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[bookmark: 30j0zll][bookmark: 1fob9te]Abstract
Turbulent mixing in the ocean surface boundary layer is a key process that controls mediates the exchange of important properties (thermal energy, momentum, and carbon) between the atmosphere, itsthe boundary layer, the oceanic boundary layer, and the ocean interior. Contributions to the turbulWence from waves, winds, and buoyancy convectioncooling, and more recently waves, have dominated estimates of the energy sources for turbulent mixing have drawn much attention. Transfers of tBy contrast, he energy contained within ocean currents and fronts to turbulence has not been considered important. However, three recent advances are combined here to reevaluate ocean fronts as a source of energy: 1) demonstrations that the amount of energy converted from fronts to turbulence increases dramatically at small scales, 2) the first comparison of submesoscale-permitting models shows that they disagree at small-scales and require recalibration to properly scale energy sources, and 3) a new theory predicts the frontal arrest scale independent of lateral resolution of observations and models.  the relative contribution from submesoscale instabilities feeding on geostrophic shear remains unclear. Based on the outputs from a submesoscale-permitting global model with a nominal resolution of 1/48o and this theory,, we can categorize upper ocean the turbulence regimes production associated with four kinds ofenergy sources: turbulence wave-driven from Langmuir  shear, wind-driven ageostrophic shear, frontal submesoscale geostrophic shear, and vertical buoyancy convection and ageostrophic shear in the surface boundary layer are investigated. Applying the recent theoretical advances to recalibrate marginally-resolved models and observations make our estimates of the last two terms larger, but even without recalibration they are consequential. Analysis of the turbulent kinetic energy budget shows that theIn particular, the submesoscale geostrophic shear makes a significant global average contribution (what percentage??) to the ocean boundary layer turbulence due to its intensity, despite its spatio-temporal iintermittency in space and time. As an example, the energy sources estimate from the OSMOSIS mooring array are reevaluated and compared to observed dissipation finding a different conclusion. The work here updates our understanding of the submesoscale turbulence and provides a clue to improve the capability of ocean models in reproducing the surface boundary layerThis work invites a reappraisal of sampling scale in observations, model resolution and parameterizations, and other consequences of the global energy budget. . 	Comment by Jacob Wenegrat: Sources?
Significance Statement
The ocean surface boundary layer is a highlythe most turbulent  region of the ocean and a key part of the climate system affecting both the energy and carbon cycleslayer with homogenous properties. As the intermediate between the atmosphere and the ocean, quantifying the turbulent mixing in the layer is significant in understanding the exchange between the atmosphere and the ocean, and improving the model simulation capability. The turbulent Turbulent mixing in the boundary layer is traditionally believed to be dominant by waves, winds and buoyancy convection. Recently, submesoscale instabilities phenomena (fronts, eddies, and other features on spatial scales of 0.1~10 km) that feed on the geostrophic shear have been found shown to also contribute to the turbulent mixing. However, the relative global, integrative contribution of the submesoscale geostrophic shearenergy sources to the boundary layer turbulence from a global perspective remainswas unclear. This work uses a novel combination of methods to globally, quantitatively classifyies the relative contributions of the four major kinds of turbulent energy sources, including  and highlights the significant contribution of the geostrophicsubmesoscale shearsources to the boundary layer turbulence globally. 

Introduction

The ocean surface boundary layer (OSBL), a a turbulent upper layer usually within the relatively well-mixed layer with homogenous properties in the upupper ocean mixed layer, provides the channel for the atmosphere to communicate with the ocean interior. Intensive air-sea exchanges of momentum and heat energize small-scale (less than <100 mmeters) turbulence and make the OSBL a highly the most turbulent layer in the ocean (Fox-Kemper et al. 2021) layer. The strong turbulence in the OSBL modulates not only the subduction transfer of momentum, heat and trace dissolved gases from the atmosphere from the surface toward the mixed layer OSBL base, but also the penetration through the base and exchanges into with the ocean interior via the entrainment at the base. These exchanges affect the water properties of the ocean mixed layer, and then the ocean interior through subduction, and the surface and interior properties of the ocean affect further climatelarge-scale variability on timescales from days to centuriesties in the ocean (1-3, new refs). Turbulence can also enhances the upward flow of upward nutrients to the light-filled biologically-productive layers flux supplying primary productivity in the upper ocean (4, 5). Due to its small spatial scales, the OSBL turbulence is not resolved in most ocean and climate general circulation models and is usually represented by parameterizations. 	Comment by Fox-Kemper, Baylor: https://doi.org/10.1029/JC091iC07p08411

And

https://doi.org/10.3402/tellusa.v29i4.11362


Different power dissipation sourceregimes contribute to the OSBL turbulence. Comprehensive Sstudies in the last decades have been conducted to quantify the contributions from the OSBL processes including winds, waves, Langmuir cells, and convection  in the last decades (6-8). Belcher et al. (7) proposed an energy a non-dimensional TKE budget equation including the contributions from Langmuir (Stokes drift) shear production (LSP) due to surface waves, ageostrophic shear production (AGSP) due to the surface wind stress, and vertical buoyancy production (VBP) due to air-sea buoyancy exchanges such as surface cooling. Similarly Based on the same equation, Li et al. (8) investigated these three energy dissipation sources regimes globally and  the LSP turbulence is was demonstrated to be an important energy source for the OBSL turbulence contributor globally.  , emphasizing the importance of parameterization of wave effects in ocean models. 	Comment by Jacob Wenegrat: I’m not sure I completely follow this sentence. Do you mean ‘There are different regimes of turbulence in the OSBL’?  

