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Abstract

We quantify the volume transport and watermass transformation rates of the global ocean circulation using the Estimating
the Circulation and Climate of the Ocean version 4 release 4 (ECCOv4r4) reanalysis product. Our results support large rates
of intercell exchange between the mid-depth and abyssal cells, in agreement with modern theory and observations. However,
the present-day circulation in ECCO cannot be interpreted as a near-equilibrium solution. A dominant portion of the appar-
ent diapycnal transport of watermasses within the deep ocean is not associated with irreversible watermass transformation.
Instead up- and down-welling is associated with isopycnal volume changes, reflecting trends in the deep ocean density struc-
ture. Our results reveal disagreement between ECCO’s representation of the overturning circulation and associated watermass

transformations, and prevailing equilibrium theories of the overturning circulation.
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Key Points:

e The MOC in ECCOv4r4 exhibits substantial linkage between the mid-depth and
abyssal cells.

+ Transient isopycnal volume change is prevalent in ECCQO’s deep ocean and plays
a key role in the watermass budget of the MOC.

« ECCO'’s transient interior state must be taken into account when studying its cli-
matological state.
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Abstract

We quantify the volume transport and watermass transformation rates of the global ocean
circulation using the Estimating the Circulation and Climate of the Ocean version 4 re-
lease 4 (ECCOv4r4) reanalysis product. Our results support large rates of intercell ex-
change between the mid-depth and abyssal cells, in agreement with modern theory and
observations. However, the present-day circulation in ECCO cannot be interpreted as

a near-equilibrium solution. A dominant portion of the apparent diapycnal transport of
watermasses within the deep ocean is not associated with irreversible watermass trans-
formation. Instead up- and down-welling is associated with isopycnal volume changes,
reflecting trends in the deep ocean density structure. Our results reveal disagreement
between ECCO’s representation of the overturning circulation and associated watermass
transformations, and prevailing equilibrium theories of the overturning circulation.

Plain Language Summary

We analyze results taken from the Estimating the Circulation and Climate of the
Ocean (ECCOv4r4) state estimate in order to investigate the internal structure and wa-
ter mass budget of the global ocean’s large-scale circulation. Our results support the mod-
ern view of an interconnected global ocean with substantial exchange between the over-
turning 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 be-
tween the model’s representation of the deep ocean and the prevailing theoretical depic-
tions of the ocean’s large-scale circulation, which generally assume that the circulation
is in a steady state.

1 Introduction

The global meridional overturning circulation (MOC) modulates the exchange of
watermasses between the surface and the deep ocean and facilitates a large portion of
the world’s heat transport and carbon dioxide uptake (Toggweiler et al., 2006; Ferrari
& Ferreira, 2011). The MOC is often described in terms of two circulation cells: the mid-
depth cell, which is primarily located in the upper- and mid-depths of the Atlantic Ocean
and is associated with the formation of North Atlantic Deep Water (NADW) via sur-
face transformations in the north and wind-driven upwelling in the south (Marshall &
Speer, 2012), and the abyssal cell, which occupies much of 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). Changes in either limb of the MOC could have a profound effect on both
regional and global-scale climate (e.g. Zhang et al., 2019).

Despite the importance of the MOC to Earth’s past and future climate, our un-
derstanding of the MOC’s interior structure is incomplete. We still lack a clear consen-
sus on the exchange rate of volume between the mid-depth and abyssal cells, and on the
role and rates of diapycnal diffusion, which governs the interior watermass transforma-
tions thought to be critical to maintaining the MOC. Our incomplete understanding of
the structure of the deep ocean circulation and the water mass transformations that gov-
ern it leads to uncertainty in predicting its role in future and past climate shifts, and serves
as motivation for this study.

