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Abstract13

Seamounts are critical components of the global ocean energy budget, contributing sig-14

nificantly to turbulent dissipation through their interaction with large-scale flows. How-15

ever, most previous numerical investigations used smoothed bathymetry that omit small16

scale topographic variability. Here we use turbulence-resolving large-eddy simulations17

to investigate how bathymetric roughness affects seamount wake energetics. We com-18

pare flows around realistic, rough seamounts against versions smoothed over varying hor-19

izontal scales and find that dissipation and mixing rates can differ by up to an order of20

magnitude between cases. Importantly, seamounts in the parameter regimes where rough-21

ness effects are most pronounced (low Slope Burger numbers) are concentrated in the22

Southern Ocean, coinciding with very fast flows and resulting in leading order effects for23

global dissipation due to seamounts. An implication of our results is that model hori-24

zontal spacings of at least order 100 meters may be necessary to capture the full ener-25

getics in most seamount wakes in the Southern Ocean.26

Plain Language Summary27

Seamounts are underwater mountains that play an important role in mixing ocean28

waters, which affects how the ocean circulates and how heat and nutrients move around29

the globe. Until now, computer models have usually used smooth versions of seamounts,30

ignoring their rough, bumpy surfaces. In this study, we use advanced high-resolution sim-31

ulations to show that including small-scale roughness on seamounts can greatly increase32

the amount of mixing and energy loss in the ocean—sometimes by as much as a factor33

of ten. This effect is especially strong for seamounts located in the Southern Ocean, where34

currents are particularly fast. Our results suggest that many current estimates may be35

missing a significant portion of the mixing and dissipation caused by seamounts, and that36

small details on the seafloor can have big impacts on the ocean’s energy budget.37

1 Introduction38

Seamounts, underwater mountains rising from the seafloor, have emerged as crit-39

ical components of the global ocean mixing system with far-reaching implications for ocean40

circulation and biogeochemical budgets (Munk & Wunsch, 1998; Mashayek et al., 2024).41

Due to their interactions with the bottom flow, they stir and mix deep waters by many42

processes, including lee waves (Nikurashin et al., 2014; Wright et al., 2014; Perfect et al.,43

2020b) and topographic wake vortices (Perfect et al., 2018; Srinivasan et al., 2019; Per-44

fect et al., 2020a; Nagai et al., 2021). The ensuing dissipation and mixing are thought45

to exert important control on the rate and structure of the overturning circulation, likely46

playing an important role in the upwelling of deep waters and global energetics (Waterhouse47

et al., 2014; Mashayek et al., 2024).48

Previous investigations using regional models have revealed the complex dynam-49

ics and mixing patterns around seamounts (Perfect et al., 2018; Srinivasan et al., 2019;50

Perfect et al., 2020a; Srinivasan et al., 2021). Collectively, they show that rotation and51

stratification play an important role in shaping the dynamics and energetics of flows around52

them. For example, above a critical Burger number, vortex shedding frequency varies53

vertically with local seamount diameter, resulting in vertically-decoupled vortices and54

a vertically-sheared wake (Perfect et al., 2018). This in turn drives different energetic55

transfers from unsheared quasigeostrophic motions (Perfect et al., 2020a). Different com-56

binations of rotation and stratification also lead to different dynamical instabilities, which57

can also shape flow energetics (Srinivasan et al., 2019, 2021). Submesoscale centrifugal58

instabilities are often present as a particularly energetic example (Srinivasan et al., 2019),59

in dynamics that were also seen in observations (Nagai et al., 2021) and near coastal bathy-60

metric shapes (Gula et al., 2016; Chor & Wenegrat, 2025). Similar conclusions were reached61

by Liu et al. (2024) using turbulence-resolving simulations of a conical seamount, with62
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the caveat that the authors saw vertical coupling, even past the critical Burger number63

found by Perfect et al. (2018) — an indication that geometry may play an important role.64

Finally, Puthan et al. (2022) used similar turbulent simulations to investigate the effect65

of tides, finding complex dynamics that depend strongly on both tidal phase and strength.66

