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Abstract18

Oceanic fronts with lateral scales less than 20 km are now known to be one of the ma-19

jor contributors to vertical heat fluxes in the global ocean, which highlights their poten-20

tial impact on Earth’s climate. However, frontal dynamics with time scales less than one21

day, whose contribution to vertical heat fluxes is thought to be significant, are obscured22

by energetic internal gravity waves. In this study, we address this critical issue by sep-23

arating internal gravity waves and frontal dynamics using an approach based on their24

respective vertical scales of variability. Results using a numerical model with a horizon-25

tal grid spacing of 500 m confirm that it is possible to recover frontal dynamics at short26

time scales as well as associated intense vertical velocities and vertical heat fluxes. This27

opens up new possibilities for a more accurate estimation of the vertical exchanges of28

any tracers between the surface and the ocean interior.29

Plain Language Summary30

Two classes of motions involving large vertical velocities are present in the upper ocean:31

those associated with small-scale fronts (< 50 km, also called submesoscale or SBM fronts)32

and those associated with internal gravity waves (IGWs). SBM fronts are known to ex-33

plain most of the vertical transport of heat, nutrients, and major gases. IGWs do not34

transport tracers. Rather, small-scale IGWs are thought to lead to irreversible mixing35

through breaking. One issue that arises when analyzing in-situ observations and numer-36

ical simulations is how to discriminate between SBMs and IGWs when both classes of37

motions are energetic, such as in the California Current System. In this study, we show38

that SBM fronts and internal gravity waves exhibit different vertical scales, which can39

be exploited to separate the two classes of motions. Our results confirm that filtering40

the contribution of large vertical scales to 3-D velocity fields leads to an almost complete41

recovery of SBM frontal dynamics at short time scales. The significance of this separa-42

tion is illustrated by the impact of short-time-scale, frontal-induced vertical velocity on43

vertical heat fluxes.44

1 Introduction45

In the last ten years, numerical studies and field experiments have led to an important46

discovery. Frontal structures with lateral scales less than 20 km have a strong impact47

on the vertical transport of heat, nutrients, and important climatic gases between the48

ocean surface and interior (Fox-Kemper et al., 2011; Ferrari, 2011; DAsaro et al., 2011;49

Thompson et al., 2016; Su et al., 2018; Klein et al., 2019). These small-scale fronts are50

usually in geostrophic or gradient-wind balance and are called, in this study, submesoscale51

(SBM) fronts (see Thomas et al., 2008). The fronts are the result of advective stirring52

of buoyancy anomalies by mesoscale eddies (50–200 km in size). SBM fronts are now rec-53

ognized to be one of the major contributors to vertical heat fluxes in the oceans and, as54

such, may modulate the global ocean heat budget and therefore the Earth’s climate (Su55

et al., 2018; Yu et al., 2019; Siegelman et al., 2020; Su et al., 2020; Richards et al., 2021;56

Balwada et al., 2021).57

Idealized modeling studies, with weak internal wave energy, further emphasize that SBM58

fronts can evolve over time scales shorter than one day, with the resulting SBM frontal59

dynamics having an impact on vertical heat fluxes as large as SBM fronts with longer60

time scales (Hakim et al., 2002; Lapeyre et al., 2006; Gula et al., 2014; Balwada et al.,61

2021). A critical issue when assessing these fast-evolving frontal dynamics is that, although62

internal waves (IGWs) and SBM fronts share similar temporal and spatial scales, each63

has unique dynamical features (Balwada et al., 2018; Torres et al., 2018; Su et al., 2020).64

IGWs, including waves forced by tidal and near-inertial motions, quickly propagate hor-65

izontally (unlike SBM motions) and are associated with large vertical velocities but do66

not transport heat or other tracers. So far, separating IGWs and SBMs at these short67
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time scales has never been addressed, since most studies remove the IGW contamina-68

tion using a low-pass filter of one-to-three days, which also removes SBM contributions69

at short time scales (Qiu et al., 2016, 2020; Su et al., 2020).70

Here, we show that it is possible to separate IGWs and SBM frontal dynamics at short71

time scales and to recover the vital properties of SBM frontal dynamics in terms of in-72

tense divergence and vertical velocities. Our approach is based on the analysis of the ver-73

tical scales of oceanic motions. This analysis, as well as canonical IGW models (Garret74

