
=T L 1 T

4 -

Iayelr 1 _| layer 2 ‘ Iayelr 3 Ekman
0 20 40 60 80 100 120

time (years)

FI1G. 3. Time series of the meridional overturning circulation in each layer and the meridional
Ekman transport anomaly.

A, =—wl(BL2), L,=NHl(nmf,), (14)

where L, is the baroclinic deformation radius for mode n. The
bottom depth is H, and the scale factor of 2! is chosen to
simplify the solution for . There are an infinite number of
vertical modes indicated by mode number n. The complete
streamfunction is then the sum over all modes:

=2, (), (x.3,0). (15)
Multiplying (12) by ¢,, and integrating in z from — H to 0 yields
an equation for ¢,,. Using (13) and (7a) and integrating by parts
twice gives

i1, = 2Oy ) Gner). 6
The Ekman pumping boundary condition at the surface
enters through the limits of one of the integration by parts.
The value of the vertical mode at the surface is ¢,,(0) and
Wg(y) is the pattern of the Ekman pumping velocity at the
surface.

For the case in which the wind pattern is constant (y' = 0) but

the magnitude varies (7 > 0), the Ekman pumping is simply

™ sinf(y - y,)IL,). (17)

E-
Of()

The case with a shifting wind pattern is more complex, but a
useful approximation is obtained for the local rate of change of
the Ekman pumping as 7, =~ 7,y,, which gives

y/ 77.2

E
OfO

The fundamental change relative to the case with changing
wind strength is that the Ekman pumping anomaly is a maxi-
mum at the gyre boundary while for the changing wind strength
it is a maximum at the centers of the gyres.

The solution to (16), subject to ¢ =
boundary, is

cos[rr(y yo)/L ]. (18)

0 at the eastern

WLﬁToqb(())

g =-A ool Heo [sin(A,x — wt) + sin(wt)]¢, (),

(19)
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which may also be written as

b = —a 2L ?(0)

a oL Ho sin(A, x/2) sin(A, x/2 — wt), (z),

(20)

where the value of A depends on which forcing function is
used. This solution is similar in form to the single-layer so-
lution of White (1977) but here the depth-dependent total
response is the sum over all modes. For strengthening/weakening
winds,

A=1'sin [Ly - YO)} , @1)
L
3
and, for a shifting wind pattern,
my'L |70~ Yy)
A= —. 22
L L (22)

The time rate of change of the isopycnal surfaces is given by
(fo/ N*)ip,, which, making use of (13), is for each mode

4r,
= —A sin(A,x/2) cos(A, x/2 — wt) sin(nmz/H).

hnr L fO (23 )

The MOC is then derived by integrating 4, in the zonal and
meridional directions for each vertical mode in the same
manner as for the diagnostic in the QG model (11). The total
MOC is simply the sum over all modes considered. The zonal
integral is taken from the eastern boundary to the western
boundary, which lies at x = —L = —5120km. The expression
for h,,,indicates that the MOC is not explicitly dependent of the
forcing frequency w, although the wavenumber A,, does depend
on w through the dispersion relation (14).

The amplitude decreases with increasing mode number and
with decreasing Ekman pumping. Its horizontal structure is
that of a standing wave with wavelength 47/A,, with a wave that
travels to the west with phase speed 2 times that for a long
Rossby wave. Note that the interface displacement is always
zero on the eastern boundary (x = 0), while that on the western
boundary (x = —L) will fluctuate in time, depending on the
forcing frequency and the basin width. This is consistent with
the findings of the RAPID-MOCHA array that variations in
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FIG. 4. MOC from the analytic quasigeostrophic theory. (a) MOC (Sv) as a function of time
and latitude in the upper layer [at the depth of the upper red line in (b)] for the case of os-
cillating wind strength with 15-yr period; (b) vertical structure of the MOC (Sv) at the gyre
boundary as a function of time [red line in (a)]; (c) MOC (Sv) as a function of latitude and time
for the case of oscillating wind stress latitude; (d) MOC at the gyre boundary in each layer [as
shown in (b)] as a function of time for the case with oscillating wind strength. The green line is

the Ekman transport.

the MOC are dominated by variations in the layer thickness on
the western boundary (Frajka-Williams et al. 2016).

