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Key Points: 19 
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• The bottom eddy scales reduce by about 30-40% after adding small-scale topography 22 

• This reduction in bottom eddy scales is contributed by wave generation, forward energy 23 
cascade and modification of deep boundary current   24 
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Abstract 25 

A high-resolution nested model initialized with either smooth or synthetically-generated rough 26 
topography is used to investigate the role of small-scale topography in modulating eddy scales in 27 
the northern South China Sea. It is found that while adding small-scale topography leads to 28 
negligible changes in the surface eddy scales and their seasonal cycle, it significantly reduces the 29 
bottom eddy scales by about 30-40%. This reduction in bottom eddy scales is mainly contributed 30 
by three processes: wave generation due to flow interaction with rough topography and 31 
subsequent wave propagation into the ocean interior, forward energy cascade associated with 32 
processes such as nonpropagating form drag effect, and the influence of small-scale topography 33 
on the deep boundary current. Our results highlight the importance of small‐scale topography in 34 
setting the eddy length scales particularly in the deep ocean. 35 

 36 
 37 

Plain Language Summary 38 
Oceanic eddies are an important component in the world’s oceans. However, processes affecting 39 
the eddy length scales in the ocean are less well known. Here we investigate the role of small-40 
scale rough topography in setting eddy scales in a high-resolution nested modelling system. We 41 
conduct two high-resolution (△x ~500 m) model experiments: a smooth topography experiment 42 
and a rough topography experiment. We find that the bottom eddy scales are significantly 43 
reduced whereas the surface eddy scales remain unchanged after adding small-scale rough 44 
topography. 45 

 46 
 47 

1 Introduction 48 

The ocean is intrinsically turbulent in nature and as a result of non-linear interactions 49 
energy in the ocean can transfer across spatial scales. Geostrophic turbulence theory predicts an 50 
inverse energy cascade (from small scales to large scales) of ocean eddy kinetic energy where 51 
the eddy length scale increases until it is halted at the Rhines scale by planetary wave 52 
propagation (Rhines, 1975; Salmon, 1998). However, satellite observations reveal that the 53 
dominate eddy scales in many regions of the oceans are only slightly larger than the local Rossby 54 
deformation radius (Stammer, 1997). This indicates that the inverse cascade is often arrested by 55 
other physical processes before it reaches the Rhines scale. 56 

For example, Arbic and Flierl (2004) found that the bottom friction, or bottom drag, can 57 
arrest the inverse cascade and thereby modulate the eddy length scale. Eddies in their model 58 
simulations tend to have larger horizontal scales than observations under weak bottom drag. 59 
Another possible candidate process that can affect eddy scale is the generation of lee waves over 60 
small-scale topography (wave drag), which is believed to be an efficient way to cascade the 61 
mesoscale energy to small-scales that are more readily to be dissipated (Nikurashin et al., 2013). 62 
The downscale or forward eddy energy cascade (from large scales to small scales) above the 63 
small-scale rough topography may contribute to the arrest of inverse cascade and thereby reduce 64 
the eddy scales. However, the manner in which wave drag affects the eddy scales may be quite 65 
different from that of bottom drag. For example, different from the bottom drag which only 66 
occurs in the bottom boundary layer, lee waves can radiate away from the ocean bottom into 67 
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ocean interior and interact with the mean flows (Baker & Mashayek, 2021; Kunze & Lien, 2019; 68 
Sun et al., 2022). In addition, existing literature (e.g., Nikurashin et al., 2013; Yang et al., 2021; 69 
Yang et al., 2022) found the presence of small-scale topography can prominently reduce the 70 
bottom velocity and further weaken the bottom drag, indicating that the role of bottom drag in 71 
modulating eddy scale could be overestimated in models that do not include small-scale 72 
topography.  73 

Trossman et al. (2017) investigated the sensitivity of bottom drag and wave drag on flow 74 
baroclinicity in a global model with and without an internal wave drag parameterization. They 75 
showed that the presence of wave drag (or enhanced bottom drag) can enhance the flow 76 
baroclinicity, but has a negligible effect on the surface eddy scales. However, their result could 77 
be sensitive to the fixed vertical scale they prescribed for wave momentum flux distribution in 78 
their parameterization scheme (e.g., Saenko et al., 2012). The vertical scale is associated with the 79 
wave decaying processes (e.g., wave breaking; wave-flow and wave-wave interaction). Our 80 
understanding about these processes is limited (Whalen et al., 2020). In addition, the 81 
parameterization of wave drag is sensitive to model resolution (Hurlburt & Hogan, 2008; Ruan et 82 
al., 2021). Therefore, high-resolution lee wave resolving models are needed to test the sensitivity 83 
of small-scale topography in modulating ocean eddy scales. 84 

The eddy length scale is a key parameter of ocean eddies and it matters for the role of the 85 
eddies play in the ocean such as in transporting and mixing tracers. As such, it is one of the key 86 
ingredients in the development of eddy parameterization schemes (e.g., Eden and Greatbatch, 87 
2008; Visbeck et al., 1997). Here we want to investigate the potential candidates for modulating 88 
eddy scales, with a special focus on the generation of lee waves over small-scale topography. 89 
The eddy scales could be also associated with ocean energy cascade (Wang et al., 2019) and it 90 
may provide important clues in the precise estimate of the eddy dissipation coefficients near the 91 
ocean bottom and small-scale topography, which in turn, help us understand the larger-scale 92 
ocean circulation, such like the structure of deep-ocean western boundary current. The horizontal 93 
scale of radiating lee waves predicted by the linear theory ranges from |Ub/f| to Ub/N (f and N are 94 
the Coriolis frequency and the bottom buoyancy frequency; Ub is the bottom velocity; Bell, 95 
1975a, b), and typically spans a wavelength of ~O(0.1-10) km. We conduct two high-resolution 96 
(△x ~500 m) lee wave resolving ocean simulations of the northern South China Sea (SCS) to 97 
evaluate the role of small-scale topography in modulating eddy scales: one initialized with a 98 
smooth topography and the other one with a synthetically-generated rough topography. Strong 99 
mesoscale eddy activities have been found in the northern SCS and these eddies play a critical 100 
role in the biogeochemistry system of the SCS (Figure 1; Yang et al., 2019). In this study, we 101 
find the eddy scales are significantly reduced above the rough bottom whereas the surface scales 102 
remain unchanged. This paper is organized as follows. Model configuration is described in 103 
section 2. In section 3, we compare eddy scales in the two experiments and investigate the 104 
influence of small-scale topography on kinetic energy (KE) cascade. The reasons behinds the 105 
reduced eddy scales near the bottom and unchanged eddy scales at the surface are discussed in 106 
section 4. Results are summarized in section 5. 107 
 108 
 109 
 110 
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2 Methodology 111 