& Munk, 1972), show that energetic IGWs are characterized by having large vertical scales75

whereas SBMs are characterized by smaller vertical scales. This scale separation is used76

to effectively separate these two types of motion. The approach of filtering large verti-77

cal scales is successfully tested in a simulation of the California Current System (CCS),78

a region west of the California coast where internal gravity waves are energetic (Kim et79

al., 2011; Mazloff et al., 2020). Results indicate that the proposed approach effectively80

removes the contamination of horizontal and vertical motions by IGWs and yet retains81

SBM frontal dynamics at time scales shorter than one day. The next section presents82

the CCS numerical simulation, run with 500-m horizontal grid spacing, which will be used83

to evaluate our approach. The spatial and temporal characteristics of SBMs and IGWs84

in the CCS, described in section 3, emphasize the high energy level of IGWs that con-85

taminate SBM fronts. Section 4 details our approach for separating IGWs and SBMs.86

Section 5 examines the recovered characteristics of SBM frontal dynamics at time scales87

less than a day and, in particular, their modulation by atmospheric forcings. Discussion88

and conclusions follow in the last section.89

2 Numerical simulation90

The regional CCS simulation considered in this study has been obtained via nesting within91

the global ocean numerical simulation known as LLC4320, which has a nominal grid spac-92

ing of 1/48◦ (∼ 2 km at midlatitudes) (Torres et al., 2018). More details on LLC432093

simulation are provided in Flexas et al. (2019) and in the Supporting Information. The94

CCS simulation has horizontal grid spacing of 500 m and 90 vertical levels. As described95

by Mazloff et al. (2020), the regional CCS simulation was forced by hourly LLC4320 fields96

at the lateral boundaries, which includes forcing by external and internal tides, near-inertial97

waves, and higher-frequency IGWS. These lateral boundary conditions produce a real-98

istic internal gravity wave spectrum (Mazloff et al., 2020).99

The domain considered is the central CCS (Figure 1a), extending from the coast to a100

longitude of 128◦W and spanning the latitudes 35◦N to 40◦N. The CCS simulation out-101

puts span December 1, 2011 to May 15, 2012. The present work is focused on the pe-102

riod from April 1 to 20, 2012. Model outputs have been compared with observations from103

a mooring whose location is shown by the red star on Figure 1a — see Supporting In-104

formation for a discussion of this comparison.105

3 Dynamics in the CCS106

3.1 Two dynamical regimes107

Figure 1a shows a typical SST field in the CCS during spring, displaying warm and cold108

waters separated by a sharp meandering SST front. The cold region, east of the front,109

corresponds to upwelling, extending up to 300 km from the coast. This upwelling region110

exhibits a temperature of ∼11◦C and has a thermocline at 155-m depth, as shown on111

Figure 1d. The warm region west of the front, the offshore region, is characterized by112

temperatures warmer by ∼3–4◦ C and a main thermocline at 255 m depth (Figure 1d).113

The mixed-layer (ML) depth is ∼50 m on both sides of the sharp front. The two regions114

exhibit different vertical stratification (Figure 1d), with the fluid weakly stratified be-115

low the mixed-layer down to 200 m in the offshore region (N/f ∼ 15, with N the Brunt-116
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a) b)

c) d)

Figure 1. Potential temperature (a), relative vorticity (b), divergence near the surface (c),

and vertical section of N2 (d) in the California Current System. The black isolines in panels a–c

show the 12.3◦C isotherm. The isotherm close to the coast marks the position of the upwelling

front. The contours in (d) are isotherms. The simulated mixed layer depth is ∼50 m in both

regions. The blue and red squares correspond, respectively, to the upwelling and offshore regions

analyzed in this study. The red star in (a) shows the location of the MBARI-M2 mooring (see

Supporting Information).

