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The Global Overturning Circulation and the Role of
Non-Equilibrium Effects in ECCOv4r4

Tatsu Monkman' © and Malte F. Jansen!

'The University of Chicago, Chicago, IL, USA

Abstract we quantify the volume transport and watermass transformation rates of the global overturning
circulation using the Estimating the Circulation and Climate of the Ocean version 4 release 4 (ECCOv4r4)
reanalysis product. The ECCO solution shows large rates of intercell exchange between the mid-depth and
abyssal cells, consistent with other recent inferences. About 10 Sv of North Atlantic deep water enters the
abyssal cell in the Southern Ocean and is balanced by a similar amount of apparrent diapycnal upwelling in
the Indo-Pacific. However, much of the upwelling in ECCO's deep ocean is not associated with irreversible
watermass transformations, as typically assumed in theoretical models. Instead, a dominant portion of the
abyssal circulation in ECCO is associated with isopycnal volume tendencies, reflecting a deep ocean in a
state of change and a circulation in which transient tendencies play a leading role in the watermass budget.
These volume tendencies are particularly prominent in the Indo-Pacific, where ECCO depicts a cooling and
densifying deep ocean with relatively little mixing-driven upwelling, in disagreement with recent observations
of deep Indo-Pacific warming trends. Although abyssal ocean observations are insufficient to exclude the
trends modeled by ECCO, we note that ECCO's parameterized diapycnal mixing in the abyssal ocean is much
smaller than observational studies suggest and may lead to an under-representation of Antarctic Bottom Water
consumption in the abyssal ocean. Whether or not ECCQO's tendencies are realistic, they are a key part of its
abyssal circulation and hence need to be taken into consideration when interpreting the ECCO solution.

Plain Language Summary We analyze results taken from the Estimating the Circulation and
Climate of the Ocean (ECCO) state estimate in order to investigate the internal structure and watermass budget
of the global ocean's large-scale circulation. The ECCO solution supports the modern view of an interconnected
global ocean with substantial exchange between the overturning circulation of the Atlantic and that of the
Indo-Pacific via the Southern Ocean. However, our investigation also reveals that the density structure of much
of the deep ocean in the ECCO product is in a state of change, and that these changes play a key role in the
watermass budget of the circulation. These results reveal disagreement between the model's representation of
the deep ocean and the prevailing theoretical depictions of the ocean's large-scale circulation, which generally
assume that the circulation is in a steady state. Disagreement between ECCO's deep ocean mixing rates and
independent estimates indicate that the trends in ECCO may be biased, but deep ocean observations are
insufficient to conclusively infer the true trends.

1. Introduction

The global meridional overturning circulation (MOC) plays a central role in Earth's climate, modulating the
exchange of watermasses between the surface and the deep ocean and facilitating a large portion of the world's
heat transport and carbon dioxide uptake (Ferrari & Ferreira, 2011; Toggweiler et al., 2006). The MOC is often
described in terms of two circulation cells: the mid-depth cell and the abyssal cell. The mid-depth cell is primar-
ily located in the upper- and mid-depths of the Atlantic Ocean and is associated with the formation of North
Atlantic Deep Water (NADW) via surface transformations in the north and wind-driven upwelling in the south
(Marshall & Speer, 2012). The abyssal cell primarily occupies the deep and abyssal Indo-Pacific basin and is
associated with Antarctic Bottom Water (AABW) formation off the coast of Antarctica (Gordon, 2001) and
diffusive upwelling in the ocean interior (Weaver et al., 1999). Recent work has shown that these two overturning
cells are likely linked via the Southern Ocean (Lumpkin & Speer, 2007; Talley, 2013), where upwelled NADW
densifies and enters the abyssal cell as AABW, while upwelled Indo-Pacific water returns to lighter densities and
circulates into the upper limb of the mid-depth cell (Talley, 2013). The two overturning cells, plus their exchange
in the Southern Ocean, have thus been argued to form a “figure-eight” circulation system (Ferrari et al., 2014).
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Despite the importance of the MOC to Earth's past and future climate, our understanding of the MOC's interior
structure is incomplete. We still lack a clear consensus on the exchange rate of volume between the mid-depth and
abyssal cells, and on the role and rates of diapycnal mixing, which governs the interior watermass transformations
thought to be critical to maintaining the MOC. Our incomplete understanding of the structure of the deep ocean
circulation, and the associated watermass transformations, leads to uncertainty in predicting its role in future and
past climate shifts, and serves as motivation for this study.

Observational and theoretical evidence supports a large amount of exchange between the mid-depth and abyssal
cells via the Southern Ocean, although there is some disagreement about the actual magnitude of exchange that
occurs. Hydrographic analysis by Talley (2013) suggests that most NADW is converted to abyssal-cell AABW
near the coast of Antarctica (=13 Sv), and recirculates through the abyssal cell before returning into the Atlantic
(cf. Ferrari et al., 2014). Inverse analysis by Lumpkin and Speer (2007) shows a somewhat more even partitioning
of NADW between the abyssal cell (=11 Sv) and recirculation within the mid-depth cell (=7 Sv). A similar parti-
tioning was found by Cessi (2019) in the Estimating the Circulation and Climate of the Ocean version 4 release 2
(ECCOv4r2) state estimate (spanning 1992-2011). A recent study by Rousselet et al. (2021) utilizes ECCOv4r3's
climatological mean state to advect Lagrangian drifters along the pathway of NADW in the MOC and finds a
similar partition of NADW between “upper” (32%) and “lower” (78%) recirculation routes. Rousselet et al. (2021)
argue that the lower route is further partitioned into an abyssal route through the Indo-Pacific (48%) and a “subpo-
lar” cell route (20%) localized to the Southern Ocean. Moreover, Rousselet and Cessi (2022) argue that a portion
of NADW densifies and enters the abyssal Indo-Pacific directly at depth, without first upwelling to the surface
around Antarctica. The magnitude and structure of the intercell exchange thus remains a subject of debate.