2.1. Model configuration 112 

A three-level nested modelling system (the Massachusetts Institute of Technology 113 
general circulation model (MITgcm); Marshall et al., 1997) is used in our study. The parent 114 
model (hereinafter P1) has a horizontal resolution of 1/24° covering most of the Northwest 115 
Pacific, and the two child models (hereinafter C1 and C2) have horizontal resolutions of 1/72° 116 
and 1/216°, respectively (Figure 1). A vertical resolution refinement (165 levels in total with 117 
maximum △z = 30 m) is also implemented in C1 and C2 to resolve the small-scale wave 118 
motions. All three models are driven by daily climatology forcing except for C2 which has a 119 
monthly wind forcing to avoid the wind-induced near-inertial waves. No geothermal heating or 120 
tide forcing is included in any of the model runs. Detailed model configurations can be found in 121 
Yang et al. (2022) where the same model configuration was used to study the effect of rough 122 
topography on eddy dissipation in the northern SCS. We evaluated the C1 model performance by 123 
comparing the model-simulated eddy KE with that derived from the satellite-observed sea level 124 
anomaly data and found they compare well. We also compared the model buoyancy frequency 125 
and bottom velocity (two important parameters determining whether the lee waves radiate or not) 126 
with World Ocean Atlas climatology and data-assimilated reanalyses products (ECCO2), and 127 
found that both parameters in our model match the observation and reanalysis data reasonably 128 
well (Yang et al., 2022). 129 

Two experiments are designed in the C2 simulation: one with a smooth topography 130 
(hereafter SMOOTH) and the other with a rough topography (hereafter ROUGH). The smooth 131 
topography is obtained from the SRTM30_PLUS dataset (Becker et al., 2009) which is smoothed 132 
using a spatial low-pass filter with a cutoff wavelength of 20 km which eliminates the radiation 133 
of most of the lee waves (Bell, 1975a, b). Moreover, synthetic small-scale (<20 km) topography 134 
is added to the smoothed topography, but only to regions deeper than 500 m to avoid 135 
outcropping of the superimposed topography in ROUGH experiment. The synthetic topography 136 
(Figure A1) is derived from the topographic spectral model of Goff and Jordan (1988): 137 
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The characteristic wavenumbers (k0, l0), the variance of the topographic height (h2) and 139 
the slope of high-wavenumber roll-off ( μ ) are derived from observed single beam topographic 140 
data by fitting the spectral parameters in Eq. (1). Here we assume the synthetic topography is 141 
isotropic without considering the wave vector angle (φ ) and the azimuthal angle ( 0φ ). Then the 142 

synthetic topography is generated as a sum of Fourier modes with same amplitudes given by the 143 
topographic spectrum but with random phases. This method for generating synthetic topography 144 
has been widely used in studies of internal tides (e.g., Melet et al., 2013; Nikurashin & Legg, 145 
2011) and lee waves (e.g., Nikurashin et al., 2013; Yang et al., 2021). Detailed method for the 146 
synthetic topography generation can be found in APPENDIX C of Yang et al. (2022).  147 

The two experiments have been run for 26 months and the model outputs of the last 20 148 
months will be analyzed in this study. Both the upper- and bottom-ocean KE are found to reach 149 
quasi-equilibrium states after 6 months, with the annual drift of KE being less than 3% of the 150 
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Cd is the quadratic drag coefficient. Ah and A4h are the harmonic and bi-harmonic horizontal 173 
viscosity coefficients. Az is the vertical viscosity coefficient. uh is the horizontal velocity. Note 174 
that dissipation caused by wave drag is included in εv. 175 
 176 

2.4. Decomposition of wave and nonwave motions 177 

The intrinsic phase speed of internal lee waves is equal and opposite to the flow so that 178 
they are stationary in an Eulerian frame (Nikurashin & Ferrari, 2010). Here we decompose the 179 
velocity field in a Lagrangian frame which accounts for the Doppler shifting of wave frequency 180 
(Nagai et al., 2015; Shakespeare & Hogg, 2017; Yang et al., 2021; Yang et al., 2022). The wave 181 
motion is isolated by filtering the motions with Lagrangian frequencies higher than f. 182 

Nearly 150 million flow-following floats (one float per model cell) are introduced in the 183 
two experiments and their trajectories are saved hourly over 2-day simulated periods. These 2-184 
day periods are chosen because the volume-integrated energy dissipation during these 2 days is 185 
close to their annual average. The lee wave KE is mainly concentrated above the rough bottom 186 
and is weak in the upper 300 m (Yang et al., 2022). To reduce computational cost, particles in 187 
the SMOOTH experiment are only introduced in the water column below 300 m depth. We first 188 
use a high-pass filter (higher than  f) on the float velocity fields and then interpolated the filtered 189 
velocity back to the model grid. The wave velocity (uw) and nonwave velocity (unw) are defined 190 
as the interpolated high-frequency (low-frequency) velocity, respectively. The KE viscous 191 
dissipation associated with wave and nonwave motions can then be calculated using Eq. (4) with 192 
uw and unw, respectively. Detailed method description can be found in Yang et al. (2022). 193 