Väisälä frequency and f the Coriolis frequency) and moderately stratified below the mixed-117

layer down to 100 m (N/f ∼ 50) in the upwelling region.118

Dynamics in the CCS are analyzed by partitioning motions into a rotational part, ζ, and119

a divergent part, δ, (Kundu et al., 1990) with ζ and δ defined as ζ = vx − uy, δ =120

ux+vy, where u and v are the horizontal velocity components in Cartesian coordinates121

x and y. The relative vorticity ζ is equal to the spin of horizontal motions and the hor-122

izontal divergence δ is related to the vertical derivative of the vertical velocity via the123

3D incompressibility condition. Both ζ and δ are normalized by f , which corresponds124

to a period of 19.94 hours in the CCS. Fields of ζ/f and δ/f are shown on, respectively,125

panels 1b and 1c.126

The offshore region, west of the sharp front, includes numerous cyclonic vortices and cy-127

clonic and anticyclonic vorticity filaments with 2–20-km size (Figure 1b). These struc-128

tures are characterized by ζ/f magnitudes of up to four and therefore have character-129

istic time scales as small as 5 hours. Cyclonic vortices have larger sizes in the upwelling130

region but the density of filamentary ζ/f structures is smaller than in the offshore re-131

gion, although their magnitudes are still large (up to three). These ζ/f structures slowly132

propagate in both regions, as confirmed by the ζ/f movie in the Supporting Informa-133
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tion, which is a characteristic of mesoscale eddies and SBMs (Thomas et al., 2008). The134

δ/f field (Figure 1c) also has large magnitudes (up to three) but its spatial structures135

significantly differ from the ζ field, in particular in the upwelling region, where it involves136

incoherent patterns instead of vortices and filaments. The δ/f structures quickly prop-137

agate in this region, as displayed by the δ/f movie in the Supporting Information, which138

suggests that they are principally associated with IGWs. Analysis of ζ/f and δ/f fields139

at different times within two months confirms these characteristics.140

Examination of Figure 1b and c further indicates that ζ/f magnitudes are larger than141

δ/f magnitudes in the offshore region whereas ζ/f and δ/f magnitudes are similar in142

the upwelling region. This suggests the existence of two dynamical regimes with IGWs143

dominating the divergence field in the upwelling region whereas SBMs are more dom-144

inant in the offshore region. Differences between these two regions are likely explained145

in terms of vertical stratification (Siegelman, 2020) but an in-depth study is required to146

confirm this hypothesis. Nevertheless, these differences emphasize the challenge of sep-147

arating SBMs from IGWs in the upwelling region. Consequently, the following sections148

focus on the upwelling region (blue box in Figure 1b) with the results for the offshore149

region (red box in Figure 1c) shown in the Supporting Information.150

3.2 Relative vorticity and divergence in the upwelling region151

The relative importance of mesoscale eddies, SBMs and IGWs is better revealed when152

moving to the frequency-wavenumber space, i.e., the ω-k spectral space, with ω the fre-153

quency and k the isotropic horizontal wavenumber (Torres et al., 2018; Balwada et al.,154

2018; Cao et al., 2019; Su et al., 2020; Cao et al., 2021). The schematic spectrum of Fig-155

ure 2g indicates the location of the different classes of motions in the spectral space. They156

include mesoscale eddies, SBMs with low and high frequencies, and IGWs. Additionally,157

the schematic spectrum shows the IGW linear dispersion relation curves associated with158

baroclinic modes (dashed lines are for the first five modes and solid line for the tenth mode),159

which helps to identify energetic IGWs. Mesoscale eddies are usually thought to occupy160

the spectral domain outside the spectral area where baroclinic modes are plotted, with161

mesoscale eddies having periods of several days and spatial scales from 20 to 100 km for162

the blue box in Figure 1b. The SBM spectral domain is assumed in the present study163

to be outside the spectral area where baroclinic modes are plotted and to comprise scales164

smaller than 10 km and periods as small as a few hours, as hypothesized in other stud-165

ies (Torres et al., 2018; Cao et al., 2019, 2021). We refer the reader to Torres et al. (2018)166

for the methodology used to compute the ω-k spectra.167

In the upwelling region, most of the ζ/f variance (Figure 2a) is spread over an area along168

a sloped line going from 50 km (0.02 cpkm) and 4 days (0.01 cph) to 1 km and 2 hours169

