@JAGU PUBLICATIONS

Journal of Geophysical Research: Oceans

RESEARCH ARTICLE

10.1002/2015JC011143

Key Points:

« Topographic form stress balances
95% of Southern Ocean wind stress

« Shallow form stress in the top
3700 m balances most of the wind
stress

« Approximately 40% of wind stress is
balanced by form stress across land,
60% by submerged ridges

Correspondence to:
J. Masich,
jemillar@ucsd.edu

Citation:

Masich, J,, T. K. Chereskin, and M. R.
Mazloff (2015), Topographic form
stress in the Southern Ocean State
Estimate, J. Geophys. Res. Oceans, 120,
7919-7933, doi:10.1002/
2015JC011143.

Received 15 JUL 2015

Accepted 9 NOV 2015

Accepted article online 12 NOV 2015
Published online 17 DEC 2015

© 2015. American Geophysical Union.
All Rights Reserved.

Topographic form stress in the Southern Ocean State Estimate

Jessica Masich?, Teresa K. Chereskin', and Matthew R. Mazloff!

'Scripps Institution of Oceanography, University of California San Diego, San Diego, California, USA

Abstract we diagnose the Southern Ocean momentum balance in a 6 year, eddy-permitting state esti-
mate of the Southern Ocean. We find that 95% of the zonal momentum input via wind stress at the surface
is balanced by topographic form stress across ocean ridges, while the remaining 5% is balanced via bottom
friction and momentum flux divergences at the northern and southern boundaries of the analysis domain.
While the time-mean zonal wind stress field exhibits a relatively uniform spatial distribution, time-mean
topographic form stress concentrates at shallow ridges and across the continents that lie within the Antarc-
tic Circumpolar Current (ACC) latitudes; nearly 40% of topographic form stress occurs across South America,
while the remaining 60% occurs across the major submerged ridges that underlie the ACC. Topographic
form stress can be divided into shallow and deep regimes: the shallow regime contributes most of the west-
ward form stress that serves as a momentum sink for the ACC system, while the deep regime consists of
strong eastward and westward form stresses that largely cancel in the zonal integral. The time-varying form
stress signal, integrated longitudinally and over the ACC latitudes, tracks closely with the wind stress signal
integrated over the same domain; at zero lag, 88% of the variance in the 6 year form stress time series can
be explained by the wind stress signal, suggesting that changes in the integrated wind stress signal are
communicated via rapid barotropic response down to the level of bottom topography.

1. Introduction

Strong, persistent winds over the Southern Ocean drive the Antarctic Circumpolar Current (ACC) on an
unblocked eastward path around Antarctica. In a closed ocean basin, continental barriers support a western
boundary current structure that balances the momentum input by wind stress; lacking any zonal bounds,
the ACC must balance wind stress via other means. While momentum input into the Southern Ocean can
be estimated via satellite observations of surface winds, mechanisms for how momentum exits the system
are more difficult to observe. Observations and reanalyses have shown an increase in the strength of South-
ern Ocean wind stress [Thompson and Solomon, 2002; Swart and Fyfe, 2012], while the ACC baroclinic trans-
port appears to remain stable [Boning et al., 2008], suggesting that the interior mechanisms that remove
momentum from the ACC system are counterbalancing changes in the input wind stress. Here we describe
where and how momentum exits the ACC system in the Southern Ocean State Estimate (SOSE) model.

Munk and Palmén [1951] first proposed a momentum sink, uniquely important in the Southern Ocean,
which might serve to balance the wind stress: form stress across bottom topography. Munk and Palmén
estimated that the four tallest ridges under the ACC—the Kerguelen Plateau, Macquarie Ridge, Scotian Arc,
and East Pacific Rise—could provide enough zonal pressure gradient across each ridge to balance the wind
stress in the zonal mean. We evaluate Munk and Palmén’s conjecture by mapping all momentum sources
and sinks in the SOSE Southern Ocean between 30°S and 77°S; these maps confirm the broad strokes of
their theory but reveal a more complex structure.