A common assumption, employed in idealized models of the deep ocean overturning circulation (e.g.,
Gnanadesikan, 1999; Nikurashin & Vallis, 2011; Wolfe & Cessi, 2011), as well as in watermass budget calcula-
tions used to infer diapycnal mixing rates (e.g., Ganachaud & Wunsch, 2000; Lumpkin & Speer, 2007; Macdonald
et al., 2009; Talley et al., 2003), is that any volume flux convergence below a sub-surface isopycnal is primarily
balanced by watermass transformations associated with diapycnal mixing. In this picture, deep water formation
in the Northern Hemisphere is balanced by a combination of wind-driven upwelling along isopycnals in the
south, which does not require any interior diapycnal watermass transformations, and diapycnal upwelling in
the basin interior, which is balanced by mixing-driven watermass transformations. Bottom water formation in
the Southern Hemisphere around Antarctica, meanwhile, is assumed to be balanced by mixing-driven upwelling
in the basin interiors to the north (de Lavergne et al., 2022; Lumpkin & Speer, 2007; Nikurashin & Vallis, 2011;
Talley, 2013). Within this equilibrium framework, any transport balanced by adiabatic isopycnal volume changes
due to non-equilibrium temperature and salinity trends are treated as second order with respect to diapycnal
mixing. To what degree this advective-diffusive balance holds in the real ocean remains an open question. It is
clear that there are tendencies in deep ocean temperatures and salinities as a result of intrinsic variability and
climatic changes (e.g., Desbruyeres et al., 2017; Gebbie & Huybers, 2019; Messias & Mercier, 2022; Purkey &
Johnson, 2010), and trends have also been noted in ECCO (Liang et al., 2017; Wunsch & Heimbach, 2014), but
the role of these trends in the MOC and deep ocean watermass budgets has not yet been addressed.

This study investigates the exchange pathways and the watermass transformations that maintain the MOC in
ECCO. We focus on the basin-wide volume budgets and hence define inter-cell exchange as the amount of
NADW that leaves the Atlantic below the isopycnal that separates the mid-depth and abyssal cells in the Southern
Ocean, which must be balanced by a similar amount of upwelling in the Indo-Pacific (Nadeau et al., 2019). This
quantity measures the net exchange of volume between the overturning cells and basins, although it does not
reveal the pathways taken by individual water parcels (for which readers should refer to Rousselet et al. (2021) and
Rousselet and Cessi (2022)). In each basin, we then apply an isopycnal volume budget decomposition based on
Walin (1982) (see also Lee et al. (2002), Megann (2017), Newsom et al. (2016) and Urakawa and Hasumi (2014))
which allows us to decompose any net up- or down-welling into specific watermass transformation processes.
In addition to the transport associated with explicit diapycnal mixing, we calculate the transport associated with
numerical mixing, geothermal heating, and isopycnal volume tendencies, that is, balanced by trends in abyssal
temperature and salinity. By presenting a complete water mass budget decomposition of ECCO's deep and abyssal
overturning circulation, we hope to give a more complete picture of the processes governing the MOC in ECCO.

Our results generally support the interconnected view of the MOC, with a large amount of exchange between
the mid-depth and abyssal cells, roughly in line with existing theory and observations. However, the watermass
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budget shows that ECCQO's deep ocean is not in equilibrium and that isopycnal volume changes associated with
trends in the deep ocean density play a major role in ECCO's deep ocean watermass budgets.

2. Methods
2.1. The ECCOv4r4 State Estimate

We analyze monthly mean results taken from the ECCOv4r4 ocean state estimate (ECCO Consortium
et al., 2021, 2022; Forget et al., 2015). The ECCO setup comprises a non-linear inverse modeling framework
utilizing MITgem (Marshall et al., 1997) in conjunction with the adjoint method (Forget & Ponte, 2015) to
produce an optimized solution of the hydrostatic Boussinesq equations fit to a suite of oceanographic data
spanning a 26-year time period from 1992 to 2017 (ECCO Consortium et al., 2021). The model component of
ECCOv4r4 uses the Lat-Lon-Cap 90 (LLC90) grid with a latitudinally varying horizontal resolution between
approximately 20—40 km at 80°N/S to 110 km at 10°N/S. Further details about the ECCO state estimate are
provided in Forget et al. (2015) and ECCO Consortium et al. (2021).

2.2. The Meridional Overturning Circulation in Potential Density Coordinates

In order to evaluate the overall volume budgets of the global ocean circulation we employ the isopycnal stream-
function, ¥(y, 6,), as a function of latitude (y) and potential density referenced to 2000 dbar (s,). We choose o,
because it corresponds to the approximate average local pressure of NADW within the Atlantic interior and has
been used previously by Rousselet et al. (2021) and Rousselet and Cessi (2022). ¥(y, 6,) is defined as the zonally
and vertically integrated sum of the resolved meridional transport field, v(x, y, z, ), and the parameterized merid-
ional eddy transport, v¥(x, y, z, 1), from the ocean bottom to a given o, surface. Since the ECCO fields are given
in z-space, we begin our analysis by calculating the local streamfunction, y(x, y, o,, ), by vertically integrating
the transport to a vertical o, grid:

z(x.y,00.1)
w(x,y,02,t) = / v(x,y,z,1)+ v'(x,y,2,1)dz, @))]