(0.5 cph). This variance principally arises from mesoscale eddies and SBMs (Capet et170

al., 2008). The spectral distribution of the δ/f variance (Figure 2b) dramatically differs,171

with the largest δ/f -variance spread along the first five baroclinic modes, indicating a172

clear domination of the δ/f field by linear IGWs. These strikingly different spectral char-173

acteristics explain the conspicuous discrepancies between the ζ/f and δ/f fields in phys-174

ical space (Figure 3, first and second rows in the left column). They confirm that the175

ζ/f field is dominated by mesoscale eddies and SBM filaments whereas the δ/f field is176

dominated by IGWs. These results illustrate the challenge to meet, since it is impossi-177

ble from the fields in physical space to recover the divergence properties associated with178

SBM frontal dynamics. The situation is not so dramatic in the offshore region (not shown):179

most of the ζ/f and δ/f variance in spectral space are found in the areas explained by180

mesoscale eddies and SBMs, with the ζ/f variance larger in the mesoscale eddy area.181

This is consistent with the ζ/f and δ/f fields in physical space (see Supporting Infor-182

mation, Figure S8).183
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a) b) c)

d) e) f)

g)

Figure 2. Near-surface spectra of ζ/f (a and d), δ/f (b and e), and vertical velocity (c and

f). Panels (a), (b), and (c) concern the total (unfiltered) fields and panels (d), (e), and (f) the

filtered fields. These spectra are presented in variance-preserving form. Panel g is a schematic

spectrum indicating the location of different classes of motions, which include the transition from

mesoscales to submesoscales and internal gravity waves.
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4 A dynamical filter to separate IGWs and SBMs184

From the preceding spectral analysis, IGW variance is captured by low baroclinic modes.185

Inspection of the dispersion relation curves associated with these modes (dashed lines186

on Figure 2) indicates that IGWs can have both large horizontal scales with frequencies187

close to f and also small horizontal scales with shorter time scales. Thus, IGWs share188

the same small horizontal length scales and time scales as SBMs. However, the defini-189

tion of baroclinic vertical normal modes is such that low modes are characterized by large190

vertical scales and high modes by small vertical scales (see Supporting Information, sec-191

tion S2). These vertical scales are identified by the zero-crossing of the vertical profiles192

of baroclinic modes (Fu & Flierl, 1980; Hua & Haidvogel, 1986). In the upwelling region,193

the first ten baroclinic modes do not display any zero-crossing within the moderately-194

stratified layer above the more stratified thermocline (see Supporting Information, Fig-195

ure S2). We further assume that SBMs are trapped within the layer above the main ther-196

mocline, since they usually emerge only in weakly or moderately stratified layers (Fox-197

Kemper et al., 2008; Thomas et al., 2008; Siegelman, 2020), and therefore have vertical198

scales smaller than the thermocline depth.199

To separate IGWs and SBMs, we propose application of a high-pass filter to the verti-200

cal scales above the thermocline. To do so, we use least-squares to fit a line to the ve-201

locity profile between the surface and a fixed depth near the thermocline — 80 m for the202

upwelling region and 200 m for the offshore region. Choosing different depths (110 m for203

the upwelling region and 220 m for the offshore region) did not change the results. This204

linear fit is assumed to capture low-mode IGW contributions. The fields before removal205

of this low-mode contribution are hereinafter referred to as unfiltered and the fields af-206

ter removal of this contribution (see Supporting Information, Figure S2) are referred to207

as filtered and indicated by a tilde, e.g., ζ̃.208

Although the unfiltered ζ/f , δ/f , and vertical velocity (w) fields differ (Figure 3, first,209

second, and fourth row in left column), the filtered ζ̃/f , δ̃/f , and w̃ fields (Figure 3, first,210

second, and fourth row in right column) look strikingly similar, displaying positive and211

negative elongated filaments with magnitudes of order one for ζ/f and δ/f . Movies of212

the ζ/f , δ/f , and w fields before and after filtering (see Supporting Information) em-213

phasize that, although the original quantities quickly propagate because of the IGWs,214

the filtered quantities are more stationary. To further test whether these filtered fields215

are associated with SBM frontal dynamics, we have estimated the frontogenetic tendency,216