Our first objective is to study the return pathways of NADW and the amount of
inter-cell coupling within the MOC in ECCOv4r4. 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 ex-
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change that occurs. Hydrographic analysis by Talley (2013) suggests that most NADW

is converted to abyssal-cell AABW near the coast of Antarctica (=13Sv), and re-circulates
through the abyssal cell before returning into the Atlantic (c.f. Ferrari et al., 2014). In-
verse analysis by Lumpkin and Speer (2007) shows a somewhat more even partitioning

of NADW between the abyssal cell (=11Sv) and recirculation within the mid-depth cell
(~7Sv), and a roughly similar partitioning is found by Cessi (2019) in the ECCOv4r2
state estimate (spanning 1992-2011). A recent study by Rousselet et al. (2021) uses La-
grangian drifters in ECCOv4r3 to find a similar partition of NADW between “upper”
(32%) and “lower” (78%) recirculation routes, and argues that the lower route is further
partitioned into an abyssal route through the Indo-Pacific (48%) and a “subpolar” cell
route (20%) localized to the Southern Ocean. Here, we quantify the fate of NADW from
a basin-wide net isopycnal volume budget perspective in ECCOv4r4, thus focusing on

the overall strengths of the various circulation limbs, rather than the pathways taken by
individual water parcels (as addressed by Rousselet et. al., 2021). In our study, inter-

cell exchange is defined based on the amount of NADW that leaves the Atlantic below

the isopycnal that separates the mid-depth and abyssal cells in the Southern Ocean (Nadeau
et al., 2019). Since there is no net upwelling across this isopycnal in the Southern Ocean,
this transport must be balanced by a similar amount of net upwelling in the Indo-Pacific.

Our second objective is to investigate the interior watermass transformations that
maintain the MOC. Studies such as Gnanadesikan (1999), Wolfe and Cessi (2011) and
(Nikurashin & Vallis, 2012) show that single-basin models with a southern re-entrant chan-
nel, where deep water formation in the north is balanced by wind-driven upwelling in
the south, can recreate an adiabatic circulation that captures the major characteristics
of the mid-depth cell (Lumpkin & Speer, 2007) - such an “adiabatic” mid-depth cell does
not necessarily require any interior watermass transformations. The abyssal cell, mean-
while, is thought to be fundamentally governed by diabatic processes in the ocean in-
terior, with negative surface buoyancy fluxes near the southern boundary balancing dif-
fusive buoyancy gain and upwelling in the basin interiors to the north (Nikurashin & Val-
lis, 2012). In both cases the models hinge on the assumption that the circulation is in
equilibrium, with diapycnal transport balanced exactly by irreversible watermass trans-
formations, either via surface fluxes of heat and freshwater or via diapycnal mixing in
the interior. We investigate the degree to which ECCOv4r4’s MOC adheres to such cir-
culation regimes and whether the common equilibrium assumption is valid when applied
to the present-day ocean.

Our results support the general view of an interconnected global overturning cir-
culation, as described in previous studies (e.g. Ferrari et al., 2017; Talley, 2013; Cessi,
2019). However, our results also reveal that ECCOv4r4’s deep ocean is not in equilib-
rium and that isopycnal volume changes, associated with trends in the deep ocean den-
sity, play a key role in the interior circulation pathways.

2 Methods
2.1 The ECCOv4r4 State Estimate

We analyze monthly-mean results taken from the ECCOv4r4 ocean state estimate
(Forget et al., 2015; ECCO Consortium et al., 2021, 2022). The ECCOv4 setup comprises
a non-linear inverse modeling framework utilizing the MITgcm ocean model (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 oceano-
graphic data spanning the time period of 1992-2017 (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 20km-40km at 80°N/S to 110km
at 10°N/S. Further details about the ECCO state estimate are provided in Forget et al.
(2015) and ECCO Consortium et al. (2021).
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2.2 The Meridional Overturning Circulation in Potential Density Co-
ordinates

We compute the isopycnal meridional overturning streamfunction, ¥, to evaluate
the overall volume budgets of the global ocean circulation, subdivided by ocean basin.
We perform our calculations in potential density space referenced to 2000dbar (hence-
forth o3), the approximate average local pressure of NADW within the Atlantic interior,
which is consistent with Cessi (2019) and Rousselet et al. (2021). We compute the height
of each isopycnal layer by linearly interpolating oo values between depth levels, and com-
pute transports by assuming vertically constant velocities within each grid box. This method
is similar to that used by Ferrari and Ferreira (2011), and exactly conserves the vertically-
integrated meridional mass transport at each grid point. The time-mean of ¢ as a func-
tion of o9 and latitude (y), ¥(o2,y), is derived from the ECCOv4r4 diagnostic fields by
vertically integrating the sum of the resolved meridional transport, v(z,y, z,t), and the
parameterized meridional eddy transport, v*(z,y, z,t), from the ocean bottom to a given
oy surface and then integrating zonally and averaging in time:

z(o2,z,y,t)
(o9, y / / v(z,y,z,t) + v*(z,y, 2, t)dzdz, (1)
zo(y) H(z,y)

where f;ol((y)) dx gives the zonal integral at a given latitude y across an ocean basin
bounded by longitudes x¢ and z;. The overline denotes the time-average of the enclosed
quantity over the full ECCO time period. H(z,y) denotes the ocean depth and z(o9, x,y,t)
gives the depth of an isopycnal surface oo at a particular location. We calculate ¢ by
integrating across the Atlantic, Southern, and Indo-Pacific ocean basins, which in turn
are divided by the continents and the 32°S parallel (Figure S1).

2.3 Volume Budget Decomposition in the Interior

We employ an isopycnal volume-budget analysis based on Walin (1982) to diag-
nose the processes that balance diapycnal advection within the large-scale circulation in
ECCOv4r4. We consider a volume flux balance across the surface of an isopycnal vol-
ume of ocean, V(o2,y1,¥y2), bounded above by an isopycnal of density o2, in the zonal
direction by continental boundaries, and in the meridional by the latitudes , y1, and ys.
For the Indo-Pacific and Atlantic y; = 32°S, i.e. the northern edge of the Southern Ocean
(Figure S1), and ys is the latitude where the isopycnal outcrops into the surface layer
or the northern end of the basin. In the Southern Ocean we conversely set y» = 32°S,
while y; is the latitude of the isopycnal outcrop. We define the bottom of the surface
layer as the maximum surface potential density at or equatorwards of any given latitude
over the entire ECCO period (i.e., the bottom of the surface layer as defined here is not
itself a function of time). Following volume conservation, the total volume budget for
an interior isopycnal volume can be expressed as:

d
Adj aV(UZayhy%t)+Tgeo(027y17y27t)+Tmim(0—27y17y27t)‘ (2)

Here Ay = (02, y2)—1(02,y1) is the net transport across the northern and south-

ern boundaries. %V(ag, Y1, Y2, t) is the time-averaged change in the total volume itself
(Newsom et al., 2016; de Lavergne et al., 2016):

d d
ZV(027y17y2>t) = CT // h(0_27x7y>t)dA7 (3)
t t oo (Y1,Y2)
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where h(o2,z,y,t) is the height of the isopycnal above the ocean bottom and A, (y1, y2)
is the isopycnal area bounded in the south and north by y; and ys, respectively. Tyeo(02,y1,Y2,1)

is the diapycnal transport due to geothermal heating:

quo(U2ay17y27t> = _i // wdA’ (4)
‘ 9o Ar(o2,y1,Y2,t) Cp

where Ar(o2,y1,ya2,t) is the area where the bottom density oo > o2 within the
domain bounded by y1, y2 and the sides of the basin, Qgeo(x,y) is the geothermal heat
flux at the ocean floor, a = —é% is the thermal expansion coefficient, and ¢, is the
heat capacity of seawater (see de Lavergne et al. (2016) for a full derivation). Numer-
ically, the calculation of the transport associated with geothermal heating follows the same
approach that is applied for surface transformations in Abernathey et al. (2016) (see also
section S1 in the SI). Ty (02, Y1, Y2, t) Tepresents the watermass transformation rate due
to mixing processes, which we compute as a residual of the other terms due to the dif-
ficulty in accounting for spurious diapycnal mixing associated with errors in the advec-
tion scheme (Griffies et al., 2000), parameterized mixing due to the Gaspar, Gregoris,
and Lefevre (GGL) scheme (Gaspar et al., 1990), and horizontal mixing in the presence
of slope-clipping along steep isopycnals!. This approach follows Newsom et al. (2016),
Walin (1982), and Marsh et al. (2000). By applying (2) to specific domains of interest,
we can estimate the major drivers of interior water mass transformations occurring within
them. A schematic of our volume budget decomposition applied to the Atlantic, Indo-
Pacific, and Southern Ocean basins is included in the supplement (Figure S2). For com-
pleteness, we also perform a similar volume budget decomposition for the surface lay-
ers in the Southern Ocean and North Atlantic, which is detailed in the SI.