 194 

2.5. Cross-scale eddy kinetic energy flux 195 

We use a coarse-graining method to calculate the cross-scale kinetic energy fluxes (CSF) 196 
in the two experiments (Eyink & Aluie, 2009). Different from the conventional methods of 197 
spectral flux (e.g., Arbic et al., 2013; Capet et al., 2008), the advantage of this method is that it 198 
can deal with the small-scale inhomogeneous flows (e.g., lee waves in our study; Aluie et al., 199 
2018). 200 

The CSF can be diagnosed as follows: 201 

( ) ( ) ( ) zh Π+Π=Π ,                                                                                        (5)  202 

where 203 

( ) ( ) ( )( ) ( )[ ]yxyxh vvvvuvuuvuuu
2222 −++−+−−=Π  ,                                     (6)                204 

and 205 

( ) ( ) ( )[ ]zzz uwuuwvwvvw −+−−=Π  .                                                               (7) 206 

The overbars in Eqs. (6-7) represent the low-pass filtering (with a cutoff scale  ) with 207 
convoluted filters. Positive (Negative) ( )Π  represents a downscale (upscale) energy transfer. 208 
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( )Π  with length scales  =3, 5, 10, 15, 20, 35, 50, 70 km are calculated both in SMOOTH and 209 
ROUGH experiments. 210 

 211 
3. Results 212 

3.1. Eddy scales 213 

The surface and bottom eddy scales are first calculated in SMOOTH and ROUGH 214 
experiments (only regions deeper than 500 m are considered, i.e., regions superimposed by rough 215 
topography; Figure 2). The eddy scales are computed using Eq. (2) for different surface and 216 
bottom layers. Figures 2a, b show the diagnosed eddy scales averaged in the surface 50 m and 217 
surface 200 m of the two experiments in the last 20 months. The surface eddy scales in both 218 
experiments exhibit a similar strong seasonal cycle with larger scales in summer and smaller 219 
scales in winter. The main difference between eddy scales in the surface 50 m and those in the 220 
surface 200 m appears in winter, with slightly larger scales in the surface 200 m (~30 km in the 221 
surface 50 m vs. ~40 km in the surface 200 m). The northern SCS is characterized by energetic 222 
submesoscale motions in winter which are mainly associated with the mixed-layer instability 223 
(Zhang et al., 2020). Figure 3 shows the simulated surface Rossby number (ζ/f) on July 18th and 224 
January 18th, respectively. On a typical summer day (Figures 3a, c), large Rossby numbers occur 225 
only at the edge of mesoscale eddies, whereas on a winter day (Figures 3b, d), significant 226 
submesoscale motions with large Rossby numbers can be spotted almost in the whole northern 227 
SCS. The submesoscale motions with horizontal scales of O(1-10 km) can modulate the vorticity 228 
integral eddy scales, resulting in smaller Lv in winter (Qiu et al., 2014). Quantitatively, the root-229 
mean-square of the Rossby number is 0.60 (0.61) for SMOOTH (ROUGH) in winter and 0.18 230 
(0.19) in summer. The seasonal variation of the Rossby numbers is much greater than that of the 231 
surface eddy scales (Figures 2a-b) because the former is more dominated by the submesoscale 232 
activities, which, however, only account for a small part of ocean energy (Zhang et al., 2021). In 233 
addition, the submesoscale activities are mainly concentrated within the surface mixed layer (the 234 
mixed layer depth of the northern SCS in winter is typically about 50 m), resulting in a slightly 235 
smaller eddy scale in the surface 50 m than that in the surface 200 m in winter. 236 

There are no obvious differences in eddy scales in the surface layers between the two 237 
experiments, consistent with the model result of Trossman et al. (2017) where the bottom wave 238 
drag is parameterized. We also calculate energy-containing scales associated with the power 239 

spectral density of KE (
( )

( )
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+
=

dkdllkElk

dkdllkE
Lc

,~
,~

22
 where ( )lkE ,~  denotes the power spectral 240 

density of KE) averaged in the top 50 m and find similar annual-mean and seasonal cycle of 241 
eddy scales in the two experiments (not shown). However, applying this energy spectral method 242 
to diagnose energy-containing eddy scales near the bottom is challenging due to the presence of 243 
topography. 244 

In contrast, there is no discernible seasonal cycle of eddy scales near the bottom and the 245 
eddy scales in ROUGH are significantly smaller than those in SMOOTH (Figures 2c, d). 246 
Quantitatively, the average eddy scale in the bottom 100 m (300 m) is 4.4 km (7.2 km) in the 247 
SMOOTH experiment, compared to 3 km (4.9 km) in the ROUGH experiment, representing a 248 
decrease of 32% (32%). 249 

 250 
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 251 
Figure 2. Time series of eddy scales (Eq. (2), Lv, km) averaged in the top (a) 50 m and (b) 200 m 252 
and in the bottom (c) 100 m and (d) 300 m in the two experiments. Thin blue (red) lines 253 
represent instantaneous results with an interval of 5 days for SMOOTH (ROUGH), and the thick 254 
lines represent their seasonal averages. 255 

 256 

 257 
Figure 3. Spatial distributions of surface Rossby number (ζ/f) on (a, c) July 18th and (b, d) 258 
January 18th. (a, b) Results from the SMOOTH experiment and (c, d) results from the ROUGH 259 
experiment. Only the results in the study region are shown (white dashed line in Figure 1). 260 