The meridional structure of the MOC as a function of time
for varying wind strength is shown in Fig. 4a for the case with a
15-yr periodic forcing, 79 = 0.12Nm 2, 7 = 0.4, and two ver-
tical modes. This is taken at the depth of the maximum MOC,
indicated by the upper red line in Fig. 4b. As the wind
strengthens the upper layer MOC strengthens to the south,
reflecting the increasing southward transport in the Ekman
layer. The meridional distribution shows that this is a flux of
mass from the subpolar to the subtropical gyre. There is no
influence outside the latitude range of the wind stress curl
anomalies.

The vertical structure of the MOC at the gyre boundary (red
line in Fig. 4a) is shown in Fig. 4b. The MOC is surface in-
tensified with a phase shift in the vertical. For purposes of
comparison between the continuously stratified theory and the
three-layer QG model, three layers have been identified in the
theory, indicated by the red lines in Fig. 4b. The MOC within
these three layers is plotted in Fig. 4d. The magnitude and
phase predicted by the theory compares well to that found in
the numerical model (Fig. 3). The deep layer slightly leads and
is a little stronger than the Ekman transport. The upper layer
and deep layer are of similar magnitude and nearly 180° out of
phase while the middle layer is weaker and lags the lower layer
by about 90°. The agreement is encouraging given that the
model has a simple three-layer vertical structure, mean sub-
tropical and subpolar gyres, imposes no-normal flow boundary
conditions on all boundaries, and includes relative vorticity.
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The horizontal pattern of the MOC in the upper layer for the
case with shifting winds is shown in Fig. 4c. In this case the
MOC does not cross the gyre boundary and the mass redis-
tribution is confined within each gyre. The magnitude and
phase are very similar to the case for varying wind strength.
The vertical structure is the same as is shown in Fig. 4b.

5. Parameter dependence and role of nonlinearities
a. Eddy effects

The basic structure of the wind-driven MOC predicted by
the theory is now compared with that produced by linear and
nonlinear QG model simulations with 15-yr forcing period.
The linear model runs are identical to the nonlinear runs ex-
cept the advection of relative vorticity is set to zero. The results
for both higher- and lower-frequency forcing will be discussed
in the next subsection. The linear model result shows a very
similar latitude/time dependence as predicted by the theory
(Fig. 5, left column). The primary balance is between the upper
and deep layers with the middle layer of lower amplitude and
lagging the deep layer by 90°, consistent with the theory in
section 4. There is no MOC outside the latitude range of the
wind anomalies. This is different from what is found for the
primitive equations, for which the Rossby wave speed varies
as a function of latitude. Spall and Nieves (2020) demonstrated
that an imbalance between the adjustment in the subtropical
and subpolar gyres due to the meridional dependence in the
baroclinic Rossby wave speed forces an MOC anomaly that
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FIG. 5. MOC as a function of time and latitude for the (left) linear model and (center) nonlinear model and (right)
due to geostrophic eddies for each model layer for the case of oscillating wind strength with 15-yr period.

extends well south of the subtropical gyre, even into the
Southern Hemisphere. We see no such remotely forced MOC
here because in QG physics the Rossby wave speed is inde-
pendent of latitude.

The nonlinear model result has a broadly similar pattern, but
the MOC extends to higher and lower latitudes and, in the
middle layer, is weaker near the gyre boundary and stronger
both north and south of the direct wind forcing (Fig. 5, middle
column). This difference is largely due to eddy fluxes.

The meridional overturning driven by geostrophic eddies
can be calculated directly from the layer thickness and
streamfunction as

y L
v~ [ [Ty T, e
where the overbar indicates the time average and primes are
deviations from the time mean. This does not include all eddy
effects, just those associated with geostrophic eddies. The eddy
fluxes are largest on the northern side of the subpolar gyre and
the southern side of the subtropical gyre (Fig. 5, right column).
This is where the westward flanks of the gyres are unstable and
the eddy thickness fluxes are important all along the zonal
extent of the gyres (Fig. 2). The sense of the eddy-induced
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MOC is to flatten the isopycnals at the northern and southern
limits of the wind forcing. The primary eddy-driven cell at this
forcing frequency is between the upper and middle layers
with a weaker signal in the deepest layer that is of the same
sign as that in the middle layer. This is expected from baro-
clinic instability because the baroclinic shear is largest be-
tween layers 1 and 2 but there is still some shear between
layers 2 and 3. The eddy fluxes lag the upper layer MOC and
wind stress curl by several years. This is because, as the wind
stress curl changes say from strong to weak, the gyres are
stronger than can be balanced by the wind. As a result, eddies
are able to relax the isopycnal slopes during these periods of
forcing decay. A similar, but opposite, effect occurs while the
winds are strengthening. The largest impact is on the middle
layer, where the MOC near the gyre boundary is weakened
and the MOC is extended poleward and equatorward of the
wind forcing.