H(x.y)

where H(x, y) denotes the ocean depth and z(x, y, o,, 1) gives the depth of an isopycnal surface o, at a particular
location, found by linearly interpolating o, between vertical grid points. The vertical integral in Equation 1 is
performed on the native model grid, before linearly interpolating y to the height of a given isopycnal z(x, y, o,,
7). (This technique is similar to Ferrari and Ferreira (2011) and perfectly preserves the meridional mass transport
in each column. To test the sensitivity of our results to the interpolation method we repeated our analysis without
any interpolation (i.e., the integral in Equation 1 simply includes all gridboxes with potential density smaller than
the specified o, level, which amounts to assuming a piece-wise constant rather than piece-wise linear density
profile). Differences between the two methods were found to be on the order of 1% and hence do not affect our
conclusions). Next, we integrate y(x, y, o,, 1) in the zonal and take the time average:

x1(»
Y(y,02) = / v(x,y,02,0)dx, ()

0

where / 10 gx gives the zonal integral at a given latitude y across an ocean basin bounded by longitudes x,, and
Xo(») 0

x;, and (-) denotes the time-average of the enclosed quantity over the full ECCO time period. We calculate ¥(y,
0,) across three ocean basins: the Atlantic (In order to remove contributions from the North Sea circulation to
the AMOC streamfunction we exclude regions East of the Greenland-Iceland-Scotland (GIS) ridge system from
our Atlantic mask (Figure 1). Notice that all isopycnals either out-crop into the surface layer or in-crop into the
seafloor before reaching the open boundary at the GIS ridge system. As a result the overflows do not affect the
interior volume budgets presented in Section 2.3), Southern, and Indo-Pacific Oceans, which in turn are divided
by the continents and the 32°S parallel (Figure 1).

2.3. Volume Budget Decomposition in the Interior

We employ an isopycnal volume-budget analysis based on Walin (1982) and Newsom et al. (2016) to diagnose
the processes that balance diapycnal advection within the large-scale circulation in ECCOv4r4 (Figure 2). We
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[ Atlantic
[l IndoPacific
[ Southern

Figure 1. Basin masks used for subdividing the global ocean. The Atlantic basin (red) extends from 32°S into the Labrador
and Baffin seas in the north. The Indo-Pacific basins (blue) are considered together and extend from 32°S to the Aleutians in
the north. The Southern Ocean (purple) is bounded in the north at 32°S and extends to the coast of Antarctica. Note that the
basin masks shown here do not include the poleward limits of the interior volumes considered in Section 3 that are imposed
by the outcrops of isopycnal surfaces into the surface layer, whose locations vary depending on the density surface under
consideration.

consider the volume flux balance of a volume of ocean, V(y,, y,, 6,), bounded above by an isopycnal of density
0,, in the zonal direction by continental boundaries, and in the meridional by the latitudes y, in the south and y,
in the north. We define the bottom of the surface layer as the maximum surface potential density at or equator-
wards of any given latitude over the zonal width of the basin and the entire ECCO time period (i.e., the bottom

b) Atlantic Ocean

V/A(UZ’ y.mrf)l \
Tmix 'Q
a) Southern Ocean %% """" 0y 'T';;' ’
ar
= ¥s0(02 Ysury) wa(02, y1) 3
« oI . "
:S:;;’ mix i
o 2..\. Y1=32°§ Y2=Ysurf
v ~ -
ar ¢) IndoPacific Ocean
— ¥s0(02, 1)
\ —
N =ysurf Yo=32°8 1 mj)f _____ oy
Faviee.,
vip(02, Y1) o, &
N —_—> “\ Tgeo
' K
Y1=32°8 Y2

Figure 2. Schematic of the water-mass-transformation framework used in this study, applied to the Atlantic (subscript A),
Indo-Pacific (subscript IP), and Southern Ocean (subscript SO). Black dashed lines indicate an isopycnal surface of density
o,. Transports into and out of isopycnal volumes are indicated by arrows, with dark blue indicating net advective flux (‘¥(y,
0,)), red the transport balanced by explicit diapycnal diffusion (7,,,), orange the transport balanced by numerical diffusion
(7,,,,), purple transport balancing geothermal heating (7,,,), and gray apparent diapycnal transport balanced by volume
change (dV/dt). Latitudes defining the southern and northern meridional bounds of the ocean basins are given by dotted blue
lines and labeled y, and y,, respectively, and the latitude where the isopycnal intersects with the surface layer is given by y,, .
The bottom of the surface layer is indicated by solid blue lines.
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of the surface layer, and with it the outcrop latitude, does not depend on time or longitude). Following volume
conservation, the total meridional transport in and out of the volume below any given isopycnal can be expressed
as the sum of the volume tendency and various watermass transformation proccesses at the bounding isopycnal:

d
AY = EV()’I,yz,Uz,f) + Teeo(¥1, 2,02, 1) + Tprume(y1, y2,02,1) 3)

+ Twix(¥1,32,062,1) + Tum(¥1,y2,02,1) + R(y1,y2,02,1).

Here AY = Y¥(y,, 6,) — ¥(y,, 6,) is the net transport across the northern and southern boundaries which must, by
volume conservation, be balanced by the terms on the RHS (see also Figure 2).

%V( Y1, ¥2, 02, 1) is the time-averaged change in the total volume itself resulting from any net volume convergence
below a given isopycnal:

d d
Lyoiyon == // h(x,y, 02, 1)d A,
dt dt Agy (y1:32) @

where h(x, y, 0,, t) = z(x, y, 0,, t) + H(x, y) is the height of the isopycnal above the ocean bottom and A, (y1, y2)
is the basin area bounded in the south and north by y, and y,, respectively.