 261 

Given that the average eddy scale in the bottom layer is significantly smaller in ROUGH 262 
than in SMOOTH but they are comparable in the surface layers, it is of interest to find out the 263 
vertical scale of the influence of rough topography on eddy scales. To do that, we calculate the 264 
volume-averaged eddy scales with similar water depths and composite eddy scales according to 265 
the depth of the SMOOTH topography (Figures 4a, b). Detailed methods are as follows: all grids 266 
are re-arranged according to the depth of the SMOOTH topography; then grids with similar 267 
depths (e.g., 0-250 m; 250-500 m; 500-750 m...) are grouped together; in each group, we 268 
calculate the volume-averaged eddy scales within a vertical bin of 250 m (from top to bottom). 269 
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In this study, we use the SMOOTH topography as the reference topography and regard the height 270 
above/below the SMOOTH topography (i.e., HAB > 0 and HAB <0) as the ‘crest’ and ‘trough’ 271 
of the rough topography (note the average depth of the added small-scale topography is 0 m). In 272 
both experiments the eddy scales are found to gradually decrease with depth from over 50 km 273 
near the surface to about 10 km near the bottom. Only slight differences in eddy scales exist in 274 
the upper ocean between the two experiments. In addition, the eddy scales in ROUGH are about 275 
30-40% smaller compared to SMOOTH within several hundred of meters (about 500 m in the 276 
slope region but more than 1000 m in the deep basin) above the rough topography. No such scale 277 
difference can be found near the bottom in the shelf region (shallower than 500 m) where small-278 
scale topography is not added. 279 

Even though the bottom eddy scales only differ by about several kilometers between the 280 
two experiments, the percentage difference is large (about 30-40%) within a few hundred meters 281 
over the rough topography because the eddy scales are small there. The reduced bottom eddy 282 
scales in ROUGH may have implications for eddy energy dissipation. Our previous study (Yang 283 
et al., 2022) has found significantly enhanced viscous dissipation within hundreds meters over 284 
the rough bottom. Here we reproduce the result of viscous energy dissipation rates in Figures 4d-285 
f. There is a band of elevated viscous dissipation close to the rough topography and also further 286 
up in the water column. The areas of enhanced viscous dissipation generally coincide with the 287 
areas of reduced eddy scales in ROUGH. The close connection between the viscous dissipation 288 
and reduced bottom eddy scales suggests an enhanced downscale energy cascade in the ROUGH 289 
experiment which we will discuss in details in section 3.2.  290 
 291 

 292 
Figure 4. (a-b) Time-mean composite eddy scales (Eq. (2), Lv, km) in SMOOTH and ROUGH 293 
(km) and (c) their relative difference (percentage). (d-e) Composited viscous dissipation (Eq. 4, 294 
in log10, W/kg) in SMOOTH and ROUGH and (f) their relative difference. Black dots in (c) 295 
indicate percentage differences greater than 25%.  296 
 297 
 298 
 299 
 300 
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3.2. Cross-scale kinetic energy flux 301 

To evaluate the impact of rough topography on energy cascade in our model simulations, 302 
we compute the CSF ( ( )Π ) with a coarse-graining method (Eyink & Aluie, 2009).  303 

Figure 5 shows the CSF in the surface layer in summer and winter in the two 304 
experiments. Seasonal changes of CSF are mostly confined in the upper ocean with a larger 305 
amplitude in winter than in summer. In the top 20 m and particularly in wintertime, the CSF is 306 
positive, i.e., energy flux is downscale, which is in contrast with some previous modelling 307 
studies (e.g., Dong et al., 2020; Sasaki et al., 2014; Schubert et al., 2020) where the dominant 308 
energy transfer is found to be from submesoscales to mesoscales, i.e, upscale energy flux. A 309 
possible explanation for this discrepancy is the much higher model resolution used in this study 310 
(~500 m) compared to previous studies, e.g., ~3km in Sasaki et al. (2014). Recent open ocean 311 
observations by Naveira Garabato et al. (2022) found a downscale energy transfer from 312 
mesoscale to submesoscale motions as a result of frontogenesis processes. However, models with 313 
resolution fine enough to resolve mixed layer instability still fail to reproduce this frontal 314 
downscale energy transfer due to resolution limit. Here we repeat the calculation of the CSF in 315 
the middle-level nested model, i.e., C1, which has a horizontal resolution three times coarser 316 
than C2 used for SMOOTH and ROUGH experiments. The CSF in the surface layer of C1 is 317 
found to be much less positive than that in C2. For example, the positive summer CSF in C2 now 318 
disappears in C1 and the winter CSF in C1 is negative at scales larger than ~45 km (Figure B1). 319 
Below the surface 20 m or so, the CSF are directed toward larger scales (negative), consistent 320 
with the geostrophic turbulence theory which suggested a ‘inverse cascade’ of KE (Salmon, 321 
1998). The differences in CSF between the two experiments are very small, consistent with the 322 
similar surface eddy scales found in the two experiments (Figures 2a, b).  323 

 324 

 325 
Figure 5. Time-mean surface cross-scale kinetic energy fluxes (Eqs. (5-7), ( )Π , W/kg) in (a-b) 326 
summer (JJA) and (c-d) winter (DJF). (a) and (c) are results for the SMOOTH experiment 327 
whereas (b) and (d) for the ROUGH experiment. Positive (Negative) shading indicates a forward 328 
(inverse) energy cascade. Black lines show the locations of the mixed layer (0.2oC temperature 329 
difference with surface). 330 

 331 
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Unlike the surface CSF, the bottom CSF show significant differences between the two 332 
experiments (Figure 6). In the SMOOTH experiment, the inverse energy transfer takes place 333 
almost everywhere, except for very close to the bottom where a forward energy transfer occurs at 334 
relatively small scales (<25 km). Note that the lee waves can still be generated in SMOOTH, 335 
especially in the shallow bottom where the bottom velocity is relatively strong, which contributes 336 
to the forward energy transfer seen in SMOOTH. In the ROUGH experiment, although the ocean 337 
interior is still characterized by inverse cascade (upscale), the upscale energy flux is weaker 338 
compared to that at the same depth in the SMOOTH experiment. In addition, a much more 339 
substantial downscale energy transfer occurs both at small scales and large scales within the 340 
bottom 200 m above the rough bottom. The thickness of this bottom layer of downscale energy 341 
transfer is close to that of the band of bottom-enhanced dissipation shown in Figure 4f.  342 

