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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 Ω is equiv-

alent to the normalized line integral of M around a single F cell of area AF . The area integral of

Ω over a collection of F cells (e.g. A3F ) is equivalent to the line integral of M along the perime-

ter (e.g. Γ3F ).

the contour, the local domains for calculating the grid point divergences will overlap mean-415

ing the resultant area integral will not satisfy the divergence theorem in general.416

4 A double gyre model417

4.1 Details of the configuration418

The first experiment in this article is an idealized double gyre configuration based419

on the GYRE PISCES reference configuration in NEMO. The GYRE PISCES reference420

configuration has been used for a wide range of experiments (Lévy et al., 2010, 2015; Rug-421

giero et al., 2015; Perezhogin, 2019). The domain is a closed rectangular basin which is422

3180 km long, 2120 km wide, and is rotated at an angle of 45° relative to the zonal di-423

rection. The basin exists on a beta plane where f varies linearly around its value at �424

30°N.425

The model has a regular 122� 82 grid that is aligned with the rotated basin. The426

horizontal resolution is equivalent to a 1/4° grid at the equator and the configuration has427

31 model levels. Two forms of bathymetry are used in this section. The FLAT config-428

uration has a fixed depth of 4.5km and no partial cells are used. The SLOPED config-429

uration has a linear slope that extends from the North West side of the basin and spans430

half the basin (see Figure 4a). The maximum depth of the SLOPED configuration is 4.5km,431

the minimum depth is 2km, and partial cells are used to represent the slope.432

The circulation is forced by sinusoidal analytic profiles of surface wind stress and433

buoyancy forcing. The wind stress is zonal and only varies with latitude so that the curl434

changes sign at 22°N and 36°N (see Figure 4b). The wind stress profile is designed to spin435

up a subpolar gyre in the north, a subtropical gyre in the south, and a small recircula-436

tion also emerges in the bottom corner. The net surface heat flux takes the form of a restor-437

ing to a prescribed apparent temperature. Further details about the buoyancy forcing438

can be found in Lévy et al. (2010). The wind stress and buoyancy forcing varies season-439

ally in a sinusoidal manner.440
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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.

The model uses a free slip condition on all boundaries except at the bottom where441

a linear friction drag is applied. A simplified linear equation of state is used with a ther-442

mal expansion coefficient of a0 = 2� 10� 4kg m� 3 K� 1, and a haline coefficient of b0 =443

7.7� 10� 4kg m� 3 psu� 1. Horizontal and biharmonic diffusion of momentum is imple-444

mented with a diffusivity of 5� 1010 m4s� 1. Biharmonic diffusion of tracers along isopy-445

cnals is implemented with a diffusivity of 109 m4s� 1.446

The model is spun up for 60 years and the experiment was run for an additional447

10 years with monthly-mean outputs. A steady state is not required for the diagnostics448

to be valid as the time derivative term is present in the vorticity budget. A time step449

of 10 minutes is used for the model integration.450

The EEN vorticity scheme is used for consistency with all analysis discussed in Sec-451

tion 3 and the results from the Weddell Gyre in Section 5. The EEN method calculates452

F cell thicknesses using the method described by Equation 13 and we therefore expect453

sudden changes in the F cell thickness near the domain edge for both the FLAT and SLOPED454

configurations.455

4.2 Methods456

Momentum diagnostics are calculated for every time step and the discrete vortic-457

ity diagnostics are calculated by depth-integrating the momentum diagnostics and tak-458

ing the curl. The resultant diagnostics are time-averaged over the ten year experimen-459

tal period. The extensive time-averaging will influence the advection vorticity diagnos-460

tic as there is an added contribution from the eddy vorticity flux.461
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For contour integration, the vorticity diagnostics and depth-integrated stream func-462

tion are then linearly interpolated onto a regular 1/12° grid. This is to minimise errors463

caused by the difference between the true enclosed streamline area and the total area464

of the enclosed F cells. Interpolation beyond 1/12° resolution makes little difference to465

the results, suggesting that the area error has been significantly suppressed.466

For 1001 values of ψ, closed streamline contours are identified using a marching squares467

algorithm from the scikit-image package (Van Der Walt et al., 2014). Streamlines that468

are near the recirculation gyre (south of 20°N) are ignored in this experiment and for some469

values of ψ no closed streamlines could be found. For each closed streamline found, the470

vorticity diagnostics are integrated over the area enclosed; this is equivalent to calculat-471

ing I(ψ) in Equation 4 over many values of ψ. The freshwater fluxes mean that r h �U 6=472