3 Results
3.1 The isopycanl overturning in ECCO

The isopycnal overturning in ECCOv4r4 (Figure 1) is in broad agreement with that
derived in other studies (e.g. Lumpkin & Speer, 2007; Cessi, 2019) and the magnitudes
of the overturning cells generally fall within uncertainties established by observational
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
overturning strength of 17.2Sv 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 14.4Sv at 36°S, a sub-
stantially weaker value than that derived by Lumpkin and Speer (2007) (20Sv), Talley
(2013) (29Sv), and Kunze (2017) (20Sv), but similar to the estimates of de Lavergne et
al. (2016) (10-15Sv). The abyssal cell in our analysis is also weaker than the value re-
ported in Cessi (2019) (20Sv, at 30S), who employed ECCO version 4 release 2.

Large-scale diapycnal transport is visible in all ocean basins (Figure 1, Figure 3).
In the Atlantic ~3.0Sv of NADW upwell diabatically across the 02=1036.8kg/m? isopy-
cnal and return to the surface in the North Atlantic (Figure 1a). Downwelling occurs
in the lower range of NADW, yielding around 8.3Sv of transport at 02=1036.95kg/m?
over the length of the Atlantic. The abyssal cell is almost entirely confined to the Indo-
Pacific, where upwelling peaks at 14.4Sv at oy = 1037.053kg/m?>.

1 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 strictly isopycnal.
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The net exchange of watermasses between the Atlantic’s mid-depth cell and the
abyssal cell can be found by considering the Atlantic, Indo-Pacific and Southern Ocean
overturning stream functions at 32°S. In ECCOv4r4, 14.2Sv of NADW exit the Atlantic
at 32°S, of which 4.6Sv enter the Southern Ocean at density classes occupied by the mid-
depth cell (03 < 1036.95kg/m?). The lower 9.6Sv of NADW enter the Southern Ocean
in the density range of the abyssal cell (0o > 1036.95kg/m?), and hence must be bal-
anced by a similar amount of upwelling in the Indo-Pacific.

The natural question that arises next is how the diapycnal up- and down-welling
in the interior of the Atlantic and Indo-Pacific basins is balanced by watermass trans-
formations, which will be discussed in the following section.

3.2 Volume Budget Analysis

We consider the isopycnal volume budgets in the Atlantic, Indo-Pacific, and South-
ern Ocean interiors (Figure 2). In the Atlantic, net interior mixing-driven transforma-
tions amount to about 3.2Sv of upwelling at 0o = 1036.74 which corresponds to a depth
range of around 1000-1500m, where a vertically increasing stratification is associated with
buoyancy flux convergence (Munk, 1966). The diffusive upwelling accounts for most of
the observed diapycnal upwelling in the North Atlantic at this depth range. The major-
ity of the apparent diapycnal downwelling of lower NADW in the Atlantic instead is as-
sociated with the volume tendency term, dV/dt. The Atlantic net volume tendency peaks
at o2 = 1036.95kg/m3, contributing to a downwelling of -6.2Sv over the Atlantic basin.
Notice that this downwelling is not associated with watermass transformation, but in-
stead represents a downward advection of isopycnals over the course of the ECCOv4r4
time-span. This adiabatic downwelling is combined with a relatively small mixing-driven
diapycnal downwelling (T,,;, ~-2Sv) at this depth to account for the time-mean down-
ward transport of about -8.3Sv at 09=1036.95. As expected, geothermal heating is as-
sociated with diapycnal upwelling (Tye,) but is significant only for the densest watermasses
below 05=1037.053, where dense isopycnals incrop at the bottom of the Atlantic and ex-
perience geothermal heating.