The slope of CSF, ( ) ( )  ∂Π∂=T , implies sources or sinks of eddy KE for different 343 
length scales. Negative values of ( )T  (divergence) indicate an energy source for eddy KE at 344 
scale   while positive values (convergence) represent an energy sink at scale  . Here we define 345 
a convergence scale for the inverse cascade ( ( ) 0=∂Π∂  ) which has been used to indicate the 346 
surface eddy scale in the Agulhas region (Schubert et al., 2020). The convergence scale is found 347 
to be about 20 km in the SMOOTH experiment, but 10-15 km in the ROUGH experiment 348 
(yellow lines in Figure 6). The smaller convergence scale in the ROUGH experiment shows that 349 
the inverse cascade is arrested at smaller scales and further contribute to the reduced bottom 350 
eddy scales found in ROUGH. 351 

 352 

 353 
Figure 6. Time-mean bottom cross-scale kinetic energy fluxes (Eqs. (5-7), ( )Π , W/kg) in (a) 354 
SMOOTH and (b) ROUGH. Positive (Negative) shading indicates a forward (inverse) energy 355 
cascade. The yellow lines mark the convergence scales ( ( ) 0=∂Π∂  ).  356 
 357 
 358 
 359 
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3.3. Wave and non-wave contributions 360 

The horizontal scale of the radiating lee wave predicted by the linear theory typically 361 
spans a wavelength of ~O(0.1-10) km (Bell, 1975a, b). Previous studies (e.g., Nikurashin et al., 362 
2013; Polzin et al., 1997; Yang et al., 2022) found that the internal wave energy is strongly 363 
enhanced above the small-scale topography. Further analyses are therefore required to determine 364 
whether the reduction of eddy scales seen in ROUGH is associated with the small-scale wave 365 
motions or due to the reduced scales of balanced eddy motions. We quantify the influence of 366 
small-scale wave motions on Lv by isolating the wave motions using the Lagrangian filtering 367 
method. Eddy scales associated with the nonwave motions alone are then computed using Eq. (2) 368 
with unw. 369 

Figure 7 shows the composited eddy scales calculated with the total velocity and with the 370 
nonwave velocity alone in the two experiments (on May 13rd for SMOOTH and on May 23rd for 371 
ROUGH). After isolating the wave motions, both SMOOTH and ROUGH experiments show an 372 
increase in eddy scales, especially close to the bottom. In SMOOTH, large differences are 373 
mainly concentrated in the upper slope region where they can exceed 10% and the differences 374 
elsewhere (deeper than 2000 m) are mostly less than 5% (Figure 7a-c). This spatial pattern is 375 
consistent with the distribution of wave energy in the SMOOTH experiment which shows a 376 
bottom enhancement only above the shallow slope (Figure 8a). The shallow regions typically 377 
have stronger bottom velocities, which could lead to internal wave generation (between 378 
horizontal scales from |Ub/f| to Ub/N) despite of the absence of small-scale (<20 km) topography 379 
in the SMOOTH experiment. In ROUGH experiment, the eddy scales calculated with the 380 
nonwave velocity alone are greater than those calculated with the total velocity, particularly 381 
above the rough topography where the relative differences can be as large as 20% on the shallow 382 
slope and about 15% in the deep basin (Figure 7d-f). In the ocean interior, the eddy scales also 383 
increase by 5-10% after the wave motions have been excluded. 384 

Although the presence of wave motions in ROUGH reduces the eddy scales diagnosed 385 
from the total velocity, especially close to the ocean bottom, it only partly explains the 386 
differences in eddy scales found between SMOOTH and ROUGH. After removing the wave 387 
motions, the bottom eddy scales associated with nonwave motions are still found to be about 388 
20% smaller in ROUGH than SMOOTH. For example, the average nonwave eddy scale in the 389 
bottom 100 m (300 m) is 4.5 km (8.7 km) in the SMOOTH experiment comparing to 3.5 km (6.8 390 
km) in the ROUGH experiment, representing a difference of 22% (22%). Figure C1 shows the 391 
nonwave eddy scale differences between the two experiments (i.e., Figure 7b minus Figure 7e). 392 
The bottom nonwave eddy scales are generally larger in SMOOTH, especially in the shallow 393 
slope region and deep basin. In the ocean interior, the eddy scales in SMOOTH are larger above 394 
the shallow slope and deep basin, but smaller in other regions. This may be because the 2-day 395 
Lagrangian wave analysis periods is short. This result indicates that other physical processes at 396 
work are responsible for the reduced eddy scales associated with balanced motions in ROUGH 397 
which we will discuss in section 4b. 398 

 399 
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 400 
Figure 7. Composite eddy scales (Eq. (2), Lv, km) calculated with (a, d) the total velocity and 401 
(b,e) the nonwave velocity and (c, f) their relative differences (percentage) averaged over the 2-402 
day periods (May 12nd-13rd for SMOOTH and May 22nd-23rd for ROUGH) when a Lagrangian 403 
filter method is used to isolate wave motions. (a-c) Results from the SMOOTH experiment and 404 
(d-f) results from the ROUGH experiment. To reduce the computational cost, particles in the 405 
SMOOTH experiment are only introduced in the water column below 300 m depth (surface 406 
white areas in a-c). Black dots in f indicate percentage differences greater than 20%. 407 
 408 

 409 
Figure 8. Composite distribution of wave KE (in log10, m2/s2) in (a) SMOOTH and (b) ROUGH 410 
over the 2-day Lagrangian wave analysis periods and (c) their difference (in log10, m2/s2).  411 
 412 

The CSF diagnosed in the previous section also includes the wave process such as mean-413 
to-wave conversion (MTW conversion). In order to isolate energy cascade associated with 414 
balanced eddy motions, we now calculate the nonwave CSF using the nonwave component unw 415 
in Eqs. (5-7) (Figure 9).  416 