Importantly, these prior assessments focused only on the subset of sources of TKE that are effectively one-dimensional—consistent with classical conceptions of boundary layer turbulence and more easily determined by the available data and models. In contrast, extensive work has now documented that the OSBL turbulence can be significantly altered in regions of horizontal buoyancy gradients—fronts—and in particular that the strong vertical shears at submesoscale fronts (with horizontal length scales of approximately 0.1-10 km) provide a significant source of TKE. This geostrophic shear production (GSP) source of TKE due to submesoscale instabilities relies on the horizontal buoyancy gradient and shows is therefore fundamentally at least two-dimensional characteristics. GSP can be so large as to generate turbulence intensity in the boundary layer that is comparable to that observed under hurricanes, even in otherwise moderate conditions (9). This additional mixing may be important for both vertical and horizontal exchange of properties at ocean fronts, but is not included in prior global assessments or current parameterizations (10, 11). 

Quantifying the turbulence from GSP has been always a challenge. On one hand, scaling the GSP dissipation relies on the frontal scale. FThe frontogenesis theory predicts a finite-time singularity of the frontal widthscale (12), which cannot physically exist in the real ocean. Nonetheless, a scale-to-scale energy cascade through frontogenesis is a key part of submesoscale dynamics (https://doi.org/10.3389/fmars.2020.00349, https://doi.org/10.1175/JPO-D-22-0126.1, https://doi.org/10.1146/annurev-marine-032320-120725). Frontal instabilities are a candidate to prevent frontogenesis from the singularity and lead to frontal arrest (13), as is turbulence forced by surface conditions (16). In the OSBL, whenthe vertical mixing becomes important in frontogenesis and frontal arrest, a three-way momentum balance known as the Turbulent Thermal Wind (TTW) balancearises (14-16). So, the TTW theory is believed to describe submesoscale fronts more reasonably in the OSBL, and based on it a a new scaling method for estimating the scale of the frontal arrest scale is proposed by Bondner et al. (16). The scaling method under the TTWThis paper shows that this scaling together with the fronts simulated in a 2km resolution (MITgcm LLC4320) model  indicates that the spatial resolution of currently available observations and the kilometer-scale spatial resolutionstate-of-the-art regional ocean models are (generally ~1 km) is not fine enough to resolve the frontal arrest scale in the OSBL  by surface-forced turbulence (See also (23))(refer to the following text). On the other hand, as shown in Figure 1 shows, the model has remarkably intermittent structure in the instantaneous GSP (the calculation details are referred tosee Materials and Methods for details), highlighting the challenge intermittency presents for observations and modeling (22, https://doi.org/10.1175/JPO-D-20-0277.1) shows remarkable intermittency, and directly observing strong GSP turbulence in the OSBL is a challenge. 	Comment by Jacob Wenegrat: This whole paragraph feels out of place here. Note that the paragraph before talks about what has been done in the past, and the next paragraph following talks about the deficiencies. Here you are jumping right into what could be framed as technical details that belong in the methods. 
	Comment by Jacob Wenegrat: Could you add citation to Wenegrat and McPhaden 2016 (JPO) 10.1175/JPO-D-15-0162.1


[image: ]
Figure 1. (a) Instantaneous distribution of the non-dimensional GSP magnitude over the globe in winter (15th February in the Northern Hemisphere and 15th August in the South Hemisphere), and the zooming view of the regions of (b) the Kuroshio Extension, (c) the Gulf Stream and (d) the Southern Ocean. Tropical regions within 10o are excluded due to the breakdown of the geostrophy. Please refer to Materials and Methods for the calculation details. 