Common to all the aforementioned studies is the assumption of idealized, smooth67

seamount geometries, which has been the standard approach in both theoretical and nu-68

merical investigations of seamount-flow interactions. Even in investigations using real-69

istic bathymetry (Mashayek et al., 2024), seamounts are implicitly smoothed by the in-70

herent resolution of regional models and often further (explicitly) smoothed to avoid er-71

rors in sigma-coordinate models (Mellor et al., 1998; Sikirić et al., 2009). However, in-72

vestigations from the atmospheric science community suggest that small-scale features73

on mountains play a crucial role in modulating energy dissipation and flow dynamics,74

with implications that should parallel those found in oceanic systems. In atmospheric75

flows over complex terrain, unresolved subgrid-scale topography generates significant drag76

forces and dissipation that often needs to be parameterized in global circulation mod-77

els (Lott & Miller, 1997; Scinocca & McFarlane, 2000). Furthermore, small-scale details78

of mountains have been shown to change dynamics in both numerical and observational79

experiments (Aebischer & Schär, 1998; Schär, 2002; Schär et al., 2003), suggesting sim-80

ilar effects may likewise occur for seamounts. Indeed, recent work has indicated that pa-81

rameterized turbulent mixing is increased in hydrostatic simulations of a seamount that82

partially resolve the fine scale topographic variability (Aghor et al., 2025). Since our abil-83

ity to represent these high dissipation rates is fundamentally limited by resolution con-84

straints, especially in global and regional ocean models, the impacts of seamount (and,85

more generally, topography) roughness should be well-understood, so that they can be86

taken into account when appropriate.87

In this paper we use Large-Eddy Simulations (LES) to show that resolved rough-88

ness can significantly modify seamount wake energetics, often leading to differences larger89

than an order of magnitude. We focus our detailed analysis on the case of weakly strat-90

ified, rotating seamounts in Section 3 (since they are the most affected by small-scale rough-91

ness), where we show that small-scale bathymetric variation can increase kinetic energy92

(KE) dissipation by an order of magnitude, while increasing mixing by a factor of three.93

We also run a general parameter sweep in Section 4, and use results to investigate im-94

plications for global energetics in Section 5. Specifically, because the seamounts whose95

energetics are impacted by roughness are concentrated in the energetic flows of the South-96

ern Ocean, we estimate that up to 30% of the total dissipation by seamounts globally97

may be attributed to small-scale bathymetric variability.98

2 Computational model and simulations99

We use turbulence-resolving Large-Eddy Simulations (LES) implemented using the100

Julia package Oceananigans (Ramadhan et al., 2020; Wagner et al., 2025) for all sim-101

ulations in this work. The simulations solve the filtered nonhydrostatic incompressible102

Boussinesq equations with subgrid-scale turbulence modeled using a Lagrangian-averaged103

dynamic Smagorinsky closure (Bou-Zeid et al., 2005). The domain is periodic in the merid-104

ional direction with inflow-outflow conditions in the zonal direction and an immersed bound-105

ary method to represent the bathymetry. Complete details on the numerical implemen-106

tation, boundary conditions, and discretization — including specific schemes, pressure107

treatment, SGS closure, and grid structure — are provided in Section 1 of the Support-108

ing Information (Adcroft et al., 1997; Chamecki et al., 2019; Bou-Zeid et al., 2005; Kleissl109

et al., 2006; Ramadhan et al., 2020; Wagner et al., 2025) and some key quantities can110

be found in Table 1.111

At the origin of our coordinate system there is a seamount whose bathymetric data112

was taken from the Balanus seamount (of the New England seamounts) using the Global113
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Parameter Definition Value

Lx Domain length (zonal) 3500 m
Ly Domain length (meridional) 2000 m
Lz Domain height (vertical) 200 m
∆x,∆y Horizontal grid spacing 2 m
∆z Vertical grid spacing for z ∈ [0,H] 1 m
U∞ Background velocity 0.1 m s−1

N∞ Background stratification (varies)
f Coriolis frequency (varies)
L Smoothing scale (varies)
W (FWHM) Seamount width (Full Width at Half Maximum) 500 m
H Seamount height 100 m
Rob Bathymetric Rossby number (U∞/|f |W ) (varies)
Frb Bathymetric Froude number (U∞/N∞H) (varies)
Sb Slope Burger number (Rob/Frb = N∞H/|f |W ) (varies)

Table 1: Parameters used by simulations in the present work along with their definitions
and values. The smoothing scale L refers to the resolution at which bathymetry is coars-
ened before interpolation back to the high-resolution grid (in order to smooth it). Note
that Mashayek et al. (2024) define their Burger number as the square of Sb.