0 even in a steady state and an exact stream function cannot be calculated. To test how473

closely the calculated streamlines follow the circulation we integrate the positive quan-474

tity j f0 (r h � U) j over the same enclosed areas to estimate the magnitude of the er-475

ror caused by the divergent flow. The maximum value of f is used as f0 and the largest476

contour integral of j f0 (r h � U) j is 0.16 Sv/day which is substantially smaller than the477

leading contour integrals presented in the next sub-section. In addition to this test we478

used an elliptical solver to decompose the depth-integrated flow into compressible and479

incompressible parts; using the streamlines from the incompressible component does not480

change the results presented in the next sub-section.481

Multiple closed contours can be found for the same value of ψ so an additional con-482

tour constraint is needed to ensure I(ψ) is single-valued. In this experiment we always483

choose the contour that spans the largest area which minimises the influence of small484

pocket circulations that are not a part of the gyre. Closed streamlines that run along485

the edge of the domain can be hard to identify so a discontinuity in I(ψ) near ψ = 0486

is expected as the largest detected contours will suddenly become pocket circulations as487

ψ approaches zero.488

4.3 Results489

The depth-integrated streamfunction from the FLAT and SLOPED configurations490

is shown in Figure 5. The vorticity of the depth-integrated velocity field is shown in Fig-491

ure 6. In both configurations a subtropical and subpolar gyre can clearly be identified492

and a small recirculation gyre can be found in the Southernmost corner. The subtrop-493

ical gyre circulation is clockwise and the subpolar gyre circulation is anticlockwise.494

In the FLAT configuration the subtropical gyre has a transport of 65 Sv and the495

subpolar gyre has a transport of 18 Sv. In the SLOPED configuration the subtropical496

gyre has a transport of 38 Sv and the subpolar gyre has a transport of 14 Sv. We note497

that the sloped bathymetry significant alters the form of the subtropical gyre stream-498

lines.499

The depth-integrated vorticity diagnostics of the FLAT and SLOPED configura-500

tion are shown in Figures 7 and 8 respectively alongside the decomposition of the plan-501

etary vorticity diagnostic introduced in Section 3.4. In the FLAT configuration we note502

that the non-linear advection of vorticity and the planetary vorticity diagnostic have the503

largest grid point values (� 10� 9 m s� 2) near the western boundary currents of both504

gyres. The wind stress curl is one order of magnitude smaller (� 10� 10 m s� 2) but changes505

sign less frequently within the gyre regions. We see that the planetary vorticity diagnos-506

tic is almost entirely a result of the beta effect (Figure 7g and h). We note that the con-507

tribution from varying cell thicknesses in the FLAT configuration is non-zero and local-508

ized to the edge (Figure 7j) where the EEN Coriolis scheme artificially shrinks F cell thick-509

nesses near masked points.510
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Figure 5. The depth-integrated streamfunction (time-averaged) of the (a) FLAT and (b)

SLOPED configurations. The transports of the subtropical gyre (Tstr ) and subpolar gyre (Tspl )

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 (l) 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� 11 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 |f 0 (∇h · U ) | is stated as an approximate error caused by the divergence of the depth-

integrated flow.

In the SLOPED configuration (Figure 8) the advection and planetary vorticity di-511

agnostics are still large but have an elongated structure similar to the SLOPED stream-512

lines in Figure 5b. The bottom pressure torque is significant and is localized to the sloped513

region (Figure 8b). The planetary vorticity diagnostic has a more complex decomposi-514

tion as the influence of varying cell thicknesses extends beyond the edge of the domain515

and model level steps also contribute (Figure 8k).516

The integrals of the vorticity diagnostics over areas enclosed by streamlines are shown517

in Figure 9 and Figure 10 for the FLAT and SLOPED configurations respectively as well518

as the integrals of the planetary vorticity diagnostic components. The integrals are given519

in units of Sv/day to describe the tendency for model forces to increase or decrease the520

gyre transport over time. Example streamline contours are also shown. In these figures521

ψ > 0 describes the subtropical gyre and ψ < 0 describes the subpolar gyre. The sub-522

tropical and subpolar gyres circulate in the opposite direction but the sign of the inte-523

gration results are adjusted so that positive integrals correspond to forces that spin the524

gyres up.525

In the FLAT configuration we see that the subtropical and subpolar gyre are en-526

tirely driven by wind stress curl. At the exterior of the subtropical gyre (small and pos-527

itive values of ψ) the wind stress curl is largely balanced by the advection of relative vor-528

ticity which implies a net import of positive vorticity into the gyre. The imported vor-529

ticity cannot originate from the subpolar gyre as the advection of relative vorticity plays530

no role in spinning the subpolar gyre down. The streamlines at the exterior of the gyre531

–19–
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Figure 10. Stacked area plots showing the integrals of depth-integrated vorticity diagnostics

(time-averaged) for the SLOPED con�guration. 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.