2, Background

The Southern Ocean State Estimate (SOSE) is a 1/6°, eddy-permitting model of the Southern Ocean. Based
on the MITgcm, SOSE employs an iterative adjoint method to perform a least squares fit to observational
data from myriad sources, including satellite altimetry and sea surface temperature observations, CTD data
from the Argo program and various other observational programs, and bottom pressure and acoustic travel
time data from Inverted Echo Sounder experiments. SOSE is constrained by the 1° Ocean Comprehensible
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Atlas (OCCA) world ocean state estimate at its northern boundary at 24.7°S, and by European Center for
Medium-Range Weather Forecast reanalysis interim atmospheric model data at the ocean surface [Mazloff
et al., 2010]. Bottom topography in the SOSE model comes from Smith and Sandwell and the Earth Topogra-
phy Five-Minute Grid; these data sets are binned to a 1/4° resolution, and then interpolated to the 1/6°
SOSE grid (Figure 6a). The model has 42 depth levels, with resolution ranging from 10 m at the surface to
250 m at depth. Overall, the SOSE model represents the observed Southern Ocean reasonably well; the
2005-2006 solution better represented the observational data available during that time than did the World
Ocean Atlas 2001 climatology [Mazloff et al., 2010]. The current model run, spanning 2005 through 2010,
assimilates more observational data than this 2005-2006 solution. SOSE’s unique combination of eddy-
permitting model physics with observational data represents the best possible guess at otherwise unob-
servable Southern Ocean characteristics, including the basin-scale topographic form stress signal.

The zonally and vertically integrated zonal momentum equation reduces to four terms (see Appendix A):

oM (T op L o

ponﬁ —[ Wdzdx:—+J —dzdx++ ™. dx—EF T . dx (1)

I ay i ) ox I wind . friction =

where the overbars denote the time mean, po is background seawater density, 7 is the sea surface height,

—H is the depth at the seafloor, u is zonal velocity, v is meridional velocity, p is pressure, °.  is zonal wind
p Yy Y, pIsp wind

stress at the surface, and 7}, is zonal stress due to bottom and sidewall friction.

The four terms in equation (1)—from left, meridional momentum flux divergence, topographic form stress
contained within the pressure gradient term, wind stress, and bottom friction—form the primary ACC bal-
ance in the zonal and depth integral. Eastward momentum from wind stress is the main source of momen-
tum sustaining the ACC, but all three remaining terms can contribute to the westward momentum that
balances this term.

Time-mean depth-integrated fields of each term in equation (1) give us an initial sense of what terms may be
most important in the momentum balance (Figure 1); while the bottom friction, wind stress, and flux diver-
gence terms are of the same magnitude, the zonal pressure gradient term is an order of magnitude larger.
Flux divergence, bottom friction, and pressure gradient fields change sign frequently throughout the domain,
while wind stress remains steadily positive over most of the Southern Ocean; thus in the zonal integral, we
can expect the wind stress to be large while the bottom friction and advection terms will be smaller. The sub-
set of the pressure gradient field that involves pressure gradients across topography (water leaning on land)
is overwhelmed by the pressure gradients in the ocean interior (water leaning on water), but only the pres-
sure gradients across topography contribute to the zonally integrated momentum balance. Extraction of the
topographic form stress field from the total zonal pressure gradient field is described in section 3.

Previous numerical studies have confirmed that in the zonal integral, wind stress is primarily balanced by
topographic form stress. McWilliams et al. [1978], Treguier and McWilliams [1990], Wolff et al. [1991], and Mar-
shall et al. [1993] have shown that topographic form stress balances wind stress in simple two-layer and
three-layer quasi-geostrophic channel models. More recently, Ward and Hogg [2011] used a five-layer rotat-
ing wind-driven channel model to show that while bottom friction and northward transport tend to balance
wind stress during spin-up, topographic form stress balances wind stress once the model reaches equilib-
rium. Howard et al. [2015] used a similar three-layer channel model, this time with both buoyancy forcing
and wind forcing, to show that while bottom friction balances the buoyancy forcing at equilibrium, it is
topographic form stress that balances the wind stress forcing.

The zonal integral has also been explored in high resolution general circulation models as well; in the 1/2°
by 1/4°, 32-level Fine Resolution Antarctic Model (FRAM), topographic form stress was shown to balance
wind stress in the zonal average in the unblocked latitudes by Killworth and Nanneh [1994] and Stevens and
Ivchenko [1997], and along streamlines in the ACC latitudes by Ivchenko et al. [1996]. Grezio et al. [2005]
showed that topographic form stress balances wind stress in the zonal mean in both the 1/4°, 36-level
OCCAM project model and the 20-level Parallel Ocean Program (POP) model as well, with a small but signifi-
cant contribution from eddy flux divergence in both models.

To our knowledge, only Gille [1997] has investigated the zonal structure of the topographic form stress sig-
nal in a model with realistic topography. Using the 0.4°, 20-level Semptner-Chervin model for latitudes
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Figure 1. Vertically integrated 6 year time-mean momentum balance terms: (a) wind stress; (b) vertically integrated zonal pressure gradi-
ent; (c) bottom and sidewall friction; (d) meridional momentum flux divergence. White lines show SOSE ACC streamlines.

spanning 30°S to 70°S, Gille [1997] found that topographic form stress balanced wind stress at all latitudes
in the domain.