The total CSF averaged over the 2-day Lagrangian wave analysis periods is similar to the 417 
time-mean CSF in the two experiments: significant downscale energy transfers can be found 418 
within the 200 m above the rough topography in ROUGH whereas they only occur at small 419 
scales and very close to the bottom in SMOOTH (Figures 9a, d). After excluding the wave 420 
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motions, the bottom downscale KE fluxes disappear in SMOOTH. Although the bottom 421 
downscale KE fluxes are greatly reduced in ROUGH, there are still significant downscale energy 422 
fluxes at small scales, highlighting the role of nonwave processes in energy transfers above the 423 
rough topography. In the ocean interior, the nonwave CSF is responsible for the majority of the 424 
inverse cascade seen in the total CSF (Figures 9b, e). The differences between the total and the 425 
nonwave CSF are most likely associated with the MTW energy conversion (Figures 9c, f). In our 426 
previous study (Yang et al., 2022), we calculated the MTW energy conversion terms following 427 
Shakespeare and Hogg (2017) and found large values of positive MTW (from nonwave to the lee 428 
wave field) occur mainly in the bottom 200 m. Here we find the CSF below 200 m in ROUGH 429 
can be as large as 10-10 W/kg which is of the same order of magnitude as the MTW diagnosed in 430 
Yang et al. (2022).  431 

 432 

 433 
Figure 9. Bottom cross-scale kinetic energy fluxes (Eqs. (5-7), a&d) and their nonwave 434 
components (with nonwave velocity in Eqs. (5-7), b&e; W/kg) in (a-c) SMOOTH and (d-e) 435 
ROUGH averaged over the 2-day Lagrangian wave analysis periods. Positive (Negative) shading 436 
indicates a forward (inverse) energy cascade. (c&f) Differences between the total cross-scale 437 
energy fluxes and their nonwave components (W/kg). 438 

 439 

3.4. Ocean baroclinicity  440 

Our results suggest the presence of rough topography leads to significant downscale eddy 441 
energy cascade above the rough topography which may further enhance the baroclinicity of the 442 
ocean. Following Trossman et al. (2017), here we quantify the flow baroclinicity using two 443 
methods (Figure 10). The first method uses the ratio of baroclinic to barotropic KE (i.e., 444 
KEbc/KEbt). We define the barotropic velocity as the depth-averaged velocity and the baroclinic 445 
velocity as the deviations from the barotropic velocity. The second method uses the ratio of 446 
surface (100 m) to bottom (300 m) KE (i.e., KEtop100/KEbottom300). Using different surface or 447 
bottom thicknesses will not change our results.  448 

Both measurements show larger ratios in the ROUGH experiment, especially in the deep 449 
basin region (deeper than 3000 m; Figure 10, Table 1), indicating an enhancement of ocean 450 
baroclinicity in the presence of rough topography. KEtop100/KEbottom300 shows a more significant 451 
enhancement in ROUGH than KEbc/KEbt. The former increases almost everywhere in the 452 
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ROUGH experiment whereas the later only becomes larger in the deep basin region (Table 1). 453 
One possible explanation is that our experiments are not in the weak drag limit. The former 454 
method is found to be more suitable to quantify the flow baroclinicity when bottom drag is weak 455 
while the later is more suitable when bottom drag is strong (Arbic & Flierl, 2004).  456 

We also compare the sea surface height variance and time-average surface KE between 457 
the two experiments, but there is no obvious difference between them. It seems that in addition to 458 
the unchanged surface eddy scales, other parameters of the upper ocean are also insensitive to the 459 
small-scale topography in our model experiments. This provides another reason for the smaller 460 
difference in KEbc/KEbt between SMOOTH and ROUGH, since KEbc is surface-intensified and 461 
the difference in KEbt between the two experiments is relatively small (Table 1). 462 

 463 

 464 
Figure 10. Measurements of ocean baroclinicity in the two experiments. Ratio of baroclinic to 465 
barotropic KE (KEbc/KEbt) in (a) SMOOTH and (b) ROUGH experiments. Ratio of near surface 466 
(top 100 m) to near bottom (bottom 300 m) KE (in log10) in (c) SMOOTH and (d) ROUGH 467 
experiments. The black solid line shows the 3000-m isobath. Only regions deeper than 500 m are 468 
shown. 469 
 470 

Table 1. The area-weighted average of KEbt, KEbc/KEbt and KEtop100/KEbottom300 in SMOOTH 471 
and ROUGH experiments. Slope: 500-3000 m; basin: deeper than 3000 m. Values in bold fail to 472 

pass the significance test. 473 
  474 
                                                           SMOOTH                                     ROUGH      475 

                        Slope       Basin       Total               Slope       Basin       Total           476 

   477 

KEbt (×10-3 m2/s2)            4.0        0.79           2.5                   3.7         0.63           2.3 478 

KEbc/KEbt                      0.71            2.11           1.35                 0.72        2.44          1.51 479 

KEtop100/KEbottom300            28.7        16.6          23.2          50.2        35.7         43.5 480 

 481 
 482 
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4. Discussion 483 

a. Surface eddy scales unchanged 484 

We find the surface eddy scales remain unchanged in the presence of the small-scale 485 
topography. Trossman et al. (2017) also found similar results in a global model with 486 
parameterized wave drag and they hypothesized a short-circuiting of barotropization in the 487 
presence of the wave drag. A possible explanation is that the enhanced viscous dissipation owing 488 
to the small-scale topography is largely compensated by the reduction in bottom friction in 489 
ROUGH1 (Yang et al., 2022). For example, the volume-integrated (below 300-m depth) viscous 490 
dissipation is found to be enhanced by 73% in ROUGH compared to SMOOTH (31.45 W vs. 491 
54.47 W) whereas the volume-integrated bottom friction is reduced by 33% (39.2 W vs. 26.36 492 
W). The reduced bottom friction tends to increase the horizontal eddy scale which may 493 
counteract the effect of wave drag (Arbic & Flierl, 2004). In addition, the large stratification in 494 
the upper ocean may also play a part in maintaining the surface eddy scales. It has been found 495 
that the surface-intensified stratification could arrest the inverse cascade (Arbic & Flierl, 2004). 496 
Note that the surface stratification of the two experiments are quite similar. 497 