envelop both cells (maxima in ) of the subtropical gyre so the advection of vorticity532

between the cells is not a contribution to the signal. The imported vorticity must orig-533

inate from the recirculation gyre in the southernmost corner. In the subtropical gyre in-534

terior the wind stress curl is largely balanced by the curl of bottom friction, matching535

the balance proposed by Niiler (1966).536

The planetary vorticity diagnostic is signi�cant in both of the FLAT gyres and is537

the dominant drag for the subpolar gyre. At both gyre exteriors (small values of ) the538

integrated planetary vorticity diagnostic is a combination of a numerical beta e�ect orig-539

inating from the discrete calculation of �r h �(f U ) and the inuence of partial F cells540

that are arti�cially created by the EEN scheme. At the interior of both gyres (large val-541

ues of ) the numerical beta e�ect is the only component.542

In the SLOPED con�guration we see that both the subtropical and subpolar gyre543

are almost entirely driven by wind stress curl. There is no dominant force spinning the544

gyres down. Advection, bottom pressure torques, lateral di�usion, bottom friction, and545

planetary vorticity all make a similar contribution to spinning the gyres down. The plan-546

etary vorticity diagnostic is similarly mixed as both the numerical beta e�ect and par-547

tial cells make up the signal. The gyres in the SLOPED con�guration appear to be an548

intermediate case between a topographically steered gyre and an advective regime.549

Spurious forces that emerge from the discrete Coriolis acceleration are signi�cant550

in idealised models with and without variable bathymetry and appear to have a large551

inuence on gyre circulations. In the next sub-section we see if these forces are also sig-552

ni�cant in a realistic global model.553
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through a 25 point nearest neighbour smoothing process.
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Figure 14. Stacked area plots showing the integrals of depth-integrated vorticity diagnostics

for the Weddell Gyre (time-averaged). Positive values correspond to a force that spins the gyre

up. The hatching marks the sea ice contribution to the surface stress integral. (b) Shows the area

integrals of the planetary vorticity diagnostic and its components.

analysis in Section 3.2 is general for three popular schemes: EEN, ENE, and ENS. The655

methods and decomposition used in this article are applicable under any scheme where656

the Coriolis acceleration can be expressed in the form of Equations 8 and 9. Results from657

the SLOPED double gyre configuration using the different schemes are presented in Ap-658

pendix C and the vorticity budgets are qualitatively similar. Spurious topographic forces659

and the numerical beta effect are still significant.660

It therefore seems that switching between the available vorticity schemes will not661

alleviate the spurious signal. It is possible that a new scheme could be formulated which662

is designed to significantly reduce the spurious forces, but that will most likely require663

abandoning the conserved quantities that characterise the existing schemes.664

6.2 Alternative depth-integrated vorticity equations665

In Section 2.1 we derived a depth-integrated vorticity equation by taking the curl666

of the depth-integrated momentum equation and we calculated the model vorticity di-667

agnostics using the equivalent discrete method. As discussed in Section 2.1, there are668

alternative formulations of the depth-integrated vorticity equations with different phys-669

ical meanings. An accurate model should be able to represent all forms of the depth-integrated670

vorticity budget so switching between formulations does not alleviate any spurious forces,671

but it is interesting to see if any of the spurious contributions in this article can spill over672

into other vorticity budgets.673

If we derive a continuous depth-integrated vorticity equation by depth-integrating674

the curl of the momentum equations then the Coriolis acceleration emerges in the vor-675
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ticity budget as:676

� � (x;y;t )

� H (x;y )

h
r �

�
� f k̂ � u

�

h

i
� k̂ dz = �r h � (fU) + f (ub � r )H + f (ut � r ) η, (24)

where ut and ub are the horizontal velocities at the free surface and sea floor respectively.677

When compared with Equation 2 we can see that the planetary vorticity term has an678

additional topographic and free surface term. The second term on the right hand side679

of Equation 24 describes a vortex stretching acting on the vertical velocity induced by680

the bottom topography. In configurations with no variable bathymetry and small vari-681

ations in the free surface, the order of taking the curl and depth-integrating no longer682

affects the vorticity budget so the non-topographic spurious forces identified in this ar-683

ticle will remain in either formulation.684

To calculate the discrete curl of a horizontal vector field near the bathymetry we685

need to make an assumption about how the along-slope component varies as it approaches686

the edge of the domain. We can assume either a free slip or no slip boundary condition687

by using a ghost point that mirrors the location of the closest grid point into the bathymetry.688

For a free slip boundary condition the ghost point value matches the closest grid point689

value, F k ; for a no slip boundary condition the ghost point value will be the negative690

of the closest grid point value, � F k . A partial slip boundary condition also exists where691

the value of the ghost point will be between � F k and F k .692

Let us return to the simple flow introduced in Section 3.3 and illustrated in Fig-693

ure 2 but this time when we calculate the planetary vorticity diagnostic we will calcu-694

late the curl of the Coriolis acceleration on each model level and then depth-integrate.695

