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Abstract

Gyres are prominent surface structures in the global ocean circulation that often interact with the sea floor in a complex manner.
Diagnostic methods, such as the depth-integrated vorticity budget, are needed to assess exactly how such model circulations
interact with the bathymetry. Terms in the vorticity budget can be integrated over the area enclosed by streamlines to identify
forces that spin gyres up and down. In this article we diagnose the depth-integrated vorticity budgets of both idealized gyres
and the Weddell Gyre in a realistic global model. It is shown that spurious forces play a significant role in the dynamics of all
gyres presented and that they are a direct consequence of the Arakawa C-grid discretization and the z-coordinate representation
of the sea floor. The spurious forces include a numerical beta effect and interactions with the sea floor which originate from
the discrete Coriolis force when calculated with the following schemes: the energy conserving scheme (ENE); the enstrophy
conserving scheme (ENS); and the energy and enstrophy conserving scheme (EEN). Previous studies have shown that bottom
pressure torques provide the main interaction between the depth-integrated flow and the sea floor. Bottom pressure torques are
significant, but spurious interactions with bottom topography are similar in size. Possible methods for reducing the identified
spurious topographic forces are discussed. Spurious topographic forces can be alleviated by using either a B-grid in the horizontal

plane or a terrain-following vertical coordinate.
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Figure 3. The application of Stokes’ theorem on a C-grid. The vorticity diagnostic €2 is equiv-
alent to the normalized line integral of M around a single F cell of area Ar. The area integral of

Q over a collection of F cells (e.g. Agr ) is equivalent to the line integral of M along the perime-

ter (e.g. I'sg).
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Figure 4. (a) Bathymetry of the SLOPED configuration. (b) The wind stress profile for both
the FLAT and SLOPED configuration. The wind stress profile varies seasonally in a sinusoidal

manner between summer and winter extremes that are highlighted.

we  bicHn

o ity

wo  oipkfsidvh

451 iﬁ ap 2 0 4gﬂl 3 K 1,!% bo =
w 77 0 ‘gn Pp b

453 ﬂ'hﬁf) 0 0 m4s 1.%

454 Wﬂ) 9 m4s IW
455 éw

6 Wiy et

s (kbpAbstiTE

459 fﬂlﬂ%

460 il et 5

w b Rt )

464 ﬁ

465 201

w6 M

wr YeptigEk

—14—



468

469

470

471

473

474

476

477

478

479

480

481

482

483

484

486

487

488

489

490

491

492

494

495

496

497

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

V), by

B I(¢)ikib ¢.
(eisbebpinH Ry

bibiinin

I fo(rn U) | cebidie

oeb bbb

Jfo(rn U)j sdm °s ? lighth

—15—

ronue

[ b fo dB

Y s



a b
454 FLAT 45 4 SLOPED
& 401 40 -
&
£ 351 35 -
5 . y
E 30 1 ® 30 1
g 951 25 -
20 20
Tytr = 65 Sv Tutr = 38 Sv
O Tspr = 18 Sv O Tspt = 14 Sv
—80 —70 —60 —80 —70 —60
Longitude (degrees) Longitude (degrees)

—80 —70 —60 —50 —40 -30 —20—-10 0 10 20 30 40 50 60 70
Depth-integrated stream function ¢ [Sv]

Figure 5.  The depth-integrated streamfunction (time-averaged) of the (a) FLAT and (b)
SLOPED configurations. The transports of the subtropical gyre (Tsy ) and subpolar gyre (Tspi )

are given.
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Figure 6.  The vorticity of the depth-integrated velocity field (time-averaged) for the (a)
FLAT and (b) SLOPED configurations. The black contours are streamlines from Figure 5.
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Figure 7.  The depth-integrated vorticity diagnostics for the FLAT con guration and the
components of the planetary vorticity diagnostic (time-averaged). Panels (a) through to (g) are
the diagnostics for the terms in the depth-integrated vorticity equation (Equation 2). Panels (h)
through to (I) are the components of the planetary vorticity diagnostic in Equation 23 and dis-
cussed in Section 3.4. The color bar is logarithmic (for values greater than 10 ! in magnitude)
and shows the four leading order magnitudes that are positive and negative.
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Figure 9. Stacked area plots showing the integrals of depth-integrated vorticity diagnostics
(time-averaged) for the FLAT configuration. Positive values correspond to a force that spins the
subtropical ( > 0) or subpolar ( < 0) gyre up. The diagnostics are integrated over areas en-
closed by streamlines to develop a full forcing profile of the gyres. The X axis describes the value
of the streamline used in the integration. Example streamline contours are given. (b) Shows the
area integrals of the planetary vorticity diagnostic and its components. The maximum contour
integral of jfo (r n U)]j is stated as an approximate error caused by the divergence of the depth-

integrated flow.