Gille [1997] approached the difficult problem of extracting the topographic form stress signal from the full
zonal pressure gradient field by dividing the ACC longitudinally into 10° sectors, and taking the difference
between the geostrophic transport that would be driven by the zonal pressure gradient across the sector
and the actual geostrophic transport observed through the sector. The residual between the two signals
was attributed to a pressure gradient across topography in the sector, and Gille [1997] was able to show
that topographic form stress acts as a momentum sink primarily at three locations along the ACC: Kerguelen
and Campbell Plateaus, and the Drake Passage. The results using this method, however, are sensitive to the
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choice of longitudinal sectors, and may neglect contributions to the form stress signal that come from pres-
sure gradients across topography that is wider than the 10° sector size.

Using the observationally constrained SOSE model from 30°S to 77°S, we take a more direct approach, cal-
culating the pressure gradient across every piece of topography in the domain rather than taking longitudi-
nal sections. We find that in the ACC latitudes 42°S to 65°S, 95% of the net integrated zonal wind stress is
balanced by topographic form stress, while meridional momentum flux divergence and bottom/sidewall
friction together contribute only 5% of the westward momentum balance needed to balance the wind
stress. Our results align with previous studies in that topographic form stress serves as the primary balance
for wind stress, but our analysis reveals a complex structure for the topographic form stress field.

3. Methods
The zonal-integrated and depth-integrated total zonal pressure gradient term can be written:
T 9p o __0f __OH
—fﬁ L:H apdzdx— ff)x &JZ?dezdx + fi;xparm G—de + ipb o dx, (2)
——

i i iii

where pgm=p(z=n) is the atmospheric pressure at the surface, and p,=p(z=—H) is the bottom pressure at
the seafloor. Term (i) in this equation is the net pressure gradient across a zonally bounded basin; Olbers
[1998] notes that in a closed, flat-bottomed basin, this term alone would balance input wind stress over the
basin. In the unblocked latitudes, term (i) vanishes, and term (ii) and term (iii) represent the transfer of zonal
momentum from the atmosphere to the fluid via form stress and from the fluid to the solid earth via form
stress, respectively. Term (ii) in this domain is negligibly small, but in the blocked latitudes, both term (i)
and term (iii) contribute to the total form stress signal by denoting the transfer of zonal momentum from
the fluid to the earth at the continental boundaries.

To capture all three contributions to the total form stress signal in the numerical model, we discretize the
left-hand side of equation (2):

7
fijr ) 8idzdx ZE AP A Ax= ZZApAz 3)

This term will reveal the topographic form stress signal, since only momentum transferred to the solid earth will
remain in the full circumpolar integral. We refine this calculation in order to locate where these transfers occur.

To extract the topographic form stress signal from the overall pressure field, we first isolate all points in the 3-D
SOSE pressure field that lie adjacent to topography, p,=p(z=—H). Though SOSE employs partial cells, in which
a fraction of the cell contains fluid and a fraction contains land, we simplify the topographic field so that Az in
this methodology is simply the height of the cell itself, which results in a small uncertainty (2% average, 5.2%
maximum) in the integration depth over which the form stress is distributed. For every z-level and along every
x-line on the SOSE grid that transects a given region of topography—a seamount, for instance—we calculate
the form stress signal by first taking the pressure difference, east-minus-west, between the ocean cell adjacent
to the eastern face of the seamount and the ocean cell adjacent to the western face (Figure 2a):

APy =Pb (X=Xg) =P (X=Xw). 4)

For all plots of the form stress field, we divide the pressure difference Ap, by the width of the seamount Ax
over which the pressure difference occurs (Figure 2b):

APo _ Po(X=Xg) ~Pb (X=Xw)
Ax XE—Xw '

(5)

We vertically integrate these topographic pressure gradients to show the vertically integrated pressure gra-
dient fields shown in Figures 2c, 4, and 7:

Apy
—Az, (6)
Z:Z;H Ax
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and we zonally integrate to find the total form stress signal:
T, Ay o
_iJZ:_Hadzdx— > Z —iAzAx=)" Z APpAZ, %)
ridges z=—H ridges z=—H

where we have adopted Olbers et al’s [2004] use of “ridges” to denote both landmasses and submerged
topography. The sign changes here because Ap, is calculated across topography, rather than across the
ocean basin bound by that topography. Only pressure differences across topography are included in the
form stress signal, but every piece of topography—from small seamounts to continents to plains separating
abyssal basins—is included in the calculation of the signal.