The basic pattern predicted by the theory (Fig. 4c) for the
case of shifting winds is also reproduced in the numerical
model (Fig. 6). The clean boundary between the subpolar and
subtropical gyres predicted by the theory is not found in the
model because the wind stress curl at the gyre boundary in the
theory is always zero due to the first-order expansion of 7, while
in the model it takes both positive and negative values as the
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FIG. 6. As in Fig. 5, but for the case of oscillating wind latitude with y’ = 0.1.

wind oscillates. However, the general pattern and amplitude of
MOC cells isolated within each gyre are reproduced in the
model. The nonlinear result is again similar with cells extend-
ing beyond the latitude range of the wind stress. Eddies are of
similar importance and primarily located on the poleward and
equatorward flanks of the gyres. The eddy-driven cells show a
phase shift with latitude, which reflects the shifting location of
the increase/decrease in wind stress curl.

b. Frequency dependence

The dependence of the MOC on forcing frequency is now
evaluated by analyzing a series of model runs with forcing
periods of 1, 2, 5, 10, 15, 20, and 40 years. In each case the
model is run for 20 years before the diagnostics are calcu-
lated. In the nonlinear runs the model duration is for 6
forcing periods beyond this 20-yr spinup period (except the
40-yr period, which was run for 3 forcing periods). This al-
lows for some temporal averaging of mesoscale eddy and
interannual variability to isolate the periodic response. In
the diagnostics below, the MOC is calculated using (11),
then averaged over the duration of the post spinup model
run into an average cycle at the forcing frequency, and fi-
nally the amplitude and phase are determined by a spectral
fit at the forcing frequency at each latitude. An additional
set of calculations with time varying wind strength were
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carried out with 8 = 1 X 10" m 's7L, so the basin-crossing
time scale was 2 times that for the runs diagnosed here. The
results were generally consistent in terms of the behavior in the
forcing period scaled by the basin-crossing time scale, and so
are not reported separately here.

The amplitude of the MOC as a function of latitude and
forcing period is shown in Fig. 7 for the theory (left column),
linear model (middle column), and nonlinear model (right
column) for each of the layers. In each case, the amplitude
has been scaled by the maximum amplitude in layer 1, which
are 4.7, 2.8, and 2.9Sv for the theory, linear model, and
nonlinear model. Thus, the theory overpredicts the ampli-
tude of the MOC by about 50%, as evident in Figs. 3 and 4.
The forcing period has been scaled by the time it takes for
the first-mode baroclinic Rossby wave to cross the basin
[T=L/(BL2?)=5.1 yr]. The theory predicts a primary bal-
ance between the upper and deep layers, as expected from
the larger layer thickness of the deep layer relative to the
middle layer. At short forcing periods [27/(wT) < 1] the
ratio of the MOC in layers 2 and 3 is close to the ratio of their
thicknesses. This results from a nearly in-phase, barotropic
return flow below layer 1. The amplitude shows a weak local
maximum near 27/(wT) = 2 and a weak local minimum near
2@/(wT) = 1. At lower-frequency forcing, 27/(«T) > 2, the
amplitude begins to decrease in layer 3 and increase in layer
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FIG. 7. Magnitude of the MOC variability as a function of latitude and forcing period (scaled by the first-mode
baroclinic Rossby wave basin crossing time scale) for (left) theory and the (center) linear model, and (right)
nonlinear model for each layer and oscillating wind strength. For ease of comparison, in each case the amplitude has
been scaled by the maximum amplitude in layer 1.