Upwelling in the Indo-Pacific is also primarily associated with isopycnal volume change.
The volume tendency term, dV/dt, dominates the volume budget of the Indo-Pacific over
much of the abyssal ocean, contributing to a net upwelling of 14.05Sv at oo = 1037.04kg/m?,
which amounts to a significant shoaling of isopycnals over the ECCO timespan, and ac-
counts for the majority of the abyssal cell upwelling at the oo = 1037.04kg/m? isopy-
cnal (Figure 1). The abyssal cell in ECCO is hence far out of balance, with the major-
ity of the upwelling in the abyssal Pacific associated with upward advection of isopyc-
nals rather than diapycnal transformations. The sign of the mixing-driven watermass
transformation varies with depth, contributing a maximum net downward transfer of -
3.3Sv at 0y = 1037.04kg/m? and a maximum upward transfer of 6.3Sv at oo = 1037.1kg/m?,
indicating enhanced downward buoyancy flux due to diapycnal mixing between these two
density values, although the mechanism behind this enhanced flux remains unclear to
us. Watermass transformations due to geothermal heating peak at oo = 1037.04kg/m?
with a value of 3.6Sv, corresponding to buoyancy gain and transport across the oo =
1037.04kg/m? isopycnal, which in-crops along geothermally-active regions in the South-
east Pacific.

Both mixing and volume tendency terms are significant in the Southern Ocean. Mixing-
driven downwelling is dominant between oo = 1036.8kg/m? and oy = 1037.1kg/m?,
which stands in contrast to the relatively low mixing-driven downwelling rates in the north-
ern basins and may be related to strong diapycnal mixing as a result of slope clipping



239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

in the isopycnal mixing parameterization?, which arises due to the relatively steep isopy-
cnal slopes in the Southern Ocean. Substantial mixing-driven upwelling is seen between
02 ~ 1037.1kg/m? and oy =~ 1037.2kg/m?, with a maximum value of 11.7Sv at oy ==~
1037.14kg/m3. This mixing-driven watermass transformation is partially compensated
by a downward movement of density surfaces, leaving a net upwelling of 8.9Sv. Mixing
also plays a major role in balancing the volume budgets within the surface layer in the
Southern Ocean (Figure S3), consistent with previous results for coarse-resolution ocean
models (Newsom et al., 2016).

4 Summary and Discussion

Our results support an interconnected view of the MOC (summarized in Figure 3),
with substantial linkages between the AMOC and the abyssal cell. It is clear that sub-
stantial diapycnal upwelling 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, and may reflect systematic errors in ECCQO’s representation of the deep
ocean.

Trends in overall isopycnal volumes as calculated from yearly means and subdivided
by basin (a, b), and spatial fields of time-averaged vertical isopycnal velocities, in me-
ters per year, (d, e) for 05=1036.95kg/m? (top) and 02=1037.053kg/m> (bottom) over
the ECCOv4r4 timespan (1992-2017). Striking linear trends are visible in the Atlantic
and Indo-Pacific Oceans.

In both ocean basins, much of the net diapycnal up- and down-welling is balanced
by isopycnal volume changes, rather than mixing-driven watermass transformations, as
usually assumed in theoretical 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 ECCOv4r4 time span (Figure 4 a,b). These trends are present in
all of the major ocean basins and are relatively horizontally homogeneous over the At-
lantic and Indo-Pacific basins (Figure 4, d,e).

In the Atlantic, we see deepening isopycnals that correspond to an overall light-
ening of the deep ocean associated with warming temperatures and decreasing salinity
(not shown), which is broadly consistent with previous studies such as Palmer et al. (2015),
Desbruyeres et al. (2017), and Zanna et al. (2019), although these studies rely on many
of the same data sources as ECCOv4r4 and are accompanied by large uncertainties. An
under-representation of dense water inflows across the GIS ridges in ECCOv4r4 may also
lead to biases in deep Atlantic density trends by limiting the amount of dense water en-
tering the Atlantic basin (Figure S3; Rossby et al. (2018); Lumpkin and Speer (2007);
Lee et al. (2019); Tesdal and Haine (2020)), which may be compensated by sinking of
NADW during its southward path in ECCOv4r4.