Bias against observations suggests the deficiency of the classical scalings of the OSBL turbulence which usually include the wind-, buoyancy- and wave-forced turbulence (17, 18). T	Comment by Jacob Wenegrat: See comment above about the paragraph before feeling out of place. I think this sentence/paragraph makes much more sense if it follows directly from the paragraph ending ‘not included in prior global assessments…’
Long-term deployments of turbulence probes are changing our understanding what causes changes in turbulence strength. Recent observational analyses of turbulence probes on gliders and moorings suggest that the classical scalings of the OSBL through wind-, buoyancy- and wave-forced turbulence, but neglecting a frontal cascade and GSP, are deficient (17, 18). A recent estimate of energy sources from the OSMOSIS mooring array of sensors located laterally a few kilometers apart found small submesoscale contributions (https://doi.org/10.1029/2019MS001801). Here, as an example, we reexamine the data from the OSMOSIS array considering its limited ability to capture sharp, intermittent fronts.

he GSP role in the OSBL turbulence remains unclear from a global view. In this work, GSP is assumed found to be a significant, yet highly intermittent,  contributor to the OSBL turbulence.  We extend the non-dimensionathe Belcher et al. approach to determiningl regimes of TKE production by surface forcing TKE budget equation proposed by Belcher et al. (7) to include the GSP contributions turbulence, and evaluate thecompare the relative significance of four kinds of turbulence (LSP, GSP, VBP and AGSP) in the global OSBL. Our estimates rely based on a high-resolution global simulation, named LLC4320 (nominal 2km or 1/48o resolution of 1/48o) together with the Bodner et al. frontal arrest scale (16). Intensive submesoscale fronts are observed in LLC4320 (19-21), but close examination of the model shows it still fails to resolve the scale at which OSBL arrested fronts should arrest (16)s, along with failing to resolve most frontal instabilities (23, http://dx.doi.org/10.1175/JPO-D-20-0159.1).  This marginal resolution is a major reason why models near this resolution disagree in submesoscale intensity (http://dx.doi.org/10.5194/gmd-15-5829-2022). The To account for the consequences of this resolution deficiency on the energy budget, the horizontal buoyancy gradient associated with fronts derived from LLC4320 is rescaled based its spectral behavior on scales larger than its effective resolution (http://dx.doi.org/10.1016/j.ocemod.2010.09.002, https://doi.org/10.1016/j.ocemod.2015.12.004), to arrive at the estimated contribution  on a new scaling law of where the fronts resolved enough to sharpen to the frontal arrest scale (16). After recalibration, weThe result maps the dissipation regimes in the OSBL over the globe, and the relative contributions from GSP, LSP, VBP, and AGSP are examined. A significant role of the GSP is a leading contributor to turbulence in the OSBL is highlightedand the  which is demonstrated to be a prevalent regime one in winter. 	Comment by Jacob Wenegrat: I wouldn’t say we assume it. We hypothesize it and check it and confirm it…	Comment by Jacob Wenegrat: Add one sentence here connecting back to the broader implications? 



Results

Global distributions of the sources of ocean turbulence
A decomposition of the shear production term in the TKE budget equation (Equation (1)) highlights the four sources of turbulence, LSP, GSP, VBP and AGSP to TKE in the OSBL. The relative contributions of these terms to the total dissipation are determined by three non-dimensional parameters, the turbulent Langmuir number , the ratio of the boundary layer depth to the Langmuir stability length h/LL, and the ratio of the boundary layer depth to the geostrophic shear stability length h/Ls. Based on the three parameters, the possibility distributions of the parameter values over the globe in a three-dimensional space in different seasons are shown (Figure 2). The relative importance of the wind force, buoyancy convection and geostrophic shear are reflected in the three-dimensional plots. 

Lat measures governs the wind-forced turbulence source (i.e., AGSP) against the wave-forced turbulence source (i.e., LSP), so and it is generally LSP turbulence that dominates over AGSP turbulence when  (7). The global distribution of  derived from the ERA5 reanalysis data shows the seasonality of the LSP and AGSP turbulence which is consistent with Belcher et al. (7). The probability density functions (PDFs) of  in both seasons peak at around , indicating a generally dominant role of the LSP turbulence (Figure. S1). 

The parameter h/LL measures the VBP turbulence source against the LSP turbulence. Large h/LL values (h/LL>1) indicate a dominant role of the VBP turbulence over, otherwise it is the LSP turbulence. The ratio also shows an intensive seasonal variation reflective of when the ocean tends to be cooled from above (Figure S2). This ratioIt is much larger in winter (generally greater than 1) compared to summer, implying a generally more dominant role of the LSP turbulence over the VBP turbulence in winter. A consistent seasonality view of the LSP versusand VBP turbulence has been reported by Li et al. (8). 

To measure the relative GSP magnitude, the ratio h/Ls is proposed. It is GSP that dominates over AGSP when h/LsL>1 but AGSP over GSP when h/LsL<1. Seasonal variation of h/LsL is also noted (Figure S3). Larger h/LsL values in winter is believed to be a result of from more active submesoscale fronts with intensive horizontal density gradients (20), and tend these frontsto strengthen favor stronger GSP turbulence more than stronger winter storms increase than AGSP. As a result, the PDF peaks around 4.07 in winter, much larger than 1.05 in summer.	Comment by Jacob Wenegrat: If you take my comment above about moving/removing the paragraph in the intro, here you can go into more detail about how you scale the frontal width to calculate GSP. I would also emphasize that you also test the dependence on this scaling.
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[image: ]	Comment by Fox-Kemper, Baylor: Might be a good idea to label regimes on this figure—I made an attempt—There might be a way to add dashes lines denoting regimes on each wall as well, but might get too complicated. 
Figure 2. Three-dimensional global possibility probability density plots of the three parameters from the corrected LLC4320 model, the turbulent Langmuir number Lat, the ratio of the boundary layer depth to the Langmuir stability length  and the ratio of the boundary layer depth to the geostrophic shear stability length  in (a) winter and (b) summer. The two-dimensional projections of the distributionspossibility are also shown. The black contours enclose 30%, 60%, and 90% of the global values.