 498 
 499 
 500 
 501 
 502 
 503 
 504 
 505 
 506 
 507 
 508 
 509 
 510 
 511 
 512 
 513 
 514 

1 We find the dominant sink of lee wave energy in our model is wave dissipation (Yang et al., 515 
2023), although recent studies (e.g., Kunze & Lien, 2019; Wu et al., 2022) suggest the lee wave 516 
energy absorption by bottom-intensified flows may be also important for the lee wave energy 517 
sink.  518 

 519 
 520 
 521 
 522 
 523 
 524 
 525 
 526 

 527 
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b. Nonwave processes 528 

The reduced eddy scale above the rough topography could be associated with wave 529 
motions generated by flow-topography interaction, such as internal waves and inertial 530 
oscillations. However, we find the bottom eddy scales associated with nonwave motions are also 531 
reduced by about 20% in the ROUGH experiment. In addition, there are significant forward 532 
cross-scale nonwave energy transfers in the ROUGH experiment, whereas they are hardly seen 533 
in the SMOOTH experiment. These results indicate that nonwave processes also contribute to the 534 
reduced eddy scales found in ROUGH. 535 

In our previous work (Yang et al., 2022), we have found the presence of rough 536 
topography significantly enhances viscous dissipation and instabilities (e.g., anticyclonic-537 
ageostrophic instability, symmetric instability) within hundreds meters above the rough bottom. 538 
Among this enhanced viscous dissipation, only one third is caused by the enhanced wave energy 539 
dissipation, whereas the remaining two thirds is explained by an enhancement of the nonwave 540 
dissipation which is associated with the nonpropagating form drag effect (Klymak, 2018). The 541 
importance of the nonpropagating form drag effect was also highlighted by Trossman et al. 542 
(2015). For weak near-bottom flow or large-amplitude medium-scale topography (consistent 543 
with the rough topography simulation), the bottom flow is inherently turbulent. In this situation, 544 
the nonpropagating form drag could be a more efficient route to energy dissipation than the wave 545 
radiation. Including the small-scale topographic features in ROUGH experiment could not only 546 
significantly weaken the near-bottom flow, but also increase the topography amplitude. Both 547 
effects tend to enhanced the nonpropagating form drag. The nonpropagating form drag effect can 548 
be also inferred from the composite distribution of KE (Figures 11c-d). Below the SMOOTH 549 
topography (i.e., HAB < 0), the KE in ROUGH is significantly reduced due to the blocking 550 
effect. The nonwave processes, such as submesoscale instabilities and the nonpropagating form 551 
drag effect, could be efficient routes for transferring energy to small-scale motions and be 552 
responsible for the reduced nonwave eddy scales found in ROUGH. 553 

 554 
 555 

c. Reduced eddy scales in the ocean interior 556 

It’s interesting to see that the reduction of eddy scales extend more than 1000 m into the 557 
ocean interior above the rough bottom in the deep basin (Figure 4c), given that both wave 558 
generation and nonwave processes occur close to the rough bottom. This large vertical scale may 559 
be associated with the propagation of wave motions into the ocean interior since the area of 560 
reduced eddy scales generally coincides with the area of large wave KE differences (Figure 8c). 561 
However, this is not the only physical process at work because the interior eddy scales are still 562 
reduced in ROUGH compared to SMOOTH after the wave motions are excluded (Figures 5b, e). 563 

In our model, a bottom-intensified deep western boundary current is constrained between 564 
the 3000- and 3500-m isobath in the northern SCS, consistent with previous model result (e.g., 565 
Zhao et al., 2020; Figure 11). However, the horizontal mean flows in the deep ocean are quite 566 
different between the two experiments. The deep current in SMOOTH has a more spatially-567 
coherent structure with an average speed of about 1 cm/s, whereas the deep current in ROUGH is 568 
much weaker, narrower and less continuous own to the superposition of rough topography. 569 

In our analysis so far the eddy scales are calculated using Eq. (2) with the total velocity 570 
since the mean flow is usually much weaker than the “eddy flow”. However, this assumption 571 
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may not be true for the intensified boundary current. The reduction in eddy scales in the ocean 572 
interior could be overestimated due to the differences in the scales of the mean flow between the 573 
two experiments. To test this hypothesis, we compute and compare the eddy scales diagnosed 574 
using the velocity anomalies (the total velocity minus its annual mean) and the annual mean 575 
velocity (Figure 12). The percentage differences between SMOOTH and ROUGH in eddy scales 576 
in the ocean interior of the deep basin are significantly reduced (from ~40% to ~20%) when the 577 
eddy scales are diagnosed using velocity anomalies (Figure 12c). This reduction in eddy scale 578 
difference can be explained by the differences in the scales of the mean flow between the two 579 
experiments above the rough topography in the deep basin (Figure 12f). The percentage 580 
differences in eddy scales close to the bottom topography on the slope, on the other hand, remain 581 
largely unchanged between SMOOTH and ROUGH when the eddy scales are diagnosed using 582 
velocity anomalies (Figure 12c). 583 

Previous studies also found the inclusion of rough topography can modify the mean flow 584 
path (e.g., de Marez et al., 2020; Zhang & Nikurashin, 2020). This influence of the rough 585 
topography on mean flow may further affect the eddy energy, since the eddies are mainly 586 
generated through instabilities of the mean flow. In addition, the weakening of the deep western 587 
boundary current affects the transport of deep water, which has implications for water exchange 588 
between the SCS and the northwestern Pacific (Zhou et al., 2017). 589 

 590 

 591 
Figure 11. (a-b) Depth-averaged (bottom 500 m) kinetic energy (shading;  in log10; m2/s2) and 592 
current (arrows; m/s). The two yellow lines represent 3000- and 3500-m isobaths. (c-d) 593 
Composite distribution of kinetic energy (in log10; m2/s2). Only kinetic energy below 1500 m 594 
depth is shown.  595 