In the Indo-Pacific, meanwhile, we see isopycnal shoaling associated with a cool-
ing of the abyssal ocean (c.f. Wunsch and Heimback (2014), Liang (2015)), which is in
disagreement with previous observational studies that suggest broad warming in the Indo-
Pacific such as Purkey and Johnson (2010). This isopycnal shoaling is a leading order
term in the abyssal isopycnal volume budget in ECCO, where abyssal upwelling is bal-
anced primarily by isopycnal shoaling as opposed to diapycnal mixing, as usually assumed
in equilbrium theories such as Munk (1966) or Nikurashin and Vallis (2012). Unfortu-
nately, 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 variabil-

2 Analysis of isopycnal slopes in the abyssal Southern Ocean indicates that the slopes there frequently

exceed the critical value that leads to slope clipping.



286 ity, or modeling and/or sampling biases. However, it is plausible that isopycnal shoal-

287 ing in ECCO’s deep Indo-Pacific is the result of an under-representation of diapycnal mix-
288 ing in the abyssal ocean interior, leading to a mixing-driven transport that is too small

289 to compensate for the in-flow of dense AABW. ECCO’s background vertical diffusivity

200 (Figure S4) appears to be multiple orders of magnitude lower than other contemporary

201 estimates of abyssal mixing (de Lavergne et al., 2020).

202 The transient evolution of ECCOv4rd’s deep ocean must be taken into account when
203 interpreting ECCO results and comparing the circulation to theoretical models that are

204 based on an equilibrium assumption. In the equilibrium view, deep water formation in

205 the high latitudes must be balanced by wind-driven upwelling along isopycnals or irre-

206 versible processes in the ocean interior, which in turn are typically assumed to be dom-

207 inated by diapycnal mixing (e.g. Nikurashin & Vallis, 2012; Marshall & Speer, 2012; Fer-
208 rari et al., 2017). Such a balance does not hold in ECCOv4r4, instead, the model depicts

200 a global ocean in a transient state with regions of net warming (Atlantic), cooling (Indo-
300 Pacific), and both (the deep Southern Ocean), where much of the interior up- and down-
301 welling is not balanced by watermass transformations. If the ECCO solution is correct,
302 prevailing equilibrium theories of the overturning circulation cannot be applied to the

303 present-day ocean. However, at least some of the trends in ECCO are likely to be un-

304 realistic, which would imply that ECCQO’s representation of the overturning circulation
30 and watermass transformations are inconsistent. Regardless, the presence of isopycnal

306 volume trends is important when interpreting ECCQO’s climatological mean state, as the
307 assumption of an equilibrium state leads to apparent interior watermass transformations
308 that are actually associated with trends in the watermass volumes.
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S1. Calculation of Surface Layer Watermass Budgets in ECCOv4r3
Ultimately, any diapycnal transport in the surface layer must be balanced by buoyancy
exchange with the atmosphere and/or sea ice and mixing. We perform a volume budget
decomposition within the surface layer, which is analog to the interior volume budget
decomposition described in the main text. Analog to the interior volume budget discussed
in the main text, we assume that the volume transport at the base of the surface layer,
Ysurg (minus the transport across the Greenland-Iceland-Scotland (GIS) ridge system,
Uars, in the case of the North Atlantic), must be balanced by heat- and freshwater-
driven surface transformations, 75, = Te + T, isopycnal volume change within the

surface mixed layer, %VSW ¢, and horizontal and vertical mixing, T},

d
_V:surf(o-Q;t) +Tsurf(027t) +Tmi:v(0-27t)7 (Sl)

A¢(027 t) - dt

where all terms are defined as positive towards higher buoyancy (lower density). Here
AvY = Yars — Ysurp in the North Atlantic and Ay = )4, in the Southern Ocean. We
compute %V;W 7(09,t) as in the main text, this time including only volume changes that
occur within the surface layer. We compute diapycnal transport associated with heat-

and freshwater-driven surface density forcing, To and Tg, as in Newsom, Bitz, Bryan,

Abernathey, and Gent (2016):

TG)(UZ; = // qur (.’L‘ Y, )
80'2 Ao(02,91,y2:t) Cp ’