Dissipation magnitudes globally
By restoring the termdimensional scale of energy dissipation, , the absolute dimensional dissipation magnitude of each kind of turbulence at the mid-depth of the OSBL is investigated (Figure S4a-p). Overall, according to both mean and median values, the LSP turbulence has the largest magnitude among the turbulence sources in both seasons. The dominant role of LSP has been reported by previous studies (7, 8). Without considering GSP, Li et al. (8) found the OSBL is dominated by LSP turbulence (e.g., the Southern Ocean), or VBP turbulence (e.g., tropical regions), and mixed GSP and VBP turbulence in many (e.g., mid-latitude regions). By contrast, the GSP turbulence here is generally greater than VBP and AGSP turbulence and competes with LSP in winter, potentially altering our view of thechanging the  dominant sources of turbulence regime map. Consistent with the three-dimensional parameter distribution, the GSP turbulence is stronger in winter, especially more noticeable in the western boundary currents and the Southern Ocean. 

Despite of the generally consistent patterns, the mean production values are usually larger than the median ones over the globe, indicating that the dissipation energy sourcesvalues have strong intermittency over time and cumulative contributions that do not result from their typical contributions. This intermittency is explicitly shown by in the PDFs of the turbulence (Figure S4q-r). All four of these kinds sources of turbulence show nearly log-normal, or log-skew-normal,  distributions, consistent with both intermittent alternating energy sources (https://doi.org/10.1103/PhysRevLett.126.224502) and the forward cascade of oceanic turbulence with Pearson and Fox-Kemper (22). In other words, high large mean dissipation production rates are potentially determined by intermittently large valuesevents, rather than the production rates most commonly observed. Compared with the other turbulence sourcess, GSP tends to have thea flatter widest distribution, implying more intermittency of the GSP-forced turbulence and the greatest difference between the GSP average and median value.	Comment by Jacob Wenegrat: This whole paragraph feels very important, but I think you could try and spell out for the reader exactly why. Not everyone will be familiar with Pearson and Fox-Kemper, nor the reason that log-normality is of practical importance for obs/models.

NEW FIGURE 1 (From bottom row of S4, plus vertical lines to indicate global mean values): The probability distribution functions of the four energy sources in winter (left) and summer (right): Geostrophic Shear Production (GSP), Langmuir Shear Production (LSP), Vertical Buoyancy Production (VBP), and Ageostrophic Shear Production (AGSP).  Vertical dashed lines of the same color indicate the global mean value of each distribution.

NEW FIGURE 2 (Bottom row of S12, with colored vertical lines indicating average values):   A reanalysis of the energy source contributions from the OSMOSIS mooring array, showing probability density functions over the lifetime of the array (?? Year and month). The gray markers on left show the observed distribution with its average value shown in a grey vertical dashed line, while the blue and red markers denote the calculated values (blue: LSP+VBP+AGSP, red: (corrected GSP)+LSP+VBP+AGSP). A comparison of the non-dimensional dissipation magnitudes between observations and LLC4320 is shown on right, (blue: LSP+VBP+AGSP, red: (corrected GSP)+LSP+VBP+AGSP, green: (uncorrected GSP)+LSP+VBP+AGSP).

Dissipation regimes in parameter space 
Based on the three-dimensional parameter space in Figure 2, two-dimensional possibility probability distribution slices overlapped on regime maps are shown with contours enclosing the 30%, 60%, and 90% of the values at each slice. The Lat-h/LL projection, which by neglectingneglects the geostrophic shear, has been discussed by Belcher et al. and Li et al. (7, 8) who found a significant role of LSP in the OSBL turbulence. As the parameter h/Ls is introduced, the regimes in the Lat-h/LL projection are changed (Figure 3a, d, g). For these locations where the geostrophic shear is negligible (h/Ls=0.1), the OSBL turbulent dissipation is produced by LSP, VBP and AGSP in winter (Figure 3a). LSP dissipation is dominant when both Lat and h/LL are small (i.e., the wind force and surface buoyancy loss are weak). VBP becomes more and more important as the surface buoyancy loss is strengthened (i.e., h/LL becomes larger), while AGSP becomes important as the wind force increases (i.e., Lat is large). The percentiles indicate that the global OSBL is generally under LSP and LSP/VBP regimes when the geostrophic shear is weak. The GSP dissipation begins to play a role and LSP and AGSP dissipation are weakened as the geostrophic shear increases (i.e., h/Ls increases; Figure 3d). The OSBL turbulence is dominated by LSP, GSP, VBP and their mixed regimes when h/Ls=5. As the geostrophic shear continues to increase (h/Ls=50), GSP becomes more dominant, and the OSBL turbulence is generally controlled by GSP and GSP/VBP (Figure 3g). 	Comment by Jacob Wenegrat: Could you comment on how common (where/when?) this type of ratio might be found? Maybe even just reference figure 1 where you have comparable values.