Figure 10. Stacked area plots showing the integrals of depth-integrated vorticity diagnostics
(time-averaged) for the SLOPED configuration. Positive values correspond to a force that spins
the subtropical ( > 0) or subpolar ( < 0) gyre up. (b) Shows the area integrals of the plane-

tary vorticity diagnostic and its components.
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Figure 12. The vorticity of the depth-integrated velocity eld (time-averaged) in the Weddell
Gyre region of the global model. The black contours are positive streamlines ( > 0) from Figure
11.

any area errors have been signi cantly suppressed. We test how closely the calculated
streamlines follow the circulation by integrating the positive quantity jfo(r , U) j over
the same enclosed areas to estimate the magnitude of the error caused by the divergent

ow. The maximum value of jf j is used asfy and the largest contour integral of j fo(r , U) |

is 19.52 n? s 2 which is substantially smaller than the leading contour integrals presented
in the next sub-section. In addition to this test we used an elliptical solver to calculate
the Helmholtz decomposition of the depth-integrated velocity eld; using the streamlines
from the incompressible component does not change the results presented in the next
sub-section.

As we are studying a one gyre system we choose to only identify contours where
> 0. This e ectively Iters out the vorticity budget of closed circulations in the Antarc-
tic Circumpolar Current. The sign of the integration results are adjusted so that pos-
itive integrals correspond to forces that spin the Weddell Gyre up.

5.3 Results

The depth-integrated streamfunction of the Weddell Gyre is shown in Figure 11b
and it can be seen that the Weddell Gyre has a transport of 60 Sv. The streamlines fol-
low the isobaths closely suggesting the circulation is largely constrained by the bathymetry.
The vorticity of the depth-integrated velocity eld is shown in Figure 12.

The depth-integrated vorticity diagnostics are shown in Figure 13. The elds shown
in Figure 13 have been smoothed using 25 point nearest neighbour averaging over a lo-
cal 5 5 grid. The contribution from model level steps (Figure 13k) has not been smoothed
to show that it is localized to speci c lines where the number of model levels change. The
combined e ect of the wind stress and stress due to sea ice are shown in Figure 13e. With
realistic topography and forcing, the grid point values of depth-integrated vorticity di-
agnostics are very noisy (even when smoothed) with the exception of the surface stress
curl. This highlights how important it is to integrate the vorticity diagnostics when in-
terpreting them. For individual grid points we see that the planetary vorticity diagnos-
tic is made up of contributions from the beta e ect, partial cells, and a signi cant con-
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Figure 15. The horizontal distribution of variables on the B-grid. Tracer points (T) and vec-

tor points (V) are shown alongside important values that are centred on these points. Just like in

the C-grid, the vertical velocities are found directly above and below the Tracer point.
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Figure C1. Stacked area plots showing the integrals of depth-integrated vorticity diagnostics
for the SLOPED configuration (time-averaged) using the EEN, ENE, and ENS vorticity schemes.
Positive values correspond to a force that spins the subtropical ( > 0) or subpolar ( < 0) gyre

up. A decomposition of the planetary vorticity diagnostic integrals are given on the right (b,d,f).
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Figure D1. Stacked area plots showing the integrals of depth-integrated vorticity diagnostics
(time-averaged) for the FLAT con guration without using interpolated elds. Positive values
correspond to a force that spins the subtropical ( > 0) or subpolar ( < 0) gyre up. (b) Shows
the area integrals of the planetary vorticity diagnostic and its components. The vorticity budget
and decomposition are qualitatively similar to that shown in Figure 9.

branches/lUKMO/NEMO _4.0.4GO6_mixing @ 14099,
branches/lUKMO/NEMO _4.0.4.old_tidal _mixing @ 14096,
branches/UKMO/NEMO _4.0.4momentum_trends @ 15194.

The double gyre con guration uses NEMO version 4.0.1 and any modi ed source code
is archived on Zenodo (Styles et al., 2021). The versions of NEMO and the mentioned
branches can be found at https://forge.ipsl.jussieu.fr/nemo/browser/NEMO/.
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