2. At such low frequencies the first baroclinic mode has The zero crossing of the first baroclinic mode lies at the in-
crossed the basin and left behind a nearly equilibrated cir- terface between layers 2 and 3 (Fig. 8a). In fact, this is a
culation (Anderson and Gill 1975). However, the second physically based means to identify the interface between the

baroclinic mode is still crossing the basin. deep and middle layers. As a result, the first mode projects
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FIG. 8. (a) First (solid) and second (dashed) baroclinic modes used in the theory along with the interfaces used to
define three layers for comparison with the numerical model. Also shown is MOC at the gyre boundary forced by
(b) the first baroclinic mode and (c) the second baroclinic mode. The black line is the upper layer, the red line is the
middle layer, and the blue line is the deep layer.
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FIG. 9. As in Fig. 7, but for the case of oscillating wind latitude.

cleanly onto layers 1 and 2 moving in one direction and layer 3
moving in the opposite direction (Fig. 8b). However, the sec-
ond baroclinic mode integrates to zero in the deep layer while
the upper and middle layers are nearly equally opposed. The
MOC forced by propagation of the second baroclinic mode is
zero in the deep layer and in the opposite direction to the first
baroclinic mode in the middle layer. This is the fundamental
reason that the middepth MOC becomes out of phase with
the upper and lower layers at forcing periods longer than 7.
The amplitude of the MOC can exceed that of the Ekman
pumping because the rate of change of the volume in layer 1
can be forced not only from above by Ekman pumping but
also from below by changes in the thickness of layer 2.
Consideration of the second baroclinic mode allows for
layer 2 to become phase-shifted from the Ekman pumping,
thus enhancing the MOC in certain frequency bands. At
high-frequency forcing there is no phase shift in the vertical
and the transport in layer 2 is dominated by the second baro-
clinic mode, and hence in the same direction as that in layer 3
and opposite to that in layer 1.

At forcing periods much longer than 7, the wavelength of
the first-mode baroclinic Rossby wave exceeds the width of the
basin, AL — 0. The MOC forced by the first mode, which is
proportional to the zonal integral of sin(A;x/2) from (23), de-
creases. However, the second mode is slower and thus still
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contributes to the interface displacement and the MOC. So at
low frequencies the MOC becomes more surface intensified
and confined between layers 1 and 2.

The amplitude of the MOC for the linear QG model as a
function of latitude and forcing period is shown in Fig. 7 in the
middle column. The model shows a very similar pattern to the
theory, although the amplitude in the upper and deep layers is
approximately 50% lower. However, given the continuous,
uniform stratification in the theory and the three-layer repre-
sentation in the model it is not surprising that there are some
differences in the magnitude. The red dashed lines mark the
meridional limits of the wind forcing, demonstrating that the
variability does not extend to latitudes outside the region of
forcing. We see a similar local maximum around 27/(wT) = 2
and a shift of the MOC from a deep structure to a shallow
structure as the forcing period is increased beyond the basin-
crossing time scale.

The amplitude of the MOC for the nonlinear QG model as a
function of latitude and forcing period is shown in Fig. 7 in the
right hand column. The overall structure is similar, although
the amplitudes and meridional extent differ somewhat from
the linear result. At high-frequency forcing the deep MOC is
stronger than that in the linear model and the middepth MOC
is weaker. This is a result of eddy fluxes relaxing the interface
slope between layers 2 and 3. The largest difference is in the
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FIG. 10. Phase of layers (top) 2 and (bottom) 3 relative to the upper layer for the (left) theory, (center) linear model,
and (right) nonlinear model.

layer 2 MOC at low-frequency forcing, where the nonlinear
model shows a much weaker response. The variability in the
MOC at low frequencies also extends to higher and lower
latitudes than in the linear model or the theory. So nonline-
arities do not change the fundamental response to changing
wind strength but they do alter the amplitude and meridional
extent, particularly at middepths.

The same diagnosis for the shifting wind cases is shown
in Fig. 9. As expected from the theory, the MOC for these
cases does not cross from the subpolar to the subtropical
gyre. Instead, we see a structure similar to that for the
wind strengthening/weakening case confined within each gyre.
There is again qualitative agreement between the theory and
linear model. Nonlinearities weaken the middepth MOC at
high frequencies and spread the MOC to higher and lower
latitudes at low frequencies in all layers.