T, (s ¥p, 03, 1) is the diapycnal transport balanced by geothermal heating:

] aQgeo(X, y)
Teeo(y1,y2,02,1) = ——— // ————dA, (5)
doz Ar(y132.02:1) Cp
where Ay, y,, 6,, ) is the area where the bottom density o,, .., > ¢, within the domain bounded by y,, y, and the
sides of the basin, Q,_, (x, y) is the geothermal heat flux at the ocean floor, @ = — 1922 §5 the thermal expansion

geo oy 00
coefficient, and c, is the heat capacity of seawater (see de Lavergne et al. (2016) for a full derivation). The integral
in Equation 5 is computed on the model grid over small o, bins following Abernathey et al. (2016, SI (S11)).

T ,me gives the buoyancy forcing contribution due to salt plume forcing (a parameterized in-situ forcing in

ECCO), and is computed as

0 002 ¢
Tlttme(ylvst 62,[) =T W —, Iume(ylayZ, O'z,t)dV, 6
! dor V(v1:32:02.) 95" ©

where Sy is the salinity tendency (psu/s) due to in-situ salt plume flux, and is only significant in the Southern
Ocean. The integral above is again taken on the model grid before interpolating to o, levels.

T,..v1> ¥, 0,, 1) represents the watermass transformation rate due to explicitly parameterized diapycnal mixing (In
addition to explicitly parameterized background vertical diffusion, which is optimized as part of the ECCO inversion,
T, contains mixing contributions from parameterized mixing due to the Gaspar, Gregoris, and Lefevre (GGL) scheme
(Gaspar et al., 1990), isoneutral mixing when the local neutral slope is not aligned with the slope of the o, surface,
and horizontal mixing in the presence of slope-clipping along steep isopycnals. (The MITgcm configuration used for
ECCO employs a slope clipping that limits the effective isopycnal slope used in the Gent and Mcwilliams (1990) and
Redi (1982) parameterizations to a maximum value of 2 -1073. When this maximum slope is exceeded, mixing is no
longer isoneutral.) All of these terms contribute to diapycnal mixing but their individual contributions are difficult to
diagnose explicitly) in ECCO, which we derive from the diffusive tendencies of temperature and salinity:

0 (30'2 - 60'2 -
Thix s Y2,02,1) = — — Omix(x, 2, , 1) + —5 Snix(x, 2, y,1)dV,
(1, y2,02,1) 0n //V(yl.yz.ag.l) g Omix(X, 2, y,1) + == Six (X, 2, 3, 1) @)

where O,ix(x, z, v, 1) and Spix(x, z, y, 1) are the temperature and salinity tendencies due to diffusive flux conver-
gence, respectively. Omix(x, 2, y,1) and Smix(x, z, y,1) can be computed exactly based on ECCO diagnostics, as
discussed in Piecuch (2017). As in Equations 1 and 6 the vertical integral is taken on the model grid before
interpolating to o, levels.

Additionally, we must take into account the effects of numerical diffusion associated with inaccuracies in ECCO's

advection scheme, T, . Numerical diffusion is an inherent property of z-space ocean models such as ECCO,

num*
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and can reach comparable magnitude to explicit mixing (Griffies et al. (2000), Lee et al. (2002)). Previous
studies have estimated numerical diffusion simply as the residual of the volume budget described above (Lee
et al. (2002); Megann (2017); Urakawa and Hasumi (2014)). Here, we take a slightly more direct path and char-
acterize the contribution from numerical diffusion as the residual between the advective flux derived from the
diagnosed density tendency due to the advection scheme and the flux implied by the net volume transport across
the volume's horizontal boundaries, AY:

9 90, , 007 ¢
Toum(y1, y2, 00, 1) = A¥ + —= /// —0uao(X, 2, Y, 1) + —Z Saav(x, 2, y, AV,
do V(y1.72,:02:1) 90 a8 (®)

where 0,45(x, z, y, 1) and Saau(x, z, y, 1) are the temperature and salinity tendencies due to the advection scheme,
which can be calculated from the ECCO diagnostics (Piecuch, 2017), and include any numerical diffusion arising
from the discretization (See the Appendix A for further details). This approach is particularly suited to ECCO,
where the 6 and S budgets can be closed exactly.

The final term in Equation 3, R(y,, ¥,, 6,, 1), is the residual and reflects inaccuracies in our volume budget compu-
tation. By applying Equation 3 to specific domains of interest, we can estimate the major drivers of interior water-
mass transformations that balance any net up- or down-welling across the different basins. It should be noted that
an additional contribution from shortwave penetrating flux is included in the ECCO model and can in theory have
an effect below the surface layer, as defined here, but was found to be negligible in our budget.

We can further decompose the isopycnal volume tendency itself to determine the individual contributions from
changes in the temperature and salinity of the deep ocean:

d
EV(,VI, 2,02,1) = =To(y1, y2,02,1) = Ts(y1, y2,02,1) — R(y1, y2,02,1), )

where —To(y,, ¥y, 05, 1), —=Tg(y}, ¥,, 05, 1) are the individual volume tendencies due to the temperature- and
salinity-driven buoyancy tendencies, respectively:

0 00
To(x,y,z,1) = — —0(x,y,z,0)dV
o(x,y,2,1) aa///ymae (x,y,2,1)

Ts(x,y,z,1) = %/// 3—;S(x,y, z,1)dV.
V"‘l

As previously, the term R(y,, y,, 6,, t) in Equation 9 is the residual due to any disagreement between the volume
tendency we infer directly from Equation 4 and indirectly from the density tendencies in Equation 9. Because the
temperature and salinity budgets in ECCO can be closed exactly, it can be shown that R(y,, y,, 6,, f) in Equation 9
is the same as R(y,, y,, 0,, 1) in Equation 3. Here we find that R(y,, y,, 0,, ?) is generally small.