The Lat-h/Ls space shows the dependence of the regimes on the buoyancy convection (Figure 3b, e, h). When the surface buoyancy convection is weak as h/LL = 0.1, the OSBL turbulence is mainly produced by LSP, GSP and AGSP (Figure 3b). It can be observed from the enclosed contours that most of the locations with h/LL=0.1 are dominated by LSP, GSP and their mixed regime, indicating an important role of the GSP regime over the globe under this condition. As the surface buoyancy loss increase as h/LL = 1, the distribution of the percentiles is shifted to both larger Lat and h/Ls values (Figure 3e). Hence, LSP is weakened while VBP becomes more and more important as h/Ls increases. Finally, the contribution of the LSP turbulence is eliminated as the surface buoyancy loss continues to increase, GSP and VBP dominate the OSBL turbulence (Figure 3h).	Comment by Fox-Kemper, Baylor: Subpanels need to be labeled with a, b, c, etc. if you will refer to them like this.

In the h/LL-h/Ls space, LSP and VBP dominate the OSBL turbulence when Lat is small (Figure 3c). The percentile distributions show that almost 90% of the locations with Lat =0.1 are dominated by LSP, VBP and their mixed regimes. As the wind forcing becomes stronger, the contribution from LSP is decreased but GSP and AGSP become more important. When Lat =0.8, more than 90% of the corresponding locations are under the control of GSP and VBP and their mixed regimes (Figure 3i).

In summer, as the wind force, buoyancy loss and geostrophic shear are all weakened, the distributions of these parameters are shifted to small values compared to that in winter (Figure 2b; Figure 4). As a result, the role of the LSP turbulence is generally strengthened, while other turbulence regimes are weakened. In particular, the GSP turbulence is weakened from winter to summer, which is opposite to the LSP turbulence.

[image: ]
Figure 3. The turbulence regimes slices defined by the dominant production terms in the	Comment by Jacob Wenegrat: I think it is necessary to give more info about how you are calculating the contours. I’m guessing here that you are taking the percentile contours from the 3D parameter space and plotting their intersection with the slices. Is this correct? (if it is, I like it, just need more clarity in the text)	Comment by Fox-Kemper, Baylor: I’m starting to think these figures should be moved to the SI so that the OSMOSIS figure and just the pdfs of epsilon can be brought into the main text.  I found myself discussing those figures with people I’ve been talking to about this work this week at Scripps.  	Comment by Fox-Kemper, Baylor: These figures don’t illustrate the intermittency of GSP, which the pdfs show.  They also are, in some sense, sharing lots of information with Figure 2.  	Comment by Fox-Kemper, Baylor: Maybe just eliminating the central column and combining winter and summer into one figure?
TKE budget in different parameter spaces slices in winter. The white contours enclose 30%, 60%, and
90% of the locations with the corresponding values. A regime is considered dominant when its dissipation contribution exceeds 75% of the total dissipation, otherwise, it is a two-turbulence-mixed regime when the two kinds of turbulenceTKE sources both contribute both more than 25% while all others contribute less than 25%, and lastly, it is a mixed regime if more than three kinds of turbulence contribute more than 25% (Li et al., 2019). The dots denote the possibilities (in logarithm with 10-base) along these slices.	Comment by Jacob Wenegrat: What does this mean? Colorscale implies *maybe* it is dimensional dissipation rate? Need to be much more clear here.

[image: ]
Figure 4. The same as Figure 3 but in summer.

Dissipation regimes globally
The global turbulence regimes are classified based on the dissipation magnitudes of the four sources of turbulent kinetic energy, and at each location they can be ranked in order from first most dominant source to fourth (Table 1). Figure 5 shows maps the top two OSBL turbulence regimes sources at each location over the globe and the associated contributions relative to the total dissipation in different seasons. In winter, the GSP turbulence is the most prevalent regime dominating 43% of the global locations (area-weighted value and the same below), especially at low and mid latitudes (Figure 5a). The prevalence of the LSP turbulence is slightly weaker (42%), and can be more easily noted at mid and high latitudes, while some locations at low latitudes are controlled by the VBP turbulence (15% of all locations). The relative contributions shown in Figure 5e-h indicate that the summation of the top two regimes can explain most of the total dissipation. For the top-one regimes, a general latitude dependence of the dominance is observed, which contribute less than 50% at low latitudes but larger than 75% at high latitudes. The VBP turbulence becomes more prevalent in the second dominant regime (Figure 5b). These kinds of turbulence account for 35% of VBP, 32% of GSP, 29% of LSP, and 4% of AGSP of all locations. Overall, taking the top two regimes into account, GSP is the most prevalent regime which occupies 75% of the locations. By contrast, it is 71% for LSP and 50% for VBP. Moreover, the relative contribution of the GSP turbulence explicitly shows where GSP dominates the OBSL turbulence, such as the western North Pacific Ocean, the Eastern North Atlantic Ocean in winter and the Southern Ocean in both seasons (Figure S9).	Comment by Jacob Wenegrat: ?	Comment by Jacob Wenegrat: I would perhaps note somewhere in this paragraph that even the raw model data indicates a top 2 role for the GSP, such that this is not qualitatively an artifact of the method of projecting the frontal scale.