c. Phase and correlation

The coupling between layers is further revealed by the de-
pendence of phase and correlation between layers on latitude
and forcing period. Figure 10 shows that the theory predicts the
middle and deep layers to be 180° out of phase with layer 1 at
high-frequency forcing. There is a phase shift in the middle
layer for 2 < 27/(wT) < 4. This is the period for which the first
baroclinic mode has crossed the basin but the second baroclinic
mode has not. This is the phase shift evident in Fig. 4 for the
15-yr forcing period. At longer periods layer 2 is again 180° out
of phase with layer 1. Layer 3 is still dominated by the mode 1
wave (albeit at smaller amplitude due to the low-frequency
forcing), so it is now phase shifted from layer 1, which is more
strongly coupled to layer 2. The linear model shows similar
patterns to that predicted by the theory with slightly larger phase
shifts. However, the nonlinear model shows a much different
pattern. There is a phase shift in layer 2 for 2 < 27/(wT) < 4, but
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at intermediate and higher frequencies the phase lag between
layers 2 and 1 is much less than in the linear models. At these
frequencies baroclinic instability derives from the shear be-
tween layers 2 and 3. Layer 3 is out of phase with layer 1, and so
the eddy fluxes drive layer 2 to be more in phase with layer 1.
The deep layer remains 180° out of phase with layer 1 near the
gyre boundary at all frequencies due to the deep eddy-driven
MOC (lower-right panel in Fig. 10).

The correlation between each of the layers is shown in
Fig. 11 as a function of latitude and forcing period. The linear
theory predicts that layers 2 and 3 are strongly correlated with
each other and anticorrelated with layer 1 at high-frequency
forcing, consistent with the 180° phase lag. The phase shift in
layer 2 for 2 < 27/(wT) < 4 reduces the correlation with layer 1,
as expected. Layer 3 shows a very slight phase shift at very low-
frequency forcing relative to layer 1. Similar patterns are found
for the linear model, although the model produces a larger loss
of correlation at low frequencies due to the larger phase shift
seen in Fig. 10. The correlation is independent of latitude in the
theory and nearly so in the linear model. The nonlinear
model produces a loss of correlation between layers 1 and 2
at all frequencies and at all latitudes with a maximum loss at
intermediate frequencies and in the midlatitudes of the
gyres. The eddy coupling maintains the anticorrelation be-
tween layers 1 and 3 at low-frequency forcing. This is con-
sistent with the observed weak correlation between the
Ekman transport and Upper North Atlantic Deep Water
and the strong correlation between the Ekman transport
and Lower North Atlantic Deep Water (Frajka-Williams
et al. 2016).

d. Meridional coherence

The meridional coherence of the wind-driven variability of
the MOC is indicated in Fig. 12 as a function of latitude and
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FI1G. 11. Correlation between layers (top) 2 and 1, (middle) 3 and 1, and (bottom) 3 and 2 for the (left) theory,
(center) linear model, and (right) nonlinear model.

forcing period. The correlation between the MOC at each
latitude and the MOC at the central latitude of the subtropical
gyre is plotted for the nonlinear QG model runs. The linear
model and theory both find that the MOC is highly correlated
at all latitudes, so only the nonlinear model results are shown
here. For the cases with oscillating wind strength, the upper
and deep layers are correlated across both gyres at all fre-
quencies. At high frequencies the correlation is limited to the
latitude range of the wind stress curl, while at low frequen-
cies the correlation extends beyond the limits of the wind
stress due to the meridional eddy fluxes. However, the
middle layer shows a loss of correlation at periods less than
the basin crossing time scale, especially so near the gyre
boundary. This is due to baroclinic instability at the gyre
boundary. The eddy fluxes in the middle layer oppose the
Ekman-driven overturning and so the amplitude of the MOC
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is greatly reduced (see also Fig. 7) and the correlation
breaks down.

The meridional coherence for the cases with an oscillating
latitude of the wind stress is anticorrelated between gyres, as
expected (Fig. 12, right side). The influence of the eddy-driven
MOC is evident at high and low latitudes for long forcing pe-
riods. There is some loss of coherence between gyres in the
middle layer at shorter periods but it is not as strong as for the
cases with varying wind strength.

e. More realistic forcing

The theory and numerical examples in the preceding
sections provide a useful exposition of the dynamics of the
wind-forced MOC as a function of forcing frequency.
However, they were cases in which the forcing is periodic in
time and of a single frequency, while for the real ocean the
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FIG. 12. Correlation of the MOC with that at the central latitude of the subtropical gyre (solid
red line) as a function of latitude and forcing period for (left) variations in wind strength and
(right) variations in wind latitude. Dashed red lines mark the limits of direct wind forcing.