Multi-Resolution Topography Synthesis (Ryan et al., 2009). Balanus was chosen because114

it is very well-surveyed and has an approximately Gaussian shape, facilitating compar-115

isons with other idealized studies. Note that, in order to generalize the horizontal scale116

to non-idealized seamounts, we use the Full Width at Half Maximum (FWHM1) as the117

relevant horizontal width W (calculated here as the square root of the seamount area118

at half its height).119

Given the constraints of LES (which needs to have O(1) meter resolution in the120

ocean), the seamount was scaled down to fit into a computationally-feasible domain size.121

This approach is standard in the literature and is equivalent to running a dimensionless122

simulation (Puthan et al., 2022; Liu et al., 2024), which conserves dynamics in high enough123

Reynolds number flows (Jalali & Sarkar, 2017; Chor & Wenegrat, 2025). One require-124

ment for dynamical similarity in our case is that the (attached) bottom boundary layer125

thickness needs to be much smaller than the size of the obstacle, which is observed. To126

make implications more intuitive, we occasionally scale up our results to match typical127

seamount dimensions when presenting key results — typically FWHM = W = 10 km128

(S. Kim & Wessel, 2011). We indicate when this occurs; otherwise, results use the sim-129

ulation dimensions.130

Note also that we can rescale the seamount independently in the vertical and hor-131

izontal directions, giving us control of the aspect ratio δ = H/W . This allowed us to132

try simulations using Balanus with different aspect ratios, where we verified that δ has133

only a small impact on wake energetics of simulations for ocean-relevant values. Instead134

the main dynamical consequence of a higher δ, is that it limits the permitted range of135

lee waves, which are only allowed when |f | < U∞k < N∞ = Sb|f |/δ, where k is a136

horizontal perturbation wavenumber, dictated in our case by the seamount (Baker & Mashayek,137

2022). Thus, no lee waves are allowed when δ ≥ Sb. Given that preliminary investiga-138

tions indicate that the presence of waves does not significantly modify our major find-139

ings (see Section 2 of the Supporting Information), we use δ = 0.2 in our simulations,140

1 For a symmetric Gaussian seamount, FWHM = 2
√
ln 2D, where D is the Gaussian diameter.
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excluding lee waves. Finally, simulations were run where the flow impinges on the seamount141

at different angles, with no appreciable differences observed in the results, suggesting that142

the effects discussed here are likely independent of specific bathymetric features.143

The bottom geometry is depicted in the top row of Figure 1, with the original seamount144

shown in the left panel and a smoothed version (with a smoothing scale L = 0.8W ) shown145

in the right panel. The smoothing, whose purpose is discussed in Sections 3 and 4, was146

performed by coarsening the original bathymetry data to a given resolution (named the147

smoothing scale L) and interpolating it back into the original high-resolution grid, which148

mimics the smoothed geometries used in idealized studies, and missing subgrid-scale vari-149

ance inherent in larger-scale realistic modeling.150

3 Low-Sb seamounts (representative of the Southern Ocean)151

We start our analysis focusing on seamounts that have a moderately low Slope Burger152

number Sb. As will be shown in Section 4, the energetics of seamounts in this regime are153

highly sensitive to roughness. Furthermore, taking data from Mashayek et al. (2024) as154

a basis, we see these seamounts are common in the Southern Ocean, which experiences155

especially energetic flows. Given that the total contribution to dissipation by an indi-156

vidual seamount can be estimated as157 ∫∫∫
εkdxdydz ∝ U3

∞W 2, (1)

we expect such a regime to be particularly important for global energetics given the cu-158

bic dependence on velocity (see also Section 5 for a quantitative assessment).159