In summer, LSP is the most prevalent regime source over the globe except for a few locations with GSP and VBP in the tropical regions. LSP accounts for 85% of all locations, much larger than other regimes (11% for GSP and 4% for VBP). This dominance is highlighted more remarkably by the relative contribution shown in Figure 5g, which shows indicates that the contributions are generally aboveLSP may be responsible for more than 50% of global OSBL turbulence production outside of the tropicsover the globe. For the second dominant regime, it is GSP at high latitudes while VBP at low latitudes (Figure 5d). 

[image: ]
Figure 5. Global distributions of the top two most likely dominant regimes sources at each location in (a, b) winter and (c, d) and summer, and their relative contribution percentages (%) are shown in the right panels. 	Comment by Jacob Wenegrat: A general comment (relevant to all figure captions) is that I think it good for a journal like PNAS if the figure captions also contain the ‘take-away’ message. So describe the figure, but also include the ‘so what?’ Here that might be something like GSP makes significant contributions to OSBL turbulence in many regions of the global ocean, etc. etc.	Comment by Fox-Kemper, Baylor: By contribution, do you mean average energy contribution or likelihood of being dominan?


Discussion 
The results here suggest that ocean fronts may make a leading order contribution to surface boundary layer turbulence in many parts of the ocean.  H, however, estimation of the GSP turbulence heavily relies on the robustness of the calculation of the horizontal buoyancy gradient, and the GSP is much more intermittent than the other energy sources (GSP has the widest probability distribution). Comparison of the model inferred GSP with in situ observations from moorings and seagliders indicate good agreement (Text S1).  owever the  Despite that the scaling method is validated by the single-point observations (Text S1), the robustness of the results is also tested by using model the horizontal buoyancy gradients derived from other two alternative methods. For the first method, GSP is calculated based directly on the resolved buoyancy gradients of the numerical model (“uncorrected” method). This approach is believed to underestimate the GSP magnitude in the real ocean since the buoyancy gradient associated with small-scale fronts is not resolved by the model and can therefore be thought of as a conservative lower bound (16, 23). For the second method, we test the possibility that the resolved model buoyancy gradient is artificially steep (due for instance to the effects of numerical diffusion), and hence we rescale the buoyancy gradient by assuming a zero slope of the horizontal buoyancy density gradient spectrum (“no-slope” method) (24). This approach leads to a larger estimate of the horizontal buoyancy gradient (or smaller Ls), and thus provides an upper bound of the GSP dissipation magnitude.

Unsurprisingly, the role of GSP is weakened for the uncorrected case, while it is strengthened for the no-slope case (Figure S5). Taking the uncorrected and zero-slope results as the upper and lower bounds, the mean relative contributions of GSP are 35% with the uncertainty of [28%, 38%] in winter and 18% [17%, 19%] in summer. In terms of the dissipation regime, the dominant region of GSP is summarized in Table 1 (Figure S6; Figure S7). These numbers indicate that GSP acts as a major source of TKE in the ocean boundary layer globally even in the uncorrected case, suggesting the robust role of fronts in energizing global boundary layer turbulence. Meanwhile, the uncertainty ranges demonstrate that the significance of GSP in this analysis is robust. 

Table1. Percentages of of the locations globally where each energy source is either the first or second largest contribution, with the top two regimes over the globby season. The differences in results due to different levels of correction for limited horizontal model resolution are shown.e in different seasons
	Method
	Regime