forcing is not periodic and contains energy at all frequencies. If
the responses to forcing by different frequency components are
added linearly, one might be able to predict the response to
more complex forcing scenarios. Perhaps more problematic is
that realistic forcing, particularly for interannual and longer
periods, is not periodic in time. For example, the strong re-
duction in the MOC at the RAPID-MOCHA array in 2009/10
was partly caused by an anomalous wind event in that year
alone (McCarthy et al. 2012). To test the applicability of the
theory to more realistic situations, the nonlinear QG model
was spun up for 20 years with a constant wind stress and then
run for an additional 20 years with a wind stress that varies
according to

7=1,(1 + a, sinwt + a, sinw,t + a, sinw,t), (25)
where a; = 0.25, a, = 0.2, and a3 = 0.15, and the forcing fre-
quencies are w = 27/(1 yr), w, = 2w/(Syr), and w3 = 27/(20 yr).
This provides a strong seasonal signal but also variability at
interannual and decadal periods. While the forcing is still pe-
riodic in nature, the analysis is applied to the time period im-
mediately after spinup, so the basin response is to an abrupt
onset of time-dependent forcing. The resulting MOC at the
midlatitude of the basin (with a 90-day smoothing to suppress
mesoscale noise) is shown in Fig. 13. The initial spinup of
the subtropical and subpolar gyres takes place over the first
10 years of integration with internal variability emerging after
several years. The inherent variability with constant wind stress
is less than 1Sv. After 20 years the time-dependent forcing
starts and the MOC variability increases to O(4 Sv). The signal
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is dominated by the annual cycle but there is also variability on
5- and 20-yr time scales.

The theory in section 4 was applied to this forcing scenario
by calculating the analytic response to each of the time-
dependent components of the wind stress and linearly adding
the predicted MOC for each. The resulting MOC for each layer
is shown in Fig. 13 by the dashed lines. The general fluctuations
found in the model are predicted by the theory, although there
are differences. The theory tends to overpredict the magnitude
of the response, consistent with Fig. 7, but is of the right order
of magnitude and the phase is well represented. The correla-
tion between the theory and numerical result is 0.80, 0.18, and
0.83 for the upper, mid-, and deep layers. The RMS difference
between the nonlinear model MOC and the theory is 1.4, 0.6,
and 1.0 Sv for the upper, mid-, and deep layers. The RMS vari-
ability of the MOC in the nonlinear model between years 20 and
40is 1.7, 0.40 1.5 Sv for the same three layers. It is noteworthy
that the agreement between the theory and model in the first
two years of time-dependent forcing is very good, indicating that
the theory remains relevant even when the initial conditions
do not have the memory of previous periodic forcing cycles.

The theory has some predictive skill for the upper and deep
layers (high correlation; reduced RMS difference) but it has no
skill for the middle layer (low correlation; increased RMS
difference). The disagreement between model and theory for
the middepth MOC is at least partly caused by baroclinic in-
stability and the related eddy fluxes, as outlined in the previous
sections. The correlation between the linear model and the
theory increases to 0.95, 0.42, and 0.87 for the three layers.
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FIG. 13. Meridional overturning circulation for a case with simultaneous forcing frequencies
of 1,5, and 20 years from (25). The time-dependent winds are turned on at year 20. (a) Spinup
years 0-20; (b) forced years 20-40. Solid lines are from the nonlinear model; dashed lines are
from the linear theory. Black, layer 1; red, layer 2; and blue, layer 3.

So, while there are differences between the theory and
nonlinear model the salient point is that the theory does a
good job of predicting the MOC response even though the
theory was applied to the time period immediately after the
time-dependent forcing was turned on and was subject to
variations on annual to decadal time scales. This indicates
that the MOC response to variable forcing is fast, making the
periodic analysis useful even for time periods as short as the
forcing period.