Finally, we note that in a flat-bottomed periodic ocean, the total pressure gradient 9p/9x must be zero
when integrated zonally:

%,

In a periodic ocean interrupted by ridges, the zonally integrated total pressure gradient will be the sum of
the pressure differences across those ridges, with opposite sign:

b, _
fFX Pax=—3" app. ©

ridges

We use this relationship to confirm our methodology by comparing the zonally integrated topographic
form stress calculation to the zonal integral of the total pressure gradient. We find that the two integrated
fields are indeed identical in magni-

~1500 a) tude, with opposite sign, at every lati-
A tude and every depth in the domain.
E -2000
'g 4, Results
a -2500 4.1. Time-Mean Momentum Balance
Apb B In the 6 year SOSE mean, the total xy-
1500 11 x 10 integrated zonal wind stress is almost
b) entirely balanced by topographic
_ H ) form stress. For the latitudes that bor-
£ 2000 ‘g der the northern and southernmost
f*a_ -3 2 closed ACC transport streamlines,
3 :z 42°S to 65°S, the time-mean total inte-
2500 4 < grated eastward wind stress for the 6
m m year SOSE run is 6.67X10'2 N (Table
=5 1). Total integrated topographic form
56S ‘g stress contributes 6.36X10'> N net
© 0.02 E westward momentum (balancing 95%
g N of the total wind stress); bottom and
b 578 0 ?8 sidewall friction contributes 1.9 10"
= _0_024’3 N net westward momentum (balanc-
588 N ing 3% of the wind stress); and

67E 69E 71E 73E momentum flux divergences at the
Longitude meridional boundaries account for 1.6

n
Figure 2. (a) Consider a zonal slice through a seamount south of Kerguelen Pla- x10 N net westward momentum

teau: white cells indicate areas that contain water, black cells indicate areas that (2%).

contain land. Pressure on the westward flank (yellow) is subtracted from the pres-

sure on the eastward flank (pink). (b) The pressure difference is divided by the For the full domain 30°S to 77°S, these
width of the seamount that separates the cells, and this pressure gradient Ap,/Ax numbers are slightly different (Table

is assigned to each z-level on the seamount. (c) Pressure gradients at each vertical 1). While th i d d
level are integrated vertically to calculate the form stress field. Zonally integrating )- lle the total integrated eastwar
this field yields the total vertically and zonally integrated form stress signal. wind stress is 8.03X10'? N, the total
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Table 1. xyz-Integrated Momentum Terms®

y Domain Wind Stress Topographic Form Stress Frictional Stress Flux Divergence
ACC latitudes 42°S t0 65°S  6.67X10'2 N (+100%)  —6.36x10'2 N (—95%) —0.19X10" N (=3%)  —0.16X10"? N (—2%)
Full domain 30°S to 77°S 8.03X10'2 N (+100%)  —7.30X10" N (—91%) —0.11X10"2 N (=1%)  —0.61X10"? N (—8%)

?Positive sign indicates eastward direction; negative sign indicates westward direction.

integrated westward topographic form stress is 7.30X10'2 N (balancing 91% of the wind stress); bottom
friction is 1.1x10"" N (balancing 1%); and momentum flux divergence across the 30°S boundary accounts
for 6.1x 10" N (balancing 8%). Figure 3 shows that the zonally integrated topographic form stress not only
balances wind stress in the total integral, but at every latitude as well.

When we move out of the zonally integrated regime, the horizontal structure of the wind stress and topo-
graphic form stress fields diverge radically. Figure 4a shows the topographic form stress signal integrated
over the full ocean depth. While the wind stress signal (Figure 1a) exhibits relatively little horizontal varia-
tion, the topographic form stress signal varies in both magnitude and sign.

Within the ACC latitudes, the most readily understood form stress signal is the strong westward (Figure 4a,
blue) form stress that concentrates over South America and the ridges that underlie the ACC—Kerguelen
Plateau, the Southeast Indian Ridge, the Macquarie Ridge region, the southernmost portion of the East
Pacific Rise, and the Phoenix and Shackleton Fracture Zones in the Drake Passage. More surprising is the
presence of eastward (Figure 4a, red) form stress in the field, due to higher pressure on the east flank of
topography than on the west flank. These positive zonal pressure gradients are perhaps less intuitive, since
they imply an acceleration of the eastward ACC flow. Eastward topographic form stress in the ACC is not
without precedent; Holloway [1987] noted that form stresses could act in the same direction as the mean
flow in a simple QG model, and both Ste-
vens and Ivchenko [1997] and Grezio et al.
[2005], found in general circulation mod-
els that the deepest zonally integrated