Fs (Hoskins & Bretherton, 1972; Lapeyre et al., 2006), which refers to the tendency of217

buoyancy gradients, embedded in a mesoscale strain field, to increase or decrease. Thus218

Fs indicates whether SBM fronts experience frontogenesis (Fs > 0) or frontolysis (Fs <219

0) (see Supporting Information). Figure 3 (third row) shows that Fs fields before and220

after applying the dynamical filter have the same elongated patterns, indicating that IGWs221

have almost no impact on Fs. However, whereas the unfiltered ζ/f , δ/f , and w fields222

differ significantly from the Fs-field, the three filtered fields are similar to Fs (Figure 3),223

confirming that the filtered patterns of ζ̃/f , δ̃/f , and w̃ are closely associated with SBM224

frontal dynamics.225

Comparison of ζ/f , δ/f , and w spectra before and after dynamical filtering (see Figure226

2) confirms that the dynamical filter removes the IGW variance captured by the low baro-227

clinic modes. Furthermore, the contribution from mesoscale eddies, in particular to the228

ζ/f field, is also removed by the dynamical filter (Figure 2 a,d), which is consistent when229

comparing fields on the first row of Figure 3. One explanation is that mesoscale eddies230

typically have an aspect ratio between horizontal and vertical scales close to N/f and231

therefore are associated with large vertical scales. Comparison of the unfiltered and fil-232

tered ζ/f , δ/f , and w fields in the offshore region in physical and spectral space (see Sup-233

porting Information, Figure S8) reveals similar results, although not as striking since the234

δ/f and w fields are less dominated by IGWs.235
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Figure 3. Snapshots in the upwelling region of the total (first column) and filtered (second

column) fields of ζ/f (first row), δ/f (second row), Fs (third row), and vertical velocity w at 40

m (last row).
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5 Recovering short timescale frontal properties using the dynamical236

filter237

We now check the phase relationship, at time scales less than a day, between Fs and the238

unfiltered and filtered quantities, ζ/f , δ/f , and w to further test the efficiency of sep-239

arating IGWs and SBMs. This relationship is influenced at short time scales when SBM240

fronts are affected by the diurnal cycle of atmospheric forcings, as emphasized by stud-241

ies in regions of very weak IGW activity (Sun et al., 2020; Peng et al., 2021). To pro-242

ceed, we analyze the time series of Fs and RMS values of the unfiltered and filtered quan-243

tities over 20 days. We include the time series of vertical viscosity (ν) in the upper oceanic244

layers since atmospheric forcings are known to impact the frontal dynamics through the245

vertical viscosity (Garrett & Loder, 1981; Gula et al., 2014) (see also section S5 in the246

Supporting Information).247

The time series of the air-sea heat fluxes (Qnet, red curve on the top panel of Figure 4),248

as well as that of the vertical viscosity (ν, green curve on the same panel), show that there249

is a strong phase relationship between Qnet and ν, with ν small during the day because250

of heating (Qnet > 0) and ν increasing at night because of cooling (Qnet < 0). The251

frontogenetic tendency, Fs, exhibits a clear relationship with atmospheric forcing, with252

frontogenesis (Fs > 0) statistically emphasized during the day and frontolysis (Fs <253

0) during the night.254

The time series of the unfiltered ζrms/f , δrms/f , and wrms (orange curves on Figure 4)255

do not exhibit any significant relationship with atmospheric forcings and Fs. However,256

time series of the filtered quantities, ζ̃rms/f , δ̃rms/f , and w̃rms (blue curves on Figure257

4), exhibit a clear relationship with atmospheric forcings and Fs. During the day (white258

vertical bands on Figure 4), frontogenesis (Fs > 0) is associated with large magnitudes259

of filtered ζ̃rms/f , δ̃rms/f , and w̃rms. During the night (gray vertical bands on Figure260

4) when Fs < 0, magnitudes of these filtered quantities are smaller. Such phase rela-261

tionship at short time scales between Fs and filtered quantities is consistent with the-262

oretical and experimental studies (Dauhajre et al., 2017; Sun et al., 2020; Peng et al.,263