10)

3. Results
3.1. The Isopycanl Overturning in ECCO

The isopycnal overturning in ECCOv4r4 (Figure 3) is in broad agreement with that derived in other studies (e.g.,
Cessi, 2019; Lumpkin & Speer, 2007) and the magnitudes of the overturning cells generally fall within uncer-
tainties established by observation-based estimates (Lumpkin and Speer (2007); Talley (2013); Kunze (2017)),
as previously found for ECCOv4r2 by Cessi (2019). The mid-depth cell occupies the Atlantic with a peak over-
turning strength of 17.2 Sv occurring at 55°N, in good agreement with other estimates (Lumpkin & Speer, 2007,
Talley, 2013). The abyssal cell dominates the Indo-Pacific and the lower part of the Southern Ocean and peaks
at approximately 14.4 Sv at 36°S, a substantially weaker value than that derived by Lumpkin and Speer (2007)
(20 Sv), Talley (2013) (29 Sv), and Kunze (2017) (20 Sv), but similar to the estimates of de Lavergne et al. (2016)
(10-15 Sv). The abyssal cell in our analysis is also weaker than the global maximum value reported in
Cessi (2019) (20 Sv) for ECCO version 4 release 2.

The net exchange of volume between the Atlantic's mid-depth cell and the abyssal cell can be found by consid-
ering the overlap between the Atlantic, Indo-Pacific and Southern Ocean overturning stream functions at 32°S
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Figure 3. Atlantic, Indo-Pacific, and Southern Ocean stream functions in potential density space (referenced to 2000 dbar), calculated from Estimating the Circulation
and Climate of the Ocean version 4 release 4 (ECCOv4r4) and averaged over the full ECCO time period (1992-2017). (a) Atlantic Meridional Overturning Circulation
(AMOC) and (b) Indo-Pacific Meridional Overturning Circulation. The Southern Ocean Meridional Overturning Circulation is plotted in both (a) and (b) south of
32°S. Positive (red) denotes clockwise flow and negative (blue) denotes counterclockwise flow (CL = 2 Sv). The dash-dotted line indicates the bottom of the surface
layer (see text). The vertical dashed line indicates the northern end of the Southern Ocean at 32°S. Horizontal dashed lines denote specific density surfaces of interest:
the upper bound of southward-flowing North Atlantic Deep Water (NADW) entering the Southern Ocean: ¢, = 1036.6 kg/m?, the division between the mid-depth and
lower cells in the Southern Ocean: ¢, = 1036.95 kg/m?, and the maximum density of NADW entering the Southern Ocean: ¢, = 1037.053 kg/m?. The density-axis is
stretched to reflect the average isopycnal depth within the Atlantic for 6, < 1037.1 kg/m? (the maximum density in the Atlantic) and is extended linearly to the highest
densities in the Southern Ocean. The same density axis is used in subsequent plots. Note that the AMOC stream function is not well defined north of 60N and above
6, ~ 1036.9 kg/m? due to open zonal boundaries along the Greenland-Iceland-Scotland ridge system.

(cf. Nadeau et al., 2019). In ECCOv4r4, 14.2 Sv of NADW exit the Atlantic at 32°S, of which 4.6 Sv enter the
Southern Ocean at density classes occupied by the mid-depth cell (5, < 1036.95 kg/m?), while 9.6 Sv of NADW
enter the Southern Ocean in the density range of the abyssal cell (6, > 1036.95 kg/m®) and hence must be
balanced by a similar amount of upwelling in the Indo-Pacific. Large-scale diapycnal transport is visible beneath
the surface layer in all ocean basins (Figures 3 and 4). In the Atlantic, ~#1.2 Sv of NADW upwells diabatically
at ¢, = 1036.6 kg/m* and returns to the surface within the North Atlantic. Denser NADW downwells over the
length of the Atlantic yielding around 8.1 Sv of downwelling at 6, = 1036.95 kg/m? (Figure 3a). The Indo-Pacific,
meanwhile, is dominated by the abyssal cell with an upwelling of 14.4 Sv at 6, = 1037.053 kg/m?>. Of the abyssal
circulation that returns to the Southern Ocean, 4.8 Sv enter at densities below ¢, = 1036.95 kg/m? and recirculate
through the abyssal cell while the remaining 9.6 Sv return in the buoyancy range of the mid-depth cell, balancing
the transfer of NADW into the abyssal cell.

3.2. Volume Budget and Watermass Transformations

We now examine the isopycnal volume budgets in the Atlantic, Indo-Pacific, and Southern Ocean interiors in
order to identify the watermass transformation processes associated with the deep ocean circulation. As above,
we primarily focus on the net transformations across the isopycnals ¢, = 1036.6 kg/m® (marking the maximum
of the mid-depth cell in the South Atlantic), o, = 1036.95 kg/m? (marking the division between the mid-depth
and abyssal cell at 32°S), and ¢, = 1037.053 kg/m? (marking the bottom of NADW in the South Atlantic as well
as the maximum of the abyssal cell in the Indo-Pacific). We find that volume tendency plays a leading role in
driving diabatic watermass transformations across these isopycnals in all basins, while, surprisingly, explicit
mixing-driven upwelling is relatively small in both the deep Atlantic and Indo-Pacific.