We simulate a seamount interaction with Rob = 0.1, Frb = 1 (achieved with N∞ =160

1.25×10−3 s−1 and f = −2× 10−3 s−1, leading to a Sb = 0.1) in a deep water region161

where U∞ ≈ 0.1 m/s (Mashayek et al., 2024, Figures 1, S1, and S2). We run these sim-162

ulations with six different levels of smoothing, given by values of smoothing scale L =163

(0, 0.05, 0.1, 0.2, 0.4, 0.8)W . Note that, while this set-up does not allow lee waves (since164

Sb/δ < 1), we verified that a similar set-up which does support them produces simi-165

lar results (see Section 2 of the Supporting Information).166

3.1 General dynamics167

In all simulations in this section, once the initial adjustment period passes, the larger168

scales of the wake are largely time-independent, with the only visible time variability be-169

ing due to small-scale turbulence. While the amount of turbulence is a function of the170

resolved roughness, the seamount-scale dynamics approximately follow the solution by171

Hogg (1973)’s “weak stratification” regime. Namely, the largest feature of the flow is a172

single, isolated, vertically-coherent anticyclone at the top of the seamount — also in ac-173

cordance with Perfect et al. (2018)’s regime expectations. This feature can be seen in174

Figures 1e-f (which shows a vertical average of the vertical vorticity normalized by f)175

for rough and smooth seamounts, respectively. Even for the rough seamount, this an-176

ticyclone is dominant, with the main difference being its close-following of rough topo-177

graphic contours compared to the smooth version. Differently from the idealized solu-178

tion, but similar to previous simulations Srinivasan et al. (2019, first simulation in their179

Table 1), our simulations exhibit a weak, mostly-cyclonic wake, likely resulting from bot-180

tom drag (Srinivasan et al., 2019).181

Importantly, the wake has larger values of Ro for the rough seamount, most ap-182

parent as streaks of anticyclonic vorticity, which are a product of the smaller horizon-183

tal scales present in the rough bathymetry. These higher values of vorticity imprint on184

the Ertel potential vorticity (PV = ∇⃗b · [∇⃗ × u⃗ + fk⃗]), a horizontal-cross section of185

which is shown in Figure 1c-d. Such an imprint leads to streaks in PV that emanate from186

the rough seamount which have been reported in the atmospheric literature, where they187
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Figure 1: Left column shows results for the a rough seamount (L = 0) and right column
shows results for a smooth one (L = 0.8W ). Top row: bathymetry used in the simu-
lations. Second row: instantaneous snapshots of horizontal cross-section of Ertel PV at
z = H/3. Third row: time- and vertically-averaged pointwise Rossby number (vertical
vorticity /f). Fourth row: time-averaged, cross-direction-integrated KE dissipation rates.
Fifth row: time-averaged, vertically-integrated KE dissipation rates. Sixth row: time-
averaged, cross-direction-integrated buoyancy mixing rates. Seventh row: time-averaged,
vertically-integrated buoyancy mixing rates.
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are known as “PV banners” (Schär, 2002; Schär et al., 2003). These banners — absent188

from the smooth bathymetry — have been observed experimentally in atmospheric flows189

(Schär et al., 2003) and are known to affect flow dynamics downstream. Interestingly,190

while PV banners are often observed to have alternating positive-negative PV signals,191

in this case we see alternating positive-zero signals. This is likely due to turbulent mix-192

ing (either due to centrifugal instabilities or 3D turbulence from the seamount bound-193

ary layer) entraining high-PV ambient water, thus bringing negative-PV regions back194

to zero (Haine & Marshall, 1998; Srinivasan et al., 2021; Chor & Wenegrat, 2025).195