For the lower level, the horizontal flow is entirely in the x direction so there is a zero along-696

slope component of the Coriolis acceleration near the bathymetry (F k=0). This means697

that if a free slip, no-slip, or partial slip boundary condition are used the ghost point value698

will be zero and the curl of the Coriolis force (centred on the purple cross in Figure 2)699

will be zero in all three cases. As all vorticity generation takes place in the upper level,700

the planetary vorticity diagnostic is the same if we take the curl before or after depth-701

integrating (Equation 21) and the effect of model level steps can exist in either vortic-702

ity budget.703

The result of Equation 21 can be interpreted as a vortex stretching acting on the704

vertical velocity U1. The vertical velocity seems unlikely to originate from topographic705

upwelling as there is no flow in the y direction. This fact combined with the ambiguity706

of r H at model level steps means we would advise caution before comparing the dis-707

crete vortex stretching that originates from model level steps to the analytic vortex stretch-708

ing in Equation 24.709

6.3 The B-grid710

Altering the grid geometry can significantly change the behaviour of model forces.711

To highlight this we consider how the Coriolis force behaves on the B-grid. The B-grid712

excels at representing geostrophic flows as u, and v are located on the same vector point.713

The streamfunction and relative vorticity are located on the tracer point as shown in Fig-714

ure 15.715

On the B-grid the Coriolis acceleration is simply:716

CORx
i;j;k = fi;j vi;j;k , (25)

CORy
i;j;k = � fi;j ui;j;k . (26)

The Coriolis acceleration does not rely on multi-point averaging or thickness weighting717

of f so numerical contributions do not emerge in the grid point acceleration.718
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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.

On the B-grid u and v lie on the same point so they share the same mask. This719

means that non-zero Coriolis accelerations are never masked near model level steps and720

the depth-integrated Coriolis acceleration is a function of the depth-integrated veloci-721

ties only:722

ĈOR
x
i;j = fi;j Vi;j , (27)

ĈOR
y
i;j = � fi;j Ui;j , (28)

We therefore conclude that the spurious force caused by model level steps on the C-grid723

(see Section 3.3) is not present on the B-grid. The corresponding planetary vorticity di-724

agnostic is equal to �r h � (fU) j i;j calculated over a single tracer cell.725

Calculating the curl on a B-grid is consistent with Stokes’ law applied to a tracer726

cell but the vector information is found on the corners of the cell. As the stream func-727

tion is defined on the tracer point we can approximate that the area enclosed by a stream-728

line is a collection of interior tracer cells. Similarly to the C-grid case in Section 3.5 this729

is an approximation as we are assuming that the streamline follows the rectangular edges730

of the interior tracer cells so interpolation may be required to remove any significant area731

error. Unlike the C-grid case, the planetary vorticity diagnostic is equal to �r h �(fU) j i;j732

calculated over a single tracer cell. Therefore, the area integral of the planetary vortic-733

ity diagnostic will satisfy the divergence theorem applied to the internal tracer cells. It734

seems likely that this discrete integral may vanish on a sufficiently fine grid but further735

investigation with idealized and realistic streamlines is needed.736

Using the B-grid would remove all of the spurious topographic forces identified in737

this article. This highlights how a model circulation’s interaction with the sea floor is738

significantly affected by the grid geometry.739

6.4 Terrain-following coordinates740

The spurious topographic effects found in this article are a consequence of how bot-741

tom topography is represented in z-coordinates. In the Weddell Gyre especially we see742

how model level steps can create large spurious contributions to the depth-integrated vor-743

ticity budget.744

Terrain-following coordinates (or σ-coordinates) are an alternative form of verti-745

cal coordinate where the vertical resolution adjusts with the bottom topography so that746

the same number of model levels are present in all fluid columns (Song & Haidvogel, 1994).747

σ-coordinates are used in Stewart et al. (2021), Schoonover et al. (2016), and Jackson748
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et al. (2006) and have the advantage of removing spurious terms that emerge from model749

level steps. The forms of the EEN, ENE, and ENS vorticity schemes are unchanged when750

using terrain-following coordinates so the horizontal variations in cell thicknesses could751

still cause a spurious signal.752

Terrain-following coordinates are not used widely in climate models because of the753

difficulty in calculating accurate horizontal pressure gradients (near the equator), advec-754

tion, and isoneutral tracer advection. A full discussion of the current advantages and lim-755

itations of terrain following coordinates can be found in Lemarié et al. (2012).756

6.5 Isopycnal coordinates and the vertical Lagrangian-remap method757

In isopycnal C-grid models, where density is used as a vertical coordinate, cell thick-758

nesses still vary and in models with many density layers the model levels are free to in-759

crop to the sea floor. The forms of the EEN, ENS, and ENE schemes are unchanged when760

using density coordinates so the spurious signals in the planetary vorticity diagnostic seem761

to be possible. In configurations where density layers infrequently incrop to the sea floor,762

the effect of model level steps will be significantly suppressed as the grid is approach-763

ing the limit of a terrain-following coordinate system.764

In C-grid models that use the vertical Lagrangian-remap method (Bleck, 2002; Ad-765

croft et al., 2019) the vertical coordinate evolves with the flow and is then conservatively766

remapped onto a target grid (see Griffies et al. (2020) for a review). The forms of the767