In the Atlantic, we see a small net upwelling signal at o, = 1036.6 kg/m? (1.2 Sv) which is primarily due to
numerical diffusion (2.2 Sv), partially compensated by explicit mixing (—0.9 Sv) and volume tendency (—0.2 Sv).
Deeper in the Atlantic, the diapycnal downwelling of NADW at 6, = 1036.95 kg/m?® (=8.1 Sv) is associated
primarily with the volume tendency term, dV/dt (—5.5 Sv), with a smaller contribution associated with numerical
diffusion (—2.6 Sv). Net diabatic transformations in the Atlantic at 6, = 1037.053 kg/m?, meanwhile, are quite
small (—0.73 Sv) with a compensation between a negative volume tendency signal (—3.6 Sv) and small positive
contributions from numerical diffusion (0.9 Sv), explicit mixing (1.0 Sv), and geothermal heating (0.7 Sv).

In the Indo-Pacific, the volume tendency contribution again dominates, particularly over the depth range of the
abyssal cell. The upper Indo-Pacific contains only a small amount of net transport (2.0 Sv) at the ¢, = 1036.6 kg/m?

MONKMAN AND JANSEN 7 of 15

25UQ2I suowwo)) aanear) afqearjdde ayy Aq pausaaos are sa[oIIE YO $asn Jo sa[nl 10J A1eiqi auljuQ A3[IAL UO (SUONIPUOI-PUB-SULIAN/WOY K3[1a’ KTeIqI[aur[uo//:sd1iy) SUONIPUO)) pue SWIA L, Y 33§ *[$207/L0/S 1] uo Kreiqi auruQ Lapip *Kreiqry oSeory) JO Ansiaatun £9 069610D0£202/6201°01/10p/wod Kajim’ KreiqijaurjuorsqndnSe//:sdny woay papeoumod ‘| ‘40T ‘16266912



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans

10.1029/2023JC019690

S
~—

36.4
36.6
36.8
36.9
36.95
36.98
37.0
37.02
37.04
37.053
37.06

(kg/m?)

37.08
o
S 3709

Atlantic Ocean

Volume Budgets

el

—20—-15—10 =5 0 5 10

Transport (Sv)

Wty
W Atlyg0
AV 4y
Tyeo
Tonia
Tum
dv/dt

b)

—~
o)

36.4
36.6
36.8
36.9
36.95
36.98
37.0
37.02
37.04

£ 37053
< 75706

<
— 37.08
(a)]
© 3709

Indo-Pacific Ocean
Volume Budgets

1124
I
1
‘i

N e

SS
Ss
\ [R——
\
| JR

—20—15—-10-5 0 5 10

Transport (Sv)

Vip,,
V1P
AV;p
Tyeo
Tie
Loum
dV/dt

15 20

Southern Ocean
Volume Bu

N
\
{ \

dgets

V50,
V5030
AVgo
Tyeo
T
Tum
Totume
Av/d

—-20-15-10 =5 0 5 10

Transport (Sv)
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transport (solid black) is decomposed into contributions from: geothermal transformations (7,

{,

um’

(dashed black) gives the residual.

solid orange), isopycnal volume change (dV/dt, solid cyan), and salt plume flux forcing (7,

o’

lume?

solid purple), explicit mixing (7., solid red), numerical diffusion

solid green) which is only significant in the Southern Ocean. R

isopycnal, where the effect of explicit mixing (5.0 Sv) is largely balanced by volume tendency (—2.1 Sv) and
numerical diffusion (—1.1 Sv). Indo-Pacific upwelling at ¢, = 1036.95 kg/m? is much larger (9.7 Sv), and is
primarily associated with a volume tendency (4.3 Sv), with additional contributions from numerical diffusion
(2.5 Sv) and explicit mixing (2.2 Sv) and a small contribution from geothermal heating (0.8 Sv). Diapycnal
upwelling in the Pacific peaks near 6, = 1037.053 kg/m> where it reaches 14.5 Sv. This upwelling is primarily

balanced by the volume tendency term, contributing 17.0 Sv, with a smaller contribution from geothermal heating

(3.3 Sv), and substantial compensation associated with numerical diffusion (—8.4 Sv). Numerical diffusion also

plays a large role in the densest regions of the Indo-Pacific, peaking at 6.4 Sv at around ¢, = 1037.053 kg/m>.

In the Southern Ocean, volume tendency, numerical diffusion, and explicit mixing all play major roles. Upwelling

at 6, = 1036.6 kg/m? in the interior Southern Ocean (2.4 Sv) is associated with numerical diffusion (4.6 Sv), with

compensating contributions from explicit mixing (—1.3 Sv) and volume tendency (—1.0 Sv). Interior transformations

across 6, = 1036.95 kg/m? are small. Transformations at the 6, = 1037.053 kg/m? isopycnal in the Southern Ocean

yield a net interior downwelling of —6.2 Sv which is primarily driven by explicit mixing (—4.9 Sv). It should be noted

as well that a large amount of mixing-driven up- and down-welling is present in the abyssal Southern Ocean and is

likely related to slope-clipping along steep isopycnals in the isopycnal mixing scheme (In ECCO's representation of

the Southern Ocean isopycnal slopes frequently exceed the model's slope clipping threshold of 4 - 10~3(kg/m3)/m.

See also Footnote 3). Transformations due to salt plume forcing are also prevalent in the densest regions of Southern

Ocean, contributing —5.4 Sv at the 6, = 1037.205 kg/m? isopycnal, and are primarily balanced by a volume tendency.

3.3. Volume Tendency Decomposition

The importance of the dV/dt terms that we observe in ECCO's overturning circulation merits further discussion.