3.2 Turbulence and energetics196

While the large-scale dynamics of the solutions are similar between rough and smooth197

seamounts, the energetics are distinct. Figure 1g-j shows vertical and horizontal profiles198

of KE dissipation rate for both seamounts, and it is clear that the rough bathymetry is199

significantly more dissipative than the smooth one. Furthermore, patches of high dis-200

sipation (in both cases) are co-located with regions of large-magnitude small-scale vor-201

ticity (compare with Figure 1e-f) — a consequence of horizontal shear having a leading202

role in creating turbulence (see Section 3 of the Supporting Information).203

Moreover, while the peak of KE dissipation εk happens very close to the seamount204

and is more clearly impacted by the small-scale roughness, large values of buoyancy mix-205

ing εp tend to be more spread out along the wake. This effect can be seen more clearly206

when comparing Figure 2g,i with Figure 2k,m. Also interesting is the fact that mixing207

happens higher in the water column for the rough case (being concentrated at z ≈ H/2)208

than for the smooth case, where it is mostly concentrated at the bottom, which can be209

seen when comparing panels k and l of the same figure. A similar effect can be seen for210

the KE dissipation, although not as striking. We attribute this effect to the small-scale211

bathymetry prompting a more efficient wake separation, with the flow remaining approx-212

imately attached in the smooth seamount.213

In order to get a better assessment of the turbulence dependence on smoothness/roughness,214

we plot the normalized, time- and volume-averaged KE dissipation in Figure 2d as a func-215

tion of the normalized smoothing scale L/W as green circles. It is clear that there is a216

monotonic trend to lower dissipation rates as the bathymetry becomes smoother, with217

a steep initial drop (≈ 50%) already happening for L/W = 0.1. This difference sta-218

bilizes at around an order of magnitude for L/W ≈ 0.4, and further smoothing does219

not further decrease dissipation. Similar results are shown for mixing as magenta cir-220

cles in the same panel. Although quantitatively not as dramatic as results for dissipa-221

tion, smoothing still accounts for a roughly 3-fold difference in buoyancy mixing. These222

results are independent of seamount orientation, which can be seen in Figure 2d where223

crosses indicate cases run with the bathymetry rotated by 90◦. Finally, the top horizon-224

tal axis of Figure 2d shows what the smoothing scale would be for a typical seamount225

of W = 10 km (i.e. LW=10km), revealing that dissipation and mixing are already at a226

minimum with LW=10km = 4 km. Figure 2d also suggests that resolving bathymetric227

details of approximately LW=10km = 50 m may be necessary to capture the full effects228

of mixing and dissipation.229

4 Parameter sweep230

We now examine how roughness influences bulk energetics across various regions231

of the parameter space, characterized here by Rob and Frb. Globally, Rob for seamounts232

typically falls within 0.05–0.5, while Frb is more broadly distributed, generally between233

0.04 and 2 (based on data by Mashayek et al. (2024)). Accordingly, we perform 20 sim-234

ulations covering Rob = [0.05, 0.1, 0.2, 0.5] and Frb = [0.04, 0.08, 0.3, 1, 2], achieved by235

varying f and N∞. We estimate the normalized, time-averaged, volume-integrated KE236
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ing efficiency (panel c) as a function of the bathymetric Slope Burger number Sb. Red
points are results from simulations with rough bathymetry (smoothing length scale
L = 0) and blue points are results from smooth bathymetry (smoothed with a length
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shown in the legend. Panel d shows normalized time- and volume-averaged KE dissipa-
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dissipation and buoyancy mixing rates resulting from flow-seamount interactions as237

Ek =

∫∫∫
εkdxdydz

U3
∞W 2

, (2)

Ep =

∫∫∫
εpdxdydz

U3
∞W 2

, (3)

where (·) is a time-averaging operation, and the normalization comes from assuming
∫∫∫

(·)dxdydz ∼238

L2H and εk ∼ U3
∞/H — which has been numerically verified. Note that this scaling239

is slightly different than the one used by Chor and Wenegrat (2025) (who assumed εk ∼240

U3
∞/L), since there is some ambiguity in the definition of the length scale in this case,241

mostly due to possible changes in the physics with varying δ = H/W .242

Figure 2a shows results for Ek as a function of the bathymetric Slope Burger num-243

ber Sb. While it is clear that Ek results are organized by Sb, Figure 2a points to a sig-244

nificant difference between Ek generated by rough seamounts in comparison to smooth245

ones. Namely, for medium to large values of Sb, Ek scales approximately linearly with246