EEN, ENS, and ENE schemes are unchanged when using this method. If the target co-768

ordinate grid still has horizontal variations in cell thicknesses and incrops with the sea769

floor, we would expect there to be spurious topographic interactions with the sea floor.770

It is possible that in areas of topographic upwelling the effect of model level steps could771

be reduced as Coriolis accelerations near the bathymetry are elevated by the vertical mo-772

tion and are partially projected onto unmasked points when remapped onto the target773

grid.774

7 Summary775

The depth-integrated vorticity budget is a valuable tool for identifying important776

model forces in gyre circulations. Vorticity diagnostics can be integrated over the area777

enclosed by streamlines to identify forces responsible for spinning the gyre up and down.778

By considering how the vorticity budget is represented on a C-grid with step-like bathymetry779

we identified spurious forces that emerge from the representation of bottom topography780

and the discrete Coriolis acceleration. Model level steps and partial cells produce two781

distinct spurious topographic forces. In the absence of bottom topography, it is shown782

that the discrete planetary vorticity term does not generally vanish when integrated over783

the discrete area enclosed by a streamline. This suggests that a spurious non-topographic784

force, described as a numerical beta effect, is also present.785

We first studied the vorticity budget of an idealized double gyre configuration with786

analytic geometry, forcing, and two bathymetry options. The FLAT variant has a con-787

stant depth and the SLOPED variant has a linear slope that extends over half the do-788

main. The subtropical gyre of the FLAT configuration is non-linear at the exterior (wind789

stress curl balanced by advection) and is in a Stommel (1948) regime in the interior (wind790

stress curl balanced by friction). The FLAT subpolar gyre is spun up by wind stress curl791

and mostly spun down by spurious forces found in the planetary vorticity diagnostic. Spu-792

rious forces are significant in both FLAT gyres and are a consequence of the numerical793

beta effect and partial F cells that are artificially introduced by the EEN vorticity scheme.794

Artificial partial F cells would not be present in the ENS or ENE vorticity schemes.795
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The vorticity budget of the SLOPED gyres features bottom pressure torques and796

an increased influence of partial cells on the planetary vorticity diagnostic. The SLOPED797

subtropical gyre is an intermediate case between a topographically steered gyre and a798

non-linear circulation. The SLOPED subpolar gyre is driven by wind stress curl but spun799

down by the combined effect of bottom pressure torques and spurious interactions with800

the topography via partial cells. This first case study highlighted how spurious terms801

can dominate a vorticity budget in idealized configurations with and without variable802

bathymetry.803

The second case study was the Weddell Gyre in a global model where the forcing804

and geometry are more realistic. By studying the vorticity budget of the Weddell Gyre805

we conclude that the model circulation is mostly spun up by wind stress curl and spun806

down by the combined effect of bottom pressure torques and spurious interactions with807

the topography. The largest of the topographic forces spinning the Weddell Gyre down808

is the spurious and unrealistic force caused by model level steps.809

Switching to alternative vorticity schemes is not effective at reducing spurious con-810

tributions to the vorticity budget. By presenting a general form of the discrete Corio-811

lis acceleration we are able to quickly conclude that the topographic and non-topographic812

spurious forces will remain under all three vorticity schemes and any other scheme that813

uses this general form. The influence of model level steps is a direct consequence of the814

C-grid geometry when using vertical coordinates that intersect the bathymetry and is815

relatively insensitive to the choice of vorticity scheme.816

Altering the geometry of the discretisation is an effective method for reducing spu-817

rious topographic forces. The B-grid is better at representing the Coriolis force and it818

is not possible for model level steps or partial cells to influence the Coriolis acceleration.819

Model level steps and their influence on the Coriolis acceleration can be avoided alto-820

gether by using terrain-following coordinates.821

The B-grid and terrain-following coordinates have their own unique limitations and822

it is unclear how much the identified spurious forces corrupt circulation variables such823

as the gyre transport. It is possible that the spurious forces are inadvertently perform-824

ing the role of one or more real ocean processes that are required for accurate simula-825

tions. If a combination of non-spurious forces can fully account for the spurious forces826

found in this article then the identified problem is purely diagnostic in nature. Other-827

wise, any part of the spurious forcing that cannot be accounted for by non-spurious forces828

should be considered as a numerical error. This numerical error could be small but may829

also accumulate under specific conditions and corrupt model circulations. The spurious830

cooling (Hecht, 2010) that occurs when a dispersive advection scheme is used with the831