These volume tendencies are associated with density trends, which in turn can be decomposed into temperature
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Figure 5. Volume tendency decompositions and net temperature and salinity changes over the Estimating the Circulation and Climate of the Ocean (ECCO) time
period (1992-2017) across the Atlantic Ocean (a and d), Indo-Pacific Ocean (b and e), and Southern Ocean (c and f). In (a—c), total isopycnal volume change (solid

cyan, Figure 4) across each basin is shown together with the estimated volume change from the total buoyancy tendency, —T,

—Tg — T (cf. Equation 9, bold

or —

dashed black), and its temperature and salinity components, —T, and —T (thin dashed red and thin dashed blue, respectively). Panels (d—f) show the corresponding
basin-averaged temperature (A7, red) and salinity (AS, blue) changes over the 26-year ECCO time period.

and salinity trends. The decomposition of the isopycnal volume tendencies into contributions from temperature
and salinity trends, together with the associated temperature and salinity trends themselves are shown in Figure 5.

In the Atlantic, the most notable feature of the volume tendency is a strong isopycnal deepening in the depth
range of the lower limb of the AMOC between o, = 1036.6 kg/m3 and 6, = 1037.07 kg/m?, which is associ-
ated with a basin-averaged warming of 0.08°C over the 24-year ECCO time period. The Atlantic also exhibits
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the Atlantic Ocean (red arrows), Southern Ocean (purple arrows), and Indo-Pacific Ocean (blue arrows), are shown. Arrows denote direction of flow. Solid and dashed
arrows below the surface denote primarily along- and across-isopycnal pathways, respectively. Dashed black lines denote the specific densities discussed in Figure 3,
and isopycnal depth changes are indicated where they are the dominant contributor balancing up- and down-welling.

a small amount of cooling in the lower density ranges of the abyssal ocean, amounting to —0.002 C° over the
ECCO period, although this trend is partially compensated by a salinity-driven lightening that dominates below
6, = 1037.09 kg/m>.

In the Indo-Pacific, cooling plays the leading role in the isopycnal shoaling between 6, = 1036.8 kg/m® and
6, = 1037.12 kg/m?, the main density range of the abyssal cell. Here, a basin-averaged cooling of about 0.016 C°
occurs over the ECCO period and accounts for —13.1 Sv of abyssal upwelling at ¢, ~ 1037.053. Volume tendency
due to salinity trends also contribute to the densification in the Indo-Pacific, peaking at —6.5 Sv at ¢, ~ 1037.035
and corresponding to a basin-averaged increase in salinity of around 0.001 psu over the ECCO period.

The deep Southern Ocean is warming and salinifying in ECCO. The trends have partially compensating effects on
the density and hence the isopycnal volume budget. Temperature-driven isopycnal deepening peaks at 12.9 Sv at
6, ~ 1037.157 and is associated with a basin-averaged warming of around 0.03 C° over the ECCO period, while
salinity-driven isopycnal shoaling peaks at —11.88 Sv at ¢, &~ 1037.16, corresponding to a basin-averaged salin-
ity increase of around 0.001 psu over the ECCO period. Note that the salinity trend below ¢, = 1037.18 kg/m?
appears to be primarily associated with the salt plume forcing (Figure 4).

4. Summary and Discussion

ECCO supports an interconnected view of the MOC (summarized in Figure 6), with substantial linkages between the
AMOC and the abyssal cell. It is clear that substantial diapycnal upwelling (or isopycnal rising) in the Indo-Pacific is
needed to balance the inflow of dense NADW into the Southern Ocean. We also find significant up- and down-welling
within the Atlantic, the latter of which is not typically included in idealized depictions of the mid-depth cell.

In both the Indo-Pacific and Atlantic ocean basins, much of the net up- and down-welling is primarily balanced
by isopycnal volume changes, rather than mixing-driven watermass transformations as usually assumed in theo-
retical models. The associated isopycnal depth trends in ECCOv4r4 represent vertical isopycnal displacement
velocities on the order of 5-20 m/yr and persist over the entire ECCO period (Figures 7a and 7c). These trends
are present in all of the major ocean basins and are relatively horizontally homogeneous over the Atlantic and
Indo-Pacific basins (Figures 7b and 7d).
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Figure 7. Trends in overall isopycnal volumes as calculated from yearly means and subdivided by basin (a and c), and spatial fields of time-averaged vertical isopycnal
velocities, in meters per year, (b and d) for 6, = 1036.95 kg/m? (top) and 6, = 1037.053 kg/m? (bottom) over the Estimating the Circulation and Climate of the Ocean

version 4 release 4 (1992-2017).

In the Atlantic, we find deepening mid-depth isopycnals and an overall lightening of the deep ocean associated
with warming temperatures and decreasing salinity (Figures 5a and 5d). A warming deep Atlantic is broadly
consistent with other reanalysis products (Palmer et al., 2015), observations (Desbruyeres et al., 2017), and
Green's function analysis (Gebbie & Huybers, 2019; Messias & Mercier, 2022; Zanna et al., 2019), although
these studies share some of the same data sources as ECCOv4r4 and are accompanied by large uncertainties. It is
also possible that an under-representation of dense water inflows across the GIS ridges in ECCOv4r4 may lead
to biases in deep Atlantic density trends by limiting the amount of dense water entering the Atlantic basin (Lee
et al. (2019); Lumpkin and Speer (2007); Rossby et al. (2018); Tesdal and Haine (2020)).