38 topographic form stress signals, though
408 | an order of magnitude smaller than the
wind stress, acted eastward rather than
westward. We attribute this net eastward
458 | deep form stress to pressure differences
across the deepest ocean basins, dis-

° 508 ] cussed in section 4.3.
E South and north of the ACC latitudes, the
E 558 | topographic form stress signals have less
to do with ACC dynamics. South of the
60S ] ACC latitudes, pressure differences
between the subpolar gyres dominate the
65S = D, idges 2» AP6AZ . topographic form stress signal. Higher
| pressure in the eastern Weddell Sea than
705_—_fx T friction 4T _ in the western Amundsen, Bellingshau-
— fz a% fz(m)dzdm sen, and Ross Seas causes a positive zon.aI
758 | | pressure gradient across the Antarctic
=Sum . . Peninsula, and a corresponding negative
-4 -2 0 2 4 pressure gradient (Figure 4a, blue) across
Zonal and depth integrated stress [N/m] <1 06 the rest of the Antarctic continent that

separates them.

Figure 3. Zonal and depth-integrated stress terms between 30°S and 77°S. . .
Integrated bottom and sidewall friction (green) and momentum flux diver- North of the ACC latitudes, pressure dif-
gence (magenta) terms are relatively small at all latitudes. Integrated wind ferences between the subtropical gyres
stress (red) is large between 32°S and 65°S, and integrated topographic form similarly dominate the form stress signal.
stress (blue) is similarly large at these latitudes, balancing wind stress. The . .
black line shows the sum of these terms, demonstrating that these four terms A positive zonal préssurée gradlent
encompass the full zonal and depth-integrated momentum balance. between the Indian and Pacific gyres and
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Figure 4. (left) Vertically integrated 6 year time-mean topographic form stress fields and (right) associated histograms, for: (a) full depth, (b) from surface to z= —3700 m, and (c) from
z = —3700 m to seafloor. Solid white lines show SOSE ACC streamlines. Dashed white lines show the limits of the ACC latitudes.

between the Atlantic and Indian gyres result in eastward form stress (Figure 4a, red) across Australia and
Africa, respectively. A negative zonal pressure gradient between the Pacific and the Atlantic results in a
strong westward form stress (Figure 4a, blue) across South America that extends into the ACC latitudes, dis-
cussed in section 4.2.

4.2. Shallow and Deep Contributions to Topographic Form Stress

A few previous studies have noted the presence of two depth regimes in topographic form stress. Stevens
and Ivchenko [1997] noted two separate “deep” (2056-3874 m) and “very deep” (3874-5499 m) regimes in
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(right) the full Southern Ocean domain. The division between the “shallow” form stress regime and “deep” form stress regime for the ACC latitudes is marked at z= —3700 m.

FRAM's zonal mean topographic form stress signal. In the deep regime, the authors found that topographic
form stress was of the same order of magnitude as the wind stress. In the very deep regime, they found
that the zonal mean topographic form stress had the same sign as the wind stress—implying an average
pressure gradient that would act to accelerate, rather than decelerate the ACC flow—and was an order of
magnitude smaller. Grezio et al. [2005] noted a similar division in the mean form stress signal between deep
(3722-4989 m) and very deep (4989-5500 m) regimes in OCCAM; topographic form stress was of the same
order of magnitude as wind stress in the deep regime, but an order of magnitude smaller in the very deep
regime. These authors too noted that at some latitudes, the sign of the topographic form stress in the very
deep regime was the same as the wind stress.

In SOSE, as well, the integrated topographic form stress can be divided into two regimes: shallower and
deeper than 3700 m. Figure 4 shows the vertically integrated topographic form stress field (Figure 4a), along
with the shallow regime integrated from the surface to z= —3700 m (Figure 4b) and the deep regime from
z= —3700 m to the seafloor (Figure 4c). The topographic form stress signal integrated from the surface to
3700 m resembles the Munk and Palmén paradigm; within the ACC latitudes, primarily westward topo-
graphic form stress concentrates over large-scale bottom topography, along with South America. The form
stress signal integrated from 3700 m to depth reveals a large-scale structure that tends to cancel in the
zonal integral.