	
	LSP
	GSP
	VBP
	AGSP

	
	win
	sum
	win
	sum
	win
	sum
	win
	sum

	Uncorrected
	1st
	48%
	85%
	30%
	11%
	21%
	4%
	1%
	0%

	
	2nd
	27%
	8%
	32%
	33%
	36%
	50%
	5%
	9%

	Corrected
	1st
	42%
	85%
	43%
	11%
	15%
	4%
	0%
	0%

	
	2nd
	29%
	9%
	32%
	36%
	35%
	48%
	4%
	7%

	No-slope corrected
	1st
	38%
	84%
	49%
	12%
	13%
	4%
	0%
	0%

	
	2nd
	31%
	9%
	30%
	37%
	35%
	48%
	4%
	6%



In this work, the TKE sources that tend to mix the OSBL are analyzed. So, the turbulence regime discovered here is only applicable under conditions with surface cooling. In Equation (3), one limitation needs to be noted. The TKE model is a linear superposition of different kinds of turbulence and their interactions are not considered. Large Eddy Simulations reveal that GSP and VBP usually co-exist and compete at fronts with surface cooling (10, 25). For strong baroclinic fronts, the VBP turbulence is inhibited and the surface buoyancy flux tends to characterize the GSP turbulence. As a result, the role of the GSP turbulence is potentially underestimated when the geostrophic shear is strong. Meanwhile, frontal processes, such as mixed layer instability and symmetric instability, tend to restratify the OSBL and generate positive VBP. This is expected to compete with surface buoyancy losses, also reducing the portion of the parameter space where the VBP turbulence dominates (26, 27).	Comment by Jacob Wenegrat: I think I’m a little confused by the scales of VBP. MLI for instance generates positive VBP at the submesoscale, but this will act to reduce VBP as a source of turbulence at the small scales. Likewise, in Chor, Wenegrat, and Taylor (JPO 2022) we show that CSI can lead to significant mixing of buoyancy, which will likewise be associated with negative VBP (transfer from TKE to TPE).

Despite the apparent significant role of the GSP turbulence in the OSBL, its strong intermittency in space and time should be noted (Figure S4q-r). The intermittency implies that directly observing the high GSP dissipation in the ocean is always a great challengewill be challenging, especially characterizing its spatio-temporal pattern using observations. Some high GSP dissipation events have been observed in the Kuroshio Extension (9), Gulf Stream (28), and Northeast Atlantic Ocean (29) where a high likelihood of strong GSP dissipation can be observed (Figure 1; Figure S5). Nevertheless, up to now, most observations of the submesoscale effects on turbulence are have been serendipitousby accident, and the observation methods cannot be popularizedrequiring specialized observational approaches. Due to the strong intermittency in space and time indicated by the GSP distributions found here, conducting simultaneous observation in the GSP hot-spot regions is the only way for submesoscale observational research. So, developing more advanced observation instruments and systems for submesoscales may potentially determine the progress of submesoscale research.	Comment by Jacob Wenegrat: Similar to my comment above, I feel like we need to be a bit more careful about the ‘turbulence’ label. Do you mean here submesoscale generated small-scale turbulence? Not always clear.	Comment by Jacob Wenegrat: In time? Or do you mean across processes?	Comment by Jacob Wenegrat: This feels slightly simplistic…maybe reword or remove?


An important caveat to this work is the assumption that fronts tend to be in a state of arrest by surface-forced turbulence as assumed in Bodner et al. (2023). However, not all ocean fronts are being forced to sharpen, and so any given front may be in an evolving state, undergoing frontogenesis or frontolysis, or arrested. Arrested fronts are the strongest, most capable of cascading energy, and often observed, so this estimation follows to its logical conclusion of present understanding of arrested fronts to its global consequence. 

Conclusions
Based on the outputs of a submesoscale-permitting global model and a method to estimate the results in a submesoscale-resolving model, the role of the GSP as a source of turbulence in the OSBL of different seasons is investigated. According to an extended TKE budget equation in for the regimes of OSBL turbulence, the relative contributions from four kinds sourceof turbulences--, LSP, GSP, VBP and AGSP--, are determined by three non-dimensional parameters, Lat, h/LL and h/Ls. The first two of these are estimated using only one-dimensional information about surface forcing, waves, and stratification, consistent with the classic conception of boundary layer turbulence (Belcher et al. 2012), however the Different from the first two parameters that are determined by one-single point sea surface information, the parameter h/Ls that determines the dissipation magnitude of the GSP turbulence relies on the horizontal buoyancy gradient and is limited by the spatial resolutionis therefore not captured by one-dimensional models.

To get reasonable estimates ofestimate h/Ls and the GSP dissipation from numerical models it , the key is necessary to remove the dependence of the horizontal buoyancy gradient calculation on the spatial grid resolution. Based on a newly proposed theory on characterizing the frontal arrest scale under turbulent thermal wind balance (16), the horizontal buoyancy gradient is rescaled according to its spectral slope characteristics and the local frontal arrest scale. This rescaling is shown to compare well with in situ observations, and results are robust to the methodology.

A global tThree-dimensional distribution of the OSBL turbulencethree parameters is established, which indicates the turbulence regimes in the OSBL over the globedetermines the dominant turbulence regimes globally. The dependence of the turbulence regimes on the three parameters is discussed based on two-dimensional slices. It is found that the global OSBL turbulence is mainly produced by LSP and LSP/VBP regimes when the geostrophic shear is weak. However, the GSP dissipation begins to play an increasingly important role as the geostrophic shear is strengthened while the importance of the LSP turbulence is weakened. When h/Ls is in the order of O(10), the OSBL turbulence is generally controlled by GSP and GSP/VBP. The dependence of the regimes on the buoyancy convection indicates that the GSP and GSP/LSP regimes make a great significant contribution to the OSBL turbulence when the surface buoyancy convection is weak. An increase of the surface buoyancy convection tends to strengthen the VBP turbulence and weaken the role of the LSP turbulence. The wind forcing also suppresses the LSP turbulence, which is dominant when Lat is small but GSP and AGSP become more important when Lat is large.	Comment by Jacob Wenegrat: This is essentially known just from looking at the TKE budget. Not sure you need to emphasize it here.