Gent and McWilliams (1990) eddy parametrization highlights the dangers of ignoring832

numerical errors.833

It is also possible that other model forces contain spurious contributions that have834

not been uncovered in this article. These contributions could be significant and may have835

the potential to cancel the spurious effects found in this article. When looking at the in-836

tegrated diagnostics in Figures 9, 10, and 14 we see that usually the only model force837

with an opposite contribution to the Coriolis force that is large enough to cancel the found838

spurious effects is the surface stress. It seems unlikely that the surface stress contains839

spurious contributions that are closely tied to bathymetry and the Coriolis parameter.840

It is important for the ocean modelling community to continue developing new ways841

of representing bathymetry and we hope that vorticity budgets and the diagnostic method842

presented in this article will provide a valuable tool for assessing and quantifying rep-843

resentations of the sea floor in current and future ocean models.844
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Appendix A Deriving the depth-integrated vorticity equation845

Here we derive the depth-integrated vorticity equation (Equation 2) including the846

omitted contributions from surface undulations and atmospheric pressure torques. We847

start from the vector invariant form of the momentum equation,848

∂uh

∂t
= �

�
(r � u) � u+

1

2
r (u � u)

�

h
� f

�
k̂ � u

�

h
�

1

ρ0
r hP + F u + Du , (A1)849

which has already been introduced in Section 2.1. To derive the depth-integrated vor-850

ticity equation, we must first depth-integrate the equation and then calculate the ver-851

tical component of the curl. In this appendix, we consider how each term in Equation852

A1 is transformed by this operation.853

When depth-integrating the time derivative term in Equation A1, we must respect854

the time dependency of the free surface, η. We therefore use the Leibniz integration rule,855

r �

 � � (x;y;t )

� H (x;y )

∂uh

∂t
dz

!

� k̂ =
∂

∂t
(r � U) � k̂ � r �

�
uh (z = η)

∂η

∂t

�
� k̂, (A2)856

where the second term on the right hand side of Equation A2 is the contribution from857

free surface undulations.858

The non-linear term in Equation A1 can be rewritten as,859

�
(r � u) � u+

1

2
r (u � u)

�

h
=

1

2
r h (uh � uh ) + ζ

�
k̂ � u

�

h
+ w

∂uh

∂z
. (A3)860

The non-linear term emerges as the advection term in the depth-integrated vorticity equa-861

tion and we note that,862

r �
� � �

� H
ζ

�
k̂ � u

�

h
dz

�
� k̂ = r h �

� � �

� H
ζuh dz

�
. (A4)863

Similarly the curl of the depth-integrated Coriolis acceleration is the planetary vortic-864

ity term,865

r �
� � �

� H
� f

�
k̂ � u

�

h
dz

�
� k̂ = �r h � (fU) . (A5)866

When depth-integrating the pressure gradient in Equation A1, we must respect the867

x and y dependency of the sea floor and the free surface. We therefore use the Leibniz868

integration rule,869

r �

 � � (x;y;t )

� H (x;y )

�
1

ρ0
r hP dz

!

� k̂ =
1

ρ0
(r Pb � r H) � k̂+

1

ρ0
(r Pa � r η) � k̂, (A6)870

where Pa is the atmospheric pressure at the free surface. The second term on the right871

hand side of Equation A6 is the atmospheric pressure torque.872

The surface forcing term in Equation A1 emerges as the difference between the curl873

of the top and bottom stresses,874

r �
� � �

� H
F u dz

�
� k̂ =

1

ρ0
(r � � top) � k̂ �

1

ρ0
(r � � bot) � k̂, (A7)875

(A8)876

and the diffusion term emerges as D � ,877

r �
� � �

� H
Du dz

�
� k̂ = D � . (A9)878
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By combining all the equations above we can derive the depth-integrated vortic-879

ity equation,880

∂

∂t
(r � U) � k̂ = � r h � (fU) +

1

ρ0
(r Pb � r H) � k̂+

1

ρ0
(r � � top) � k̂881

�
1

ρ0
(r � � bot) � k̂+ D �

882

� r h �

 � � (x;y;t )

� H (x;y )

ζu dz

!

�

"

r �

 � � (x;y;t )

� H (x;y )

1

2
r h

�
u2

h
�
+ w

∂uh

∂z

!#

� k̂883

+
1

ρ0
(r Pa � r η) � k̂

| {z }
Atmospheric pressure torque

+

�
r �

�
uh (z = η)

∂η

∂t

��
� k̂

| {z }
Surface undulations

. (A10)884

885

Appendix B Explicit forms of the Coriolis schemes886

Here we explicitly state the forms of the discrete Coriolis acceleration in the ENE,887