Slope Burger number, similar to results observed by Chor and Wenegrat (2025) for a head-247
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land. However, for low values of Sb, normalized dissipation rates asymptote to a constant248

value of O(10−2) when using the full resolution topography. Therefore Figure 2a sug-249

gests that the largest relative contribution of small-scale roughness to energetics hap-250

pens for flows with low Slope Burger numbers. Specifically, differences between rough251

and smooth seamount dissipations in Figure 2a for Sb ≈ 0.1 are of an order of magni-252

tude, consistent with the results of Section 3.253

Results for Ep are shown in Figure 2b, where an organization with Sb is also clear254

and, importantly, there is a smaller difference between buoyancy mixing in rough and255

smooth seamounts. Again consistent with Section 3 results, these differences can reach256

a factor of three, and are also more prominent in low-Sb seamounts. Furthermore, in con-257

trast to Ek, our results show a dependence of Ep ∼ S2
b . This departs from the linear de-258

pendence on Sb found by Chor and Wenegrat (2025), suggesting a dependence on geom-259

etry for Ep. This quadratic scaling for Ep, coupled with the linear scaling for Ek further260

implies a change in mixing efficiency (γ = Ep/(Ep + Ek)) with Slope Burger number,261

shown in Figure 2c. Results reveal near-zero γ values for low Slope Burger numbers, with262

mixing efficiency values increasing with increasing Sb. Mixing efficiency then saturates263

at γ ≈ 1 for Slope Burger number of unity and higher, which is when the vertical de-264

coupling effect of stratification surpasses the organization effects of rotation. Given that265

high Slope Burger seamounts tend to be concentrated close to the Equator (Mashayek266

et al., 2024, Figure 1E), this implies that low-latitude seamounts may tend to be par-267

ticularly efficient in mixing buoyancy, although that is not pursued further here (see Sec-268

tion 4 of the Supporting Information).269

5 Implications for global energetics270

Results in Sections 3 and 4 reveal significant differences between rough and smooth271

seamounts. In particular, given the difference in scaling between both cases in Figure272

2a, we are prompted to explore large-scale implications for both configurations. We be-273

gin by approximating the dissipation around both rough and smooth seamounts sepa-274

rately according to275

Esmooth
k = 2× 10−2Sb, (4)

Erough
k = max(Esmooth

k , 2× 10−2). (5)

Both curves are shown in Figure 2a as dashed lines. We can use Equations (2)–(3), along276

with (4)–(5), to estimate the integrated dissipation by each mapped seamount individ-277

ually using data made available by Mashayek et al. (2024), giving us global estimates278

of seamount contributions to dissipation and mixing.279

Dissipation results are shown in Figure 3a-b for smooth and rough seamounts, re-280

spectively. It is clear that most of the seamount-led dissipation happens in the South-281

ern Ocean regardless of seamount roughness, as expected due to the cubic velocity de-282

pendence in Equation (1). That said, dissipation rates are clearly higher for rough seamounts,283

evident in Figure 3c, which shows zonally-integrated dissipation for both cases. These284

results suggest that seamount roughness (i.e. small-scale bathymetric variability) may285

account for approximately 30% of KE dissipation in the global ocean, and 40% in the286

Southern Ocean specifically.287

Moreover, these results suggest that small-scale topographic features, while per-288

haps secondary for local dynamics, can change the energetics significantly. Taking the289

dimensions of our geometry and scaling it up to representative Southern Ocean seamount290

sizes (≈ 10 km FWHM; see Figure 2d), our results imply that, by not representing bathy-291

metric details smaller than 500 meters, a model could underestimate dissipation rates292

by 30 to 50% around a given Southern Ocean seamount. This further implies that hor-293

izontal grid spacings of ≈ 100 m or smaller are necessary to capture representative seamount294

energetics in the south.295
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Figure 3: Global integrated seamount dissipation (panels a-b) and mixing (panels d-
e). Panel a shows KE dissipation using the scaling for smooth seamounts, while panel b
shows the same results using the model for rough seamounts. Panel d shows buoyancy
mixing using a linear dependence on Sb, while panel e shows the same results but as-
suming a quadratic dependence. Panels c and f show zonally-integrated dissipation and
buoyancy per degree of latitude.