 596 
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 597 
Figure 12. (a-b) Composite eddy scales (Eq. (2), km) calculated using velocity anomalies in 598 
SMOOTH and ROUGH (km) and (c) their relative differences (percentage). (d-e) Composite 599 
mean flow scales (Eq. (2), km) calculated using annual mean velocities in SMOOTH and 600 
ROUGH and (f) their relative differences (percentage). Black dots in c and f indicate percentage 601 
differences greater than 25%. 602 

 603 

d. Contributions to the scale reduction 604 

This reduction in bottom eddy scales is mainly contributed by three processes: wave 605 
generation due to flow interaction with rough topography and subsequent wave propagation into 606 
the ocean interior, forward energy cascade associated with processes such as nonpropagating 607 
form drag effect, and the influence of small-scale topography on the deep boundary current. Here 608 
we try to quantify the contribution of each process.  609 

We define two regions according to the location of the deep boundary current: shallow 610 
region (500-2500 m) and deep region (deeper than 2500 m) and calculate the total/nonwave eddy 611 
scales averaged in the bottom 500 m in the two regions. In both regions, we find the nonwave 612 
eddy scale differences in the two experiments (~3 km for both regions) account for about two-613 
thirds of the total scale differences (~5 km for both regions), indicating the wave processes can 614 
explain about one-third of the eddy scale reduction above the rough bottom. In the shallow 615 
region, the remaining two-thirds is associated with the nonwave processes and in the deep region, 616 
the modification of deep boundary current also contributes. However, we note it’s difficult to 617 
separate their contributions, since they may interact with each other. Preliminary analyses 618 
suggest the nonwave processes may be more important. For example, the nonwave scale reduces 619 
by ~20% in the shallow region (15.1 km vs. 12.0 km), but the nonwave scale reduction doesn’t 620 
increase significantly (~30%, 9.9 km vs. 6.9 km) after adding the contribution of deep boundary 621 
current in the deep region. Here we only consider the reduction of bottom eddy scales, the 622 
modification of deep boundary current could be more important in the basin interior, since the 623 
other two effects mainly occur close to the rough bottom. 624 

 625 



manuscript submitted to Journal of Geophysical Research: Oceans 
 

 

e. Eddy anisotropy  626 

Previous studies (e.g., Stewart et al., 2015) have noted that eddies tend to align with 627 
isobaths and are anisotropic particularly near the seafloor. Here we compare the eddy anisotropy 628 
in SMOOTH and ROUTH. 629 

Following Stewart et al. (2015), the eddy anisotropy is defined here as the ratio of L/K, 630 

with ( ) 2
222

4
vuvuL ′′+

′−′
=  and 

2

22 vuK
′+′

= , where the overbars denote the annual mean and 631 

the primes deviations thereof. This ratio is in the range of 0-1 and the eddy anisotropy is stronger 632 
when this ratio is close to 1.  633 

We find the anisotropy ratios increase with depth in both experiments (consistent with 634 
Stewart et al., 2015) but the difference between the two experiments is small and not significant 635 
(not shown).  636 
 637 
5. Summary 638 

The effect of small-scale topography in modulating eddy scales in the northern SCS is 639 
investigated using a high-resolution nested model conducted with either a smooth topography or 640 
a synthetic rough topography. It is found that the surface eddy scales remain unchanged after 641 
adding small-scale topography and both experiments exhibit a similar seasonal cycle associated 642 
with submesoscale generation in winter. The lack of influence of small-scale topography on 643 
surface eddy scales in the northern SCS is likely due to the strong upper ocean stratification in 644 
this region as well as the compensation effect between reduced bottom friction and enhanced 645 
viscous dissipation in ROUGH.  646 

 On the other hand, the presence of small-scale topography leads to a significant 647 
reduction of bottom eddy scales by 30-40% within hundreds meters above the rough topography 648 
in the slope region and more than 1000 m above the rough topography in the deep basin. There 649 
are three main contributions to this reduction in the diagnosed bottom eddy scales. First, part of 650 
this reduction can be explained by small-scale wave motions generated by flow interaction with 651 
rough topography and the subsequent upward wave propagation into the ocean interior. Second, 652 
topography-induced nonwave processes such as submesoscale instabilities and nonpropagating 653 
form drag effect transfer energy to small-scale balanced eddy motions via a forward energy 654 
cascade. Third, the presence of small-scale topography is found to modify the path and structure 655 
of the deep western boundary current in the northern SCS. The deep boundary current is 656 
narrower and less continuous in rough topography experiment which contributes to the reduction 657 
of diagnosed eddy scales, particularly in the deep basin interior.  658 

The eddy length scale is a key parameter of ocean eddies and it matters for the role of the 659 
eddies play in the ocean such as in transporting, mixing tracers and eddy dissipation coefficients. 660 
As such, it is one of the key ingredients in the development of eddy parameterization schemes 661 
(e.g., Eden and Greatbatch, 2008; Visbeck et al., 1997). The results presented in this study 662 
highlight the importance of small-scale topography in modulating eddy length scales particularly 663 
in the deep ocean.  664 

 665 

 666 
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APPENDIX A 712 
Synthetically-generated rough topography 713 

 714 

 715 

Figure A1. Synthetically small-scale (<20 km) topography in the SCS (shading, m). Gray lines 716 

represent the 1000 m, 2000 m and 3000 m isolines, respectively.  717 

 718 
APPENDIX B 719 

Surface CSF in C1 720 
 721 

 722 
Figure B1. Time-mean surface cross-scale kinetic energy fluxes ( ( )Π , W/kg) in (a) summer and 723 
(b) winter of C1. Positive (Negative) shading indicates a forward (inverse) energy cascade. Black 724 
lines represent the mixed layer depth (the depth with a temperature difference of 0.2oC from the 725 
surface). Black lines show the locations of the mixed layer (0.2oC temperature difference with 726 
surface). 727 

 728 
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APPENDIX C 729 
Nonwave  eddy scale difference between SMOOTH and ROUGH 730 

 731 

 732 
 733 
Figure C1. The nonwave eddy scale differences between the two experiments (i.e., Figure 7b 734 
minus Figure 7e, km).  735 
 736 
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