ENS, and EEN vorticity schemes for a z-coordinate system. In the ENE vorticity scheme888

the x and y components of the Coriolis acceleration are:889

CORx
i;j;k =

1

4e1u
i;j

�
fi;j � 1

� �
ve1v �

i;j � 1;k +
�
ve1v �

i+1;j � 1;k

�

+fi;j

� �
ve1v �

i;j;k +
�
ve1v �

i+1;j;k

� �
,

CORy
i;j;k =

1

4e2v
i;j

�
fi � 1;j

� �
ue2u �

i � 1;j;k +
�
ue2u �

i � 1;j +1;k

�

+fi;j

� �
ue2u �

i;j;k +
�
ue2u �

i;j +1;k

� �
. (B1)

In the ENS vorticity scheme the x and y components of the Coriolis acceleration are:890

CORx
i;j;k =

1

8e1u
i;j

��
ve1v �

i;j � 1;k +
�
ve1v �

i+1;j � 1;k

+
�
ve1v �

i;j;k +
�
ve1v �

i+1;j;k

�
[fi;j � 1 + fi;j ] ,

CORy
i;j;k =

� 1

8e2v
i;j

��
ue2u �

i � 1;j � 1;k +
�
ue2u �

i � 1;j +1;k

+
�
ue2u �

i;j;k +
�
ue2u �

i;j +1;k

�
[fi � 1;j + fi;j ] . (B2)

We note that each term in the ENE and ENS forms can be written in the general form891

of Equations 8 and 9 as ve1v = Ṽ /e3v and ue2u = Ũ/e3u . In the ENE and ENS cases892

e3k (bn ) = e3k (cn ) in Equations 8 and 9.893

In the EEN vorticity scheme, the x and y components of the Coriolis acceleration894

are:895

CORx
i;j;k =

1

12e1u
i;j

�
FNE

i;j;k
�
ve3ve1v �

i;j;k + FNW
i+1;j;k

�
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i+1;j;k

+FSE
i;j;k

�
ve3ve1v �

i;j � 1;k + FSW
i+1;j;k

�
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i+1;j � 1;k

�
,

CORy
i;j;k =

� 1

12e2v
i;j

�
FNE

i;j;k
�
ue3ue2u �

i;j;k + FNW
i;j;k

�
ue3ue2u �

i � 1;j;k

+FSE
i;j +1;k

�
ue3ue2u �
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i;j +1;k

�
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�
, (B3)

–31–



manuscript submitted to Journal of Advances in Modeling Earth Systems (JAMES)

where FNE , FNW , FSE , and FSW are thickness-weighted triads of the Coriolis param-896

eter:897

FNE
i;j;k =

�
f̃i;j;k + f̃i � 1;j;k + f̃i;j � 1;k

�
, (B4)

FNW
i;j;k =

�
f̃i;j;k + f̃i � 1;j;k + f̃i � 1;j � 1;k

�
, (B5)

FSE
i;j;k =

�
f̃i;j;k + f̃i;j � 1;k + f̃i � 1;j � 1;k

�
, (B6)

FSW
i;j;k =

�
f̃i � 1;j;k + f̃i;j � 1;k + f̃i � 1;j � 1;k

�
, (B7)

where f̃ = f/e3f using the EEN definition of e3f shown in Equation 13.898

To calculate the planetary vorticity diagnostic we take the curl of the depth-integrated899

Coriolis acceleration using Equations 15 and 22. In general the resulting equation of the900

vorticity diagnostic is very difficult to interpret. We only present the form of the plan-901

etary vorticity diagnostic for the EEN scheme on a grid with no partial cells or model902

level steps as it is used to derive the numerical beta effect in Section 3.5:903
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Appendix C Alternative vorticity schemes in the double gyre model904

In this section we present various integrations of the SLOPED double gyre config-905

uration using different vorticity schemes: EEN, ENS, and ENE. All other aspects of the906

experiment are as described in Section 4.1. The results are shown in Figure C1. The vor-907

ticity budget is qualitatively similar between the three cases as well as the decomposi-908

tion of the planetary vorticity diagnostic. It should be noted that the circulations do dif-909

fer as the transports vary and the separation points of the western boundary currents910

change.911

Appendix D Contour integration without interpolation912

The interpolation of vorticity diagnostic fields and the streamfunction is discussed913

in Section 4.2. Linear interpolation is used to minimise the difference between the en-914

closed area of the true streamline and the total area of the interior F cells. In this sec-915

tion we present results that use uninterpolated fields from the FLAT double gyre con-916

figuration. The results are shown in Figure D1 and are qualitatively similar to the in-917

terpolated results shown in Figure 9. This example is selected to demonstrate both the918

qualitative similarity to interpolated results but also the reduced coherence that comes919

from using non-interpolated data. The non-interpolated results from the Weddell Gyre920

are in fact more coherent than the results shown in Figure D1.921
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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 configuration without using interpolated fields. 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.
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from https://github.com/afstyles/VorticityContourAnalysisForNemo/tree/917f337/. The931
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The global configuration used in this article uses NEMO version 4.0.4 with the fol-933
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• branches/UKMO/NEMO 4.0.4 GO8 package @ 14474,936