Beyond the resolution of the topography itself there may be additional problems296

with model representation of the forward energy cascade. Although turbulence closures297

in regional ocean models are generally designed to capture energy production associated298

with vertical shear, our simulations show that horizontal shear production also plays a299

significant role (see Section 3 of the Supporting Information). However, horizontal shear300

production is not accounted for in most commonly-used turbulence closure schemes. As301

a result, present parameterizations have limited ability to represent the full range of en-302

ergetics associated with rough seamounts, such that even regional simulations with re-303

solved topography may not appropriately represent wake mixing (cf. Aghor et al. (2025)).304

To address this gap, turbulence closures could be expanded in one of two ways: by305

explicitly including the effects of horizontal shear production, or by parametrizing the306

impact of unresolved small-scale topography — much like existing wave drag parame-307

terizations (Scinocca & McFarlane, 2000; Jayne & St. Laurent, 2001; Y. Kim et al., 2003;308

Baker & Mashayek, 2022), some of which incorporate statistical representations of sub-309

grid scale topography (Lott & Miller, 1997). Implementing these improvements will also310

require more comprehensive high-resolution bathymetric data to accurately describe sub-311

grid scale variability, which is presently limited.312

6 Conclusions313

Understanding the energetic impact of seamounts on ocean turbulence and mix-314

ing is essential both for our understanding of global dynamics and for accurately rep-315

resenting oceanographic processes in numerical models. Despite the important role played316
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by seamounts as prominent drivers of turbulent dissipation and mixing, the effect of small-317

scale bathymetric roughness on their energetics had not been systematically studied. With318

this in mind, we used turbulence-resolving nonhydrostatic large-eddy simulations to sys-319

tematically explore the difference in energetics between rough and smooth seamounts.320

Our findings indicate that small-scale bathymetric roughness substantially enhances321

dissipation and mixing in comparison to smooth seamounts. These differences are espe-322

cially evident for seamounts with low Slope Burger numbers (Sb ⪅ 1), where kinetic323

energy dissipation can be up to an order of magnitude higher in rough cases, and buoy-324

ancy mixing rates are roughly three times larger. These seamounts are primarily found325

in the Southern Ocean, a region where strong currents make them particularly influen-326

tial in the global energy budget (see Equation (1)). Our results further indicate that omit-327

ting roughness can lead to an underestimation of global ocean dissipation by approxi-328

mately 30%, indicating a leading order effect of small-scale topographic features. Accu-329

rately resolving these effects would require grid resolutions finer than 100 m, which is330

not yet practical for global simulations. Consequently, it is essential that current mod-331

els and their parameterizations properly represent the influence of unresolved roughness332

and turbulence (see discussion in Section 5).333

While the main simulations in this work do not allow lee waves, their role was in-334

vestigated and found to not significantly alter energetics. With that said, for a sufficiently335

large gap between f and N∞, roughness may also impact the production of wave energy336

since small-scale waves would be permitted. Given that the smallest possible waves usu-337

ally have length scales of ≈ 600 m in the Southern Ocean (Baker & Mashayek, 2022)338

(corresponding to L/W ≈ 0.05 for a typical seamount size of W = 10 km), investi-339

gating this topic would have required prohibitively large simulations in our configura-340

tions, and likely requires different methods of investigation. Finally, although not shown341

here, preliminary investigations suggest that the effect of roughness may be more pro-342

nounced (and relevant over larger parts of the parameter space) in shallow water envi-343

ronments — an effect we leave for future studies. We consider both these issues, as well344

as investigations into possible parameterizations for the effects discussed in this manuscript,345

to be important future work with potentially global implications.346

Open Research Section347

The numerical model simulations upon which this study is based are too large to348

easily archive or transfer. Instead, all the code used to generate the results is available349

at https://doi.org/10.5281/zenodo.17938969 (Chor, 2025).350
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