6. Discussion and conclusions

Recent observations and basin-scale modeling studies have
begun to construct a three-dimensional picture of the MOC
and its variability. At seasonal to interannual time scales, wind
forcing has been found to be the dominant forcing mechanism
while buoyancy forcing is more important at longer time scales.
Wind variability gives rise to low-frequency variability in heat
storage below the mixed layer and in air-sea exchange at the
surface. While the importance of wind forcing has been diag-
nosed in observations, reanalysis, and forward numerical
models, the theoretical understanding of the basic mechanisms
of wind-forced MOC variability is incomplete. The simplest
connection between wind and MOC is based on meridional
Ekman transport forcing a barotropic return flow, which rep-
resents both a meridional circulation and, because the ocean is
stratified, a meridional heat transport. However, observations
clearly indicate that the wind-driven MOC is both baroclinic
and nonlocal, so this framework is insufficient.
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The present study combines an analytic quasigeostrophic
theory and an idealized configuration of a three-layer quasi-
geostrophic numerical model to understand the three-
dimensional structure of the midlatitude wind-driven MOC
variability. Two types of wind variability are considered:
changes in wind strength and changes in wind latitude. This is
consistent with the recent study by Zou et al. (2020), who found
that the wind stress variability in the North Atlantic is domi-
nated by two modes, one representing a change in wind
strength and one representing a shifting of the wind stress
pattern with latitude. The theory and linear model show that
changes in wind strength drive an MOC that connects the
subtropical and subpolar gyres. At short forcing periods (sea-
sonal to interannual) the linear response is largely barotropic
and independent of forcing frequency. However, for forcing
periods on the order of the first-mode baroclinic Rossby wave
time scale the MOC is enhanced above that expected by the
Ekman transport alone as a result of a phase shift between the
first and second baroclinic modes. At even longer period
forcing the passing of the first baroclinic mode and the prom-
inence of the second baroclinic mode causes the MOC to de-
crease in the deep ocean and increase at middepths. Higher
baroclinic modes were also inferred to be important for MOC
variability in an ECCO state estimate by Tandon et al. (2020).
A similar frequency dependence is found for variations in
the wind latitude but for these cases the overturning is
largely isolated within each gyre and anticorrelated between
the subtropical and subplolar gyres. This pattern of cross-gyre
MOC for variations in wind strength and anticorrelation
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between gyres for variations in wind latitude are consistent
with the findings of Zou et al. (2020) based on realistic nu-
merical models and reanalysis products. High-frequency, lo-
calized wind anomalies, inherent internal variability or a
mixture of changes in wind strength and location can resultin a
loss of meridional coherence in the MOC, as found by
Bingham et al. (2007).

Nonlinearities and mesoscale eddies alter the MOC ex-
pected from linear dynamics in two important ways. First,
baroclinic instability drives an overturning cell at middepth
that opposes the linear wind-driven overturning. This causes a
smaller-amplitude MOC at middepths and a stronger over-
turning in the deep ocean. These eddy fluxes also alter the
phase of the middepth overturning such that at seasonal to
interannual time scale the middepth MOC is more in phase
with the Ekman transport while the linear theory predicts that
it would be 180° out of phase. The second important role of
mesoscale eddies is to extend the MOC outside the latitude
range of direct wind forcing. This results from baroclinic in-
stability responding to the fluctuating strengths of the wind-
driven subpolar and subtropical gyres. Mesoscale eddies cause
a loss of correlation at middepths between local wind forcing
and the MOC, and between the MOC in the subtropical and
subpolar gyres, especially at seasonal to interannual time
scales. This weak correlation is consistent with recent obser-
vations (Frajka-Williams et al. 2016) and numerical model
results (Zou et al. 2019).

These findings indicate that the response of the MOC to
variable winds depends strongly on the mode of variability in
the wind, the frequency of forcing, and the latitude. Higher
baroclinic modes are important for both the strength and phase
of the MOC at midlatitudes for interannual to decadal time
scales. Mesoscale eddies can also alter the strength and phase
of the MOC, particularly at middepths. These results are
consistent with, and may provide simple explanations for, re-
cent descriptions of the three-dimensional MOC. The idealized
quasigeostrophic approach adopted here provides some con-
ceptual and analytical advantages, but neglects some poten-
tially important physical processes, including: large isopycnal
displacements, diapycnal mixing and surface heat flux, spatially
variable deformation radius and stratification, boundary waves,
bottom topography, and a mean meridional overturning circu-
lation. The theoretical framework provided here should provide
a foundation for analysis of more complete circulation models
and observations.
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