T’a7 = // ﬁsfwxya t)dA
S( ? 802 Ao (02,y1,y2,t) Pfw e ( )

where the integration area, Aop(o9, Y1, Y2, 1), is the outcropping region where the surface

(S.2)

potential density is larger than o9 within the particular basin of interest (in this case the
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Southern Ocean and the North Atlantic), Qs is the surface heat flux and fy, is the
surface freshwater flux. o = — 1 8"2 and B = L %‘? are the thermal expansion and haline
contraction coefficients, respectively, ¢, = 3994J /kg/K is the heat capacity of seawater,
po = 1029.kg/m? is the reference seawater density in ECCO, ps, = 1000.kg/m? is the
reference density of freshwater in ECCO, and Sy = 35g/kg is a reference salinity. Here
we define the heat- and freshwater-driven transformation rates, Tg(o2,t) and Ts(o9,t),
as positive for transport towards lower densities. In the North Atlantic, we calculate the
rate of deep water inflow across the GIS ridge system, ¥rs(o,t), by measuring the rate
of meridional transport across the northern boundary of the integration area. We denote
the effect of horizontal and vertical diabatic mixing within the surface layer as T, and
calculate it as the residual of the time-means of the other terms in equation (S1).
The numerical implementation of the surface transformation terms follow that used by

Abernathey et al. (2016) and is evaluated by discretizing oy into evenly spaced bins at

Aoy = 0.02kg/ m ™~ spacing. Equations (S2) are then evaluated numerically as

T@(J% t AO‘Q Z Z Ac,] qurf 5(0-2 - Ug)

21]1

Ts(0,1) = A@ZZ o S -BSy f1a 802 = )

i=1 j=1

(S.3)

where A, is the horizontal area of each grid cell and N, and N, are the zonal and
meridional extents of the model domain. The discrete delta function, §(og — }), is defined

as

, 1 if (o9 — Aoy /2) <=0} < (09 + Aoy/2
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Figure S1. Basin masks used for subdividing the global ocean. The Atlantic basin
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The Southern Ocean (purple) is bounded in the north at 32°S and extends to the coast
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Figure S2.

a) Southern Ocean
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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 oo. Transports

into and out of isopycnal volumes are indicated by arrows, with dark blue indicating

advective flux (1(o9,y)), red diffusive flux (7},.;,), grey apparent flux balanced by volume

change (dV/dt), and purple transport balancing geothermal heating (Tge,). Latitudes

defining the southern and northern meridional bounds of the ocean basins are given by

dotted blue lines and labeled y; and s, respectively, and the latitude where the isopycnal

intersects with the surface layer is given by ys,,s. The bottom of the surface layer is

indicated by solid blue lines.
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Figure S3. Water-mass-transformation decompositions in the surface layers of the
North Atlantic (a) and Southern Ocean (b) high latitudes. All terms are defined positive
for transformations towards higher buoyancy (lower density). Shown are the total surface
transformation rate, Ty, f, (thin, solid black) and its heat-driven, Ty, (thin, solid red)
and freshwater-driven, 7', (thin, solid blue) components, as well as contributions from
isopycnal volume change within the surface layer, dV//dt, (thin, solid green). Dense water
inflow across the Greenland-Iceland-Scotland (GIS) ridge system, W¢yg, is included in (a)
(thick, solid orange). Stream function values at the bottom of the surface layer (thick,

solid blue) are shown in the North Atlantic, —W¥ 44 and the Southern Ocean, Vgo

surf? surf”

Note the sign of stream function values in the North Atlantic is flipped such that negative

values denote transport towards hig}&%rr idlenf%ty. 5 &gy %o.nltégr)nutions from surface-layer

mixing are calculated as a residual, T,,;,, (dashed, black).
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Figure S4. Vertical diffusivities k. (m?/s) in ECCOv4r3 horizontally averaged over the
major ocean basins. Notice that these are the "background” diffusivities optimized by the
inversion, and do not include mixing parameterized via the GGL scheme (diagnostics for
which are not available). The averages presented are area-weighted horizontal averages,
and masked using the same spatial mask as in Figure S1. Colored lines refer to the

Indo-Pacific (purple), Atlantic (red), and Southern Ocean (blue). The black line gives the

global average.
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