For all three fields, the vast majority (>99%) of the individual topographic form stress signals fall between
—2 and 2 N/m? an order of magnitude larger than the wind stress signal. Distributions of form stress signals
(Figure 4, right) for both the shallow regime and the deep regime are narrowly distributed around their
respective means, with a few outliers occurring in regions of very narrow ridges such as Macquarie Ridge,
where a very small Ax serves to magnify the pressure difference across the ridge.

The degree to which the shallow regime balances the wind stress varies with both latitudinal and depth
bounds (Figure 5). For the full Southern Ocean domain (30°S to 77°S), the shallow form stress regime balan-
ces the wind stress with a bottom bound closer to z= —3300 m, and shows very little variability when the
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Figure 6. (a) SOSE bathymetry with important regions shaded in yellow, ACC streamlines shown in white, and ACC latitudinal bounds marked by dashed white lines. (b) Zonal cumula-
tive integral of y-z integrated momentum terms between ACC latitudes 42°S and 65°S. Deep topographic form stress (light blue) decreases and then increases, largely canceling in the
circumpolar zonal integral. Shallow topographic form stress (dark blue) shows step-like decreases at (from west): Kerguelen Plateau; the Macquarie Ridge region; the East Pacific Rise;
South America and the Drake Passage; and the Mid-Atlantic Ridge.

latitudinal bounds are slightly narrowed. For ACC latitudes 42°S to 65°S, the shallow topographic form stress
regime bound by z=[—3700 m, 77] balances 101% of the wind stress in the total integral. Shallow regimes
bound at deeper depths tend to overshoot the wind stress signal, until the balance returns to 100% with a
bottom bound of approximately z= —4500 m, finally reaching 95% of wind stress balanced when the full z
domain is included.

For the unbounded latitudes 56°S to 62°S, the balance between shallow form stress and wind stress is rela-
tively poor; only 66% of the wind stress is balanced by a shallow regime bound by z=[—3700 m, 7], and
only 92% of the wind stressed is balanced when the full z domain is included. Changing the bounds of the
latitudinal domain results in significant variability in the amount of wind stress balanced by form stress,
ranging from 33% to 146% over the full zdomain. This large range reflects the importance of including con-
tinents in the form stress calculation; the inclusion of portions of South America and/or the Antarctic Penin-
sula in the latitudinal domain results in a large variation in the size of the integrated form stress signal.

4.3. Shallow Ridges

Figure 6 reveals the most significant contributors to the shallow topographic form stress signal in the ACC
latitudes 42°S to 65°S (Table 2): the cumulative zonal integral takes the shape of a step function that
decreases at the ridges that contribute the most to the integrated form stress signal. Table 1 lists these
major contributors, and Figure 7 zooms in to their locations. From west, Kerguelen Plateau (Figure 7b) con-
tributes 13% of the total westward form stress in the ACC latitudes; the Southeast Indian Ridge/Macquarie
Ridge/Campbell Plateau region (Figure 7c) contributes 20%; the Drake Passage/South America region (Fig-
ure 7e) contributes nearly half of the total form stress, at 42%; and there are smaller contributions from the
East Pacific Rise (3%; Figure 7d)) and Mid-Atlantic Ridge (4%; not pictured) that are less obvious in the
cumulative integral shown in Figure 6.

For most of the ACC's path, only undersea ridges contribute to the shallow topographic form stress signal.
Form stress across South America, though, plays a key role in the overall momentum balance in the ACC
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latitudes. Net westward form stress

Table 2. Principle Contributors to the Shallow Form Stress Signal Over ACC .
across South America not only

Latitudes 42°S to 65°S

Percent Contributed To Total Westward dwarfs the form stress across the
Location Shallow Form Stress Signal Drake Passage fracture zones, but
Kerguelen Plateau 13% constitutes 40% of the total west-
Southeast Indian Ridge/Macquarie 20% ward topographic form stress signal.

Ridge/Campbell Plateau region

East Pacific Rise 3%
South America and Drake Passage 42% 4.4, Deep Density Dipole
Mid-Atlantic Ridge 4%