• branches/UKMO/NEMO 4.0.4 GO6 mixing @ 14099,937

• branches/UKMO/NEMO 4.0.4 old tidal mixing @ 14096,938

• branches/UKMO/NEMO 4.0.4 momentum trends @ 15194.939

The double gyre configuration uses NEMO version 4.0.1 and any modified source code940

is archived on Zenodo (Styles et al., 2022). The versions of NEMO and the mentioned941

branches can be found at https://forge.ipsl.jussieu.fr/nemo/browser/NEMO/.942
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C., . . . Samson, G. (2019, oct). NEMO ocean engine. Zenodo. doi:1020

10.5281/zenodo.14648161021

McDougall, T. J., & Barker, P. M. (2011). Getting started with TEOS-10 and the1022

Gibbs Seawater (GSW) oceanographic toolbox. SCOR/IAPSO WG , 127 , 1–1023

28. Retrieved from https://www.teos-10.org/1024

Mesinger, F., & Arakawa, A. (1976). Numerical methods used in atmospheric mod-1025

els. GARP Publications Series, 17 . Global Atmospheric Research Programme1026

(GARP), 64 pp. .1027

Niiler, P. P. (1966, aug). On the theory of wind-driven ocean circulation. Deep-1028

Sea Research and Oceanographic Abstracts , 13 (4), 597–606. doi: 10.1016/00111029

-7471(66)90591-21030

Perezhogin, P. (2019). Deterministic and stochastic parameterizations of ki-1031

netic energy backscatter in the NEMO ocean model in Double-Gyre config-1032

uration. In Iop conference series: Earth and environmental science. doi:1033

10.1088/1755-1315/386/1/0120251034

Ruggiero, G. A., Ourmières, Y., Cosme, E., Blum, J., Auroux, D., & Verron, J.1035

(2015). Data assimilation experiments using diffusive back-and-forth nudg-1036

ing for the NEMO ocean model. Nonlinear Processes in Geophysics . doi:1037

10.5194/npg-22-233-20151038

Sadourny, R. (1975). The Dynamics of Finite-Difference Models of the Shallow-1039

Water Equations. Journal of Atmospheric Sciences , 32 (4), 680–689. doi: 101040

.1175/1520-0469(1975)032h0680:TDOFDMi 2.0.CO;21041

Schoonover, J., Dewar, W., Wienders, N., Gula, J., McWilliams, J. C., Mole-1042

maker, M. J., . . . Yeager, S. (2016). North Atlantic barotropic vortic-1043

ity balances in numerical models. Journal of Physical Oceanography . doi:1044

10.1175/JPO-D-15-0133.11045

Song, Y., & Haidvogel, D. (1994). A Semi-implicit Ocean Circulation Model Using1046

a Generalized Topography-Following Coordinate System. Journal of Computa-1047

tional Physics , 115 (1), 228–244. doi: 10.1006/jcph.1994.11891048

Stewart, A. L., McWilliams, J. C., & Solodoch, A. (2021). On the Role of Bot-1049

tom Pressure Torques in Wind-Driven Gyres. Journal of Physical Oceanogra-1050

phy , 51 (5), 1441–1464. doi: 10.1175/jpo-d-20-0147.11051

Stommel, H. (1948). The westward intensification of wind-driven ocean cur-1052

rents. Eos, Transactions American Geophysical Union . doi: 10.1029/1053

TR029i002p002021054

Storkey, D., Blaker, A. T., Mathiot, P., Megann, A., Aksenov, Y., Blockley, E. W.,1055

–36–



manuscript submitted to Journal of Advances in Modeling Earth Systems (JAMES)

. . . Sinha, B. (2018, aug). UK Global Ocean GO6 and GO7: A traceable1056

hierarchy of model resolutions. Geoscienti�c Model Development , 11 (8), 3187–1057

3213. doi: 10.5194/gmd-11-3187-20181058

Styles, A. F., Bell, M. J., Marshall, D. P., & Storkey, D. (2022). Data for "Spurious1059

forces can dominate the vorticity budget of ocean gyres on the C-grid". Zenodo.1060

doi: 10.5281/zenodo.55138251061

Vallis, G. K. (2017). Atmospheric and oceanic fluid dynamics: Fundamentals and1062

large-scale circulation, second edition. At mospheric and Oceanic Fluid Dynam-1063

ics: Fundamentals and Large-Scale Circulation, Second Edition , 1–946. doi: 101064

.1017/97811075884171065

Van Der Walt, S., Schönberger, J. L., Nunez-Iglesias, J., Boulogne, F., Warner,1066

J. D., Yager, N., . . . Yu, T. (2014, jun). Scikit-image: Image processing in1067

python. PeerJ , 2014 (1), e453. doi: 10.7717/peerj.4531068
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