2021). Filtered ζ̃rms/f time series have, on average, a smaller magnitude than the to-264

tal field since contributions from mesoscale eddies are removed by the filter. Similarly,265

filtered δ̃rms/f and w̃rms time series have a smaller magnitude than the unfiltered δrms/f266

and wrms time series, confirming that IGWs significantly obscure divergence and ver-267

tical velocity associated with SBM fronts. These results emphasize the efficiency of the268

dynamical filter for separating IGWs and SBMs and its ability to recover SBM frontal269

dynamics at short time scales. Similar results have been obtained in the offshore region270

(see Supporting Information, Figure S9).271

Efficiency of the dynamical filter is further highlighted by the comparison between the272

vertical heat fluxes using the filtered temperature (T ) and w, and those obtained by us-273

ing T and w averaged over one day to remove IGWs (blue and orange curves in bottom274

panel of Figure 4). Magnitudes of the former are at least two times larger than magni-275

tudes of the latter.276

6 Discussion and Conclusions277

Recovering SBM frontal dynamics in the presence of high IGW activity is a critical is-278

sue for diagnosing the vertical transport of heat, nutrients and important climatic gases279

in the global ocean. Using low-pass temporal filters to remove IGW contributions, as em-280

ployed in several studies (Qiu et al., 2016, 2020), also removes the high-frequency part281

of SBM frontal dynamics. A spatial filter that removes large horizontal scales results in282

an incomplete removal of IGWs, as illustrated in the Supporting Information. The chal-283

lenge is that IGWs and SBM fronts share the same ranges of short time scales and small284

horizontal scales.285
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Figure 4. Time evolution in the upwelling region of the net surface heat flux (Qnet), wind

stress (τ), and ν (top panel), ζrms/f , and Fs filtered (second panel), δrms/f (third panel), wrms

(fourth panel), and vertical heat fluxes (ρCpW
′T ′, bottom panel). RMS values have been cal-

culated over the blue-square region displayed in Fig. 1. Other quantities are the mean values

calculated over the same region. 1/ν is plotted instead of ν to better emphasize the relation-

ship between Qnet and ν as well as with other variables. Orange (blue) curves in panels 2–4

correspond to rms-values before (after) applying the dynamical filter. Blue (orange) curve in the

bottom panel corresponds to the vertical heat fluxes after applying the dynamical filter (before

applying the dynamical filter and after applying a 1-day low-pass filter) to T and w. The grey

shading on each panel shows day time (white) and night time (gray).

–10–



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

manuscript submitted to Geophysical Research Letters

To address this issue, the present study relies on two assumptions. First, energetic286

IGWs are assumed to be captured by low baroclinic modes and therefore by vertical scales287

larger than the thickness of the weakly or moderately-stratified layer above the more strat-288

ified thermocline. Second, SBMs are assumed to be trapped within this weakly or moderately-289

stratified layer and therefore captured by smaller vertical scales. These two assumptions290

open up the possibility to remove the contamination of oceanic SBMs by IGWs. Our re-291

sults confirm that filtering the contribution of large vertical scales to the 3-D velocity292

fields, here operationally carried out by removing a linear fit above the thermocline, leads293

to an almost complete recovery of SBM frontal dynamics at short time scales, in par-294

ticular, for relative vorticity, divergence, and vertical velocity fields. This separation per-295

mits diagnosis of strong, frontally-induced vertical velocities at short time scales and their296

impact on vertical heat fluxes.297

The assumptions considered in this study do not exclude the possibility that IGWs298

can interact with SBM fronts, as suggested by several studies (e.g., Thomas 2017). These299

studies highlight the importance of accurately capturing wave-wave interactions that trans-300

fer energy from large scales to small scales, leading to high-frequency IGWs that may301

interact with SBM fronts. The realism of the CCS MITgcm configuration used in this302

study needs to be further tested using a simulation with higher spatial resolution and303

non-hydrostatic physics. Field experiments dedicated to SBMs usually do not capture304

such wave-wave interactions because of the spatial and temporal resolutions of the ob-305

servations (Thompson et al., 2016; Siegelman et al., 2020; Dove et al., 2021). However,306

observations from the ongoing Sub-Mesoscale Ocean Dynamics Experiment (S-MODE)307

CCS campaigns should have the appropriate resolution to capture these interactions and,308

consequently, to evaluate the methodology developed in our study.309
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