The deep regime, dominated by
large zonal pressure gradients that
span thousands of kilometers, tends
to cancel in the zonal integral. The deep regime depends on pressure differences across deep abyssal ocean
basins that are often separated not only by the large shallow ridges, but also by long expanses of deeper
plains. The deep form stress signal depends on a zonal dipole in the pressure in these deep abyssal basins:
higher pressure in the deep basins underlying the Atlantic and Indian sectors of the Southern Ocean, and
lower pressure in the deep basins underlying the Pacific sector (Figure 8). A comparison of deep enclosed
basins along a latitudinal circle—Enderby Basin to Amundsen Basin to Weddell Basin, for instance—reveals
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Figure 7. (a) Shallow topographic form stress. Close-up views of: (b) Kerguelen Plateau; (c) Southeast Indian Ridge/Macquarie Ridge/Campbell Plateau region; (d) East Pacific Rise region;
and (e) Drake Passage. Solid white lines show SOSE ACC streamlines. Solid black lines show land boundaries.
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Figure 8. Time-mean map of (a) neutral density, (b) total pressure, and (c) topographic form stress at z= —4825 m. Denser water in the
deep Indian and Atlantic sectors results in higher deep basin pressures than in the Pacific sector; thus the deep topographic form stress
signal is largely negative between the Indian and Pacific deep basins, and largely positive between the Pacific and Atlantic deep basins.

a denser-lighter-denser pattern of Antarctic Bottom Water (Figure 8a), and an associated pattern of higher-
lower-higher deep pressure (Figure 8b).

From the Indian to the Pacific sector, the high-to-low pressure gradient between the deep basins results in
westward form stress (Figure 8¢, blue) across the deep plains. From the Pacific to the Atlantic sector, the
low-to-high pressure gradient between the deep basins results in an eastward form stress (Figure 8¢, red)
across the plains. This deep density dipole thus creates a deep topographic form stress regime that, region-
ally, can result in a very large eastward or westward form stress, but largely cancels in the zonal integral.

4.5. Time Variability
Thus far we have focused on the spatial structure of the 6 year time-mean momentum balance only. Inte-
grating the time-varying wind stress and form stress over all longitudes and the ACC latitudes allows us to
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Figure 9. (a) Five day averaged time series of wind stress and topographic form stress integrated over all longitudes and ACC latitudes
42°S to 65°S; wind stress signal is multiplied by —1. (b) Percent variance in the topographic form stress signal explained by the wind stress
at time lags 0-50 days, over 5 day increments. Maximum of 88% variance explained at 0 lag indicates a rapid topographic form stress
response to changes in the wind stress signal.

evaluate the time variability of the overall input and output momentum signals in the ACC. Figure 9a shows
the wind stress and topographic form stress 5 day averaged time series, where the wind stress has been
inverted to track with the topographic form stress.

There is little lag between the form stress signal and the wind stress signal. The wind stress signal explains
88% of the variance in the form stress signal at zero lag, with a quick drop off below zero variance explained
at a 15 day lag (Figure 9b). This high variance explained at zero lag suggests a rapid barotropic response in
the ACC system to changes in wind stress, an effect noted by Hughes et al. [1999] via comparisons of wind
stress and ACC transport, and explored via theoretical and modeling efforts by Webb and Cuevas [2006],
Zika et al. [2013], Ward and Hogg [2011], Thompson and Naveira Garabato [2014], and others.

Figure 10a shows that the variability in the integrated topographic form stress signal concentrates over
topography that lies beneath the ACC fronts. Topography close to the vigorously eddying Agulhas region
shows some of the largest standard deviation, along with regions of narrow topography that act as gates
across the ACC's path, like Macquarie Ridge and the Drake Passage fracture zones. Even small seamounts
and fracture zones in the plains that underly the ACC frontal paths show a high variance, especially in the
Indian Ocean between Kerguelen Plateau and the Southeast Indian Ridge. In regions where the ACC flows
around—rather than over and through—the barrier, such as the Campbell Plateau and South America, the
variance is much lower, even though these regions contribute a large portion of the time-mean zonally inte-
grated form stress signal.

We check that the state estimation procedure is not favorably adjusting the wind stress field over these
regions of high form stress variation by mapping the SOSE wind stress adjustment fields—the difference
between the ERA-Interim wind stress data and the SOSE wind stress fields at each time step. We find that
there is no correlation between the wind stress adjustment fields and the continents or undersea ridges.
Instead, adjustment to the ERA-Interim wind stress data in the ACC latitudes are modest and somewhat
homogenous (Figure 10b), with SOSE adjustment variance smaller than 5% of the ERA-Interim variance at
most locations in the ACC latitudes. Lag correlation between the ERA-Interim wind stress signal and the
form stress signal shows that the ERA-Interim wind stress explains 80% of the variance in the form stress
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Figure 10. (a) Standard deviation at each point in the topographic form stress field. Higher standard deviation occurs at shallow ridges
over which most of the form stress signal is concentrated, and at locations that underlie the path of the ACC jets. (b) Variance of SOSE
adjustment to the ERA-Interim wind stress field normalized by the ERA-Interim wind stress variance. The 3000 m topographic contour is
shown in black.

signal at zero lag, with a similarly quick drop off below zero variance explained at a 15 day lag. This tells us
that a dynamical explanation must underlie this high zero-lag correlation, rather than a result of the model-
ing process.