In the Indo-Pacific, meanwhile, we see isopycnal shoaling primarily associated with a cooling of the abyssal
ocean (Figures 5b, 5e c.f. Wunsch and Heimbach (2014), Liang et al. (2015)). A cooling abyssal Indo-Pacific
is consistent with Gebbie and Huybers (2019), but is in disagreement with Purkey and Johnson (2010) who
suggest a broad warming in the region. The isopycnal shoaling in ECCO is a leading order term in the abyssal
isopycnal volume budget in ECCO, where abyssal upwelling is balanced primarily by isopycnal shoaling as
opposed to diapycnal mixing, as usually assumed in equilbrium theories such as Munk (1966) or Nikurashin and
Vallis (2011). Unfortunately, as argued by Wunsch and Heimbach (2014), it is impossible to be sure whether these
trends are the result of long-term trends in ocean climate, intrinsic ocean variability, or modeling and/or sampling
biases, given the large uncertainties and sparseness of measurements in the deep ocean. However, it is plausible
that isopycnal shoaling in ECCO's deep Indo-Pacific is due to an underrepresentation of diapycnal diffusivities
in ECCO. A recent study by Trossman et al. (2022) showed that ECCO's representation of diapycnal mixing in
the deep ocean is much smaller than the mixing rates suggested by microstructure measurements (Waterhouse
et al., 2014) and estimates of mixing from internal wave breaking (de Lavergne et al., 2016).

Numerical diapycnal diffusion also apears to play a significant role in the volume budget of all basins and is
especially prevalent in ECCO's abyssal Indo-Pacific (Figure 4b). The presence of numerical diffusion in ECCO
is not surprising, as nonphysical numerical diffusion is an inherent property of depth-coordinate circulation
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models (Griffies et al., 2000), and previous studies have shown that it can be large enough to exceed the rate
of explicit mixing (Lee et al., 2002; Megann, 2017; Urakawa & Hasumi, 2014). In addition, the slope clipping
invoked in ECCO's isopycnal mixing scheme is likely to have a significant effect on diapycnal mixing in the
Southern Ocean. These spurious sources of diapycnal mixing should be taken into consideration in future model
development.

The prominence of the volume tendency term in ECCQO's deep ocean watermass transformation budget must
be accounted for when interpreting ECCO's representation of the overturning circulation. In the equilibrium
view, deep water formation in the high latitudes must be balanced by either wind-driven upwelling along isopy-
cnals or irreversible processes in the ocean interior, which are typically assumed to be dominated by diapycnal
mixing (e.g., Ferrari et al., 2017; Marshall & Speer, 2012; Munk, 1966; Nikurashin & Vallis, 2011; Wunsch &
Ferrari, 2004). Such a balance does not hold in the deep ocean of ECCOv4r4 —not even to zeroth order; instead,
the model depicts a global ocean where much of the apparent diapycnal up- and down-welling is balanced primar-
ily by transient volume tendencies associated with warming (Atlantic), cooling (Indo-Pacific), and both (the deep
Southern Ocean).

If the ECCO solution is correct, theories of a primarily mixing-driven abyssal overturning circulation in equilib-
rium with bottom water production rates cannot be applied to the present-day ocean. However, there is evidence
that suggests at least some of the trends in ECCO may be the result of biases in the representation of watermass
transformation processes. Stronger observational constraints are needed in order to test the validity of these trends
and to reconcile the ECCOs small abyssal mixing rates with modern observations.

Whether or not the ECCO solution is correct, the presence of isopycnal volume trends needs to be considered
when interpreting ECCO's climatological mean state, as the assumption of an equilibrium state leads to apparent
interior watermass transformations that are actually associated with trends in the watermass volumes. For exam-
ple, a recent study by Zhai et al. (2021) observed the apparent “densification” (i.e., downwelling) of NADW as
it traveled southwards through the Atlantic in ECCO's climatological mean, which they speculated was the result
of diapycnal mixing. Our results instead suggest that this downwelling is indeed largely adiabatic and balanced
by a density trend.

Appendix A
Al. Estimating Watermass Transformation Due To Numerical Diffusion

Here we present a method for estimating the contribution of numerical diffusion to the isopycnal volume budget
by treating it as the residual between the advective transport inferred from the volume budget and that inferred
from the temperature and salinity tendencies provided by ECCO's advection scheme.

First, we note that the net horizontal transport beneath an isopycnal, AW, can be directly related to the advective
density tendency on the bounding isopycnal. Consider an isopycnal volume, V, of ocean bounded by meridional
walls in the zonal, latitudes y, and y, in the meridional, and the seafloor and the depth of the o, isopycnal surface
in the vertical. For a Boussinesq fluid, conservation of volume implies there is no net advective transport across
the volume's boundaries and thus:

¥onon-Yoron+ [ veias=o Al
S(y1y2.02.)

where S(y,, y,, 0,, 1) is the isopycnal surface bounding the volume at the top, and 4 = Vo, /|Vo2|is the unit vector
normal to the isopycnal surface. Using that dS = IVe,l/10,6,ldA, where dA is the projected horizontal area of the
isopycnal surface element dS, we find:

\Y
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We now express the temperature and salinity tendencies due to the numerical advection sheme in the model, 8,4,
and S, (Which can be computed from the ECCO output—see Piecuch (2017)), as the sum of the true tendencies
and an error that includes the numerical diffusion; that is, 8o = —V - VO + Gpum and Sege = =V - V.S + S
Defining the associated watermass conservation rates as

_a d0, , 00>
Tadu = /// eadb Sadu dV
962 v (y,.31.000) 00 0S (A3)

and

062 (30'2
Toum = anum Snum dV A4
90, ///V(yl saors) 00 S (A4)

and using Equation A2, we find:

Tum(V1, y2,02,1) = A¥(y1, y2, 062, 1) + Taao(¥1, ¥2, 02, 1). (AS)
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