5. Conclusions

We have shown that the SOSE momentum balance aligns with previous channel and general circulation
model findings: in the zonal integral, topographic form stress acts as the primary balance for wind stress
over the Southern Ocean. SOSE’s 4-D fields have allowed us to look at the spatial and temporal structure
that contributes to this net westward form stress signal, and we can confirm Munk and Palmén’s [1951] orig-
inal theory and Gille's [1997] finding that the shallow ridges underlying the ACC serve as the primary loca-
tions of the westward form drag that balances wind stress.

By mapping the topographic form stress, we have quantified the relative role of the topography that con-
tributes to the overall zonally integrated momentum balance. We find that while the expected submerged
ridges do play an important role in the momentum balance, it is South America that plays the most impor-
tant role, contributing nearly half of the total topographic form stress signal. We also find that the Southeast
Indian Ridge contributes to the signal, while the Scotia Arc, located south of much of the ACC flow, and con-
tributes little to the total time-mean form stress signal.

We have also characterized two separate deep and shallow form stress regimes—the shallow, wherein
undersea ridges and South America combine to balance the wind stress, and the deep, wherein large local
form stresses ultimately balance in the zonal integral. The presence of the deep regime helps to explain the
small westward form stress found in the deepest parts of the zonally integrated signal calculated in FRAM
[Stevens and Ivchenko, 1997] and OCCAM [Grezio et al., 2005]; these signals are small because they are resid-
uals of two large westward and eastward deep form stress signals, and they are net positive because the
positive form stress between the Pacific and the Indo/Atlantic basins slightly outweighs the negative form
stress between the Indo/Atlantic and Pacific basins. We attribute this deep basin density dipole to the
greater presence of denser Antarctic Bottom Water in the deep Atlantic and Indian basins than in the deep
Pacific basins.
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Finally, the integrated form stress variance explained by the integrated wind stress signal peaks at time lag
less than 5 days, suggesting that changes in the wind stress are translated rapidly down to the level of bot-
tom topography. At the same time, this analysis makes clear that momentum must be carried a significant
distance not only vertically, but horizontally as well, before it can exit the ACC system. The mechanisms that
transport momentum from source to sink are the focus of our future efforts.

Appendix A: Zonal-Integrated and Depth-Integrated ACC Momentum Balance

Assuming steady state and applying the continuity equation, the time-mean zonal momentum equation
can be written:
o ,__ 0 ,__ 0 ,__ _ op O _
Po5x (u)+po oy (@v)+po %z (uw) —pofv=— o + oz +penV?a, (A1)

where (u, v, w) are velocities in the (x, y, z) directions, p, is background seawater density, f is the Coriolis
parameter, p is pressure, T is zonal stress, 17 is kinematic viscosity, and the overbar indicates the time mean.

Following Stevens and Ivchenko [1997], Johnson and Bryden [1989], and others, we take the circumpolar
zonal integral and the vertical integral from seafloor z= —H(x,y) to sea surface z = 7j(x,y), yielding:

Po irﬁ [88)( (uu)+ gy (wv)+ % (uw)} dzdx

z=—-H
_ g _ (A2)
=1 Op {) JZZ” o
=— dzdx+ ——dzdx,
J)sz*fH8 xJz=—H 0z
~e—
8
where we have neglected the small integrated Coriolis and interior viscosity terms.
Integrating the flux divergence term (A), we have:
=19 0 0
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The first term on the right-hand side disappears in the circumpolar zonal integral. Noting that
W|ﬁ=u\—()’7 +v|.- %L (neglecting Stokes drift) and w|_,,=—u|_ o fv|,_, , we rewrite this equation as:
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Canceling terms, the final form for the vertically and zonally integrated flux divergence term is simply:
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o ("
{) a—yJ (uv)dzdx (A5)
X z=—H

We now expand the stress term (B) into wind stress at the surface of the fluid, 7}, ,, and frictional stress at
the bottom and sidewalls of the fluid, t},,,,- Evaluating the depth integral, this term becomes:

i o™ — X X
; Y Edde_ ; [Twind ~ Triction ]dX (A6)

z=—

Combining terms (A) and (B) with the pressure gradient term, we have the time-mean zonally and vertically
integrated zonal momentum equation:

%2‘[5 Wdzdxz_{) Jﬁ @dZdX++ X dX-% X dx (A7)
Po Xay z=—H xJz= H8X erind erricrion .
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