The turbulence regimes are classified based on the dissipation magnitudes of the four kinds of turbulence, which show remarkable seasonality. In winter, the GSP turbulence is the most prevalent regime source of and is most often the first dominant place source in the regime map. GSP dominates ataccounting for 43% of the global locations in winter, suggesting a very different conception of OSBL turbulence generation than that captured by prior studies and in most numerical ocean models. GSP remains dominant at 30% of locations even without correction for the limited resolution of the LLC4320 model (Table 1). By contrast, the LSP and VBP sourcesturbulence are largest atccounts for 42% and 15% of all locations in winter. In summer, GSP turbulence accounts dominates atfor only 11% of all locations, which is still in second place of the firsttrailing behind LSP as the most common dominant regime mapenergy source, although it is much smaller compared to LSP turbulence. These results, particularly the broad importance of the GSP, are qualitatively robust to the analysis method. Sensitive cases demonstrate the robustness of the GSP role in the OSBL. Despite of the significant role of GSP turbulence in the OSBL as revealed in this work, its contribution has not been taken into account in regional and climate ocean models, which is supposemay be hypothesized to be one of the key reasons leading to simulated biases of the OSBL. Due to the small frontal arrest scale, parameterizing GSP turbulence should be an alternative approach to include its contribution in the models.


Materials and Methods

Model data 
Oceanic data including velocity, temperature, and salinity are from a submesoscale-permitting global model, LLC4320. LLC4320 was simulated by the Massachusetts Institute of Technology general circulation model (MITgcm) on a Latitude-Longitude polar Cap (LLC) grid (30-32). The model has a spatial resolution of 1/48o and 90 vertical layers. The model was nested offline successively from a set of simulations with resolutions of 1/6o, 1/12o, and 1/24o. The K-Profile Parameterization scheme (KPP) was applied in the simulation. The atmospheric forcing to drive the simulation was from the European Centre for Medium Range Weather Forecasting (ECMWF) with resolutions of 6 hours in time and 0.14o in space. Tidal forcing was also included in the simulation. LLC4320 was run for 14 months of simulation time, from September 2011 to November 2012, and essential state variables were stored at hourly snapshots. The model result has been validated against in situ observations (19, 32) and been widely used for the analysis of submesoscale seasonality, energy cascade and air-sea flux (20, 21, 33, 34). The ECMWF surface fluxes are applied to evaluate the OSBL turbulence. For consistency, we directly use the outputted sea surface fluxes from the simulation, except for the Stokes drift—from ECMWF ERA5 which has a spatial resolution of 0.5o. In this work, data in February and August are chosen for analysis. All results shown in this work are subsampled with a grid spacing of 4o.


Non-dimensional turbulent kinetic energy budget 
The TKE budget in the OSBL can be expressed as follows:
. (1)
Here, the overbars and primes denote time averages and perturbations.  is the TKE. The horizontal velocity is decomposed into three components, the Stokes drift component, , the geostrophic component, , and the ageostrophic component, . The first three terms, LSP, GSP, and AGSP generate TKE from the vertical shear of these components, respectively. The fourth term is VBP which generates TKE when the ocean surface loses buoyancy. The fifth term is the molecular dissipation of TKE. The last term is the vertical TKE transport. Assuming a steady state and a negligible , an equilibrium is reached between the TKE dissipation and the TKE sources,
. (2)
This equation can be simplified into a non-dimensional expression for the TKE budget at the mid-depth of the OSBL, 
, (3)
where, h is the OSBL thickness as determined by using an offline KPP scheme,  is the frictional velocity ( is the sea surface wind stress,  is the seawater density),  is the turbulent Langmuir number (35). The effect of misalignments between Stokes drift, wind direction and Langmuir cells is considered in the calculation (36).  is the geostrophic shear stability length ( is the Coriolis parameter,  is the horizontal buoyancy gradient magnitude) (37),  is the Langmuir stability length ( is the sea surface buoyancy flux) (7). Other parameters are taken as the following values: , , , . The equation extends the TKE budget equation of Belcher et al. (7) by including the GSP term. Here, the parameter AG=0.5 in the GSP term is determined by the vertical structure of GSP under forced symmetric instability at fronts (38). As not all fronts are symmetric instability unstable or not all fronts with symmetric instability are in the forced regime, this value may be not universally applicable. Nevertheless, a comparison with observations demonstrates the robustness of the TKE model under surface buoyancy loses which can statistically reproduce the OBSL dissipation (Text S1).	Comment by Jacob Wenegrat: If we think it’s necessary we could probably say something a bit more precise here. Namely that even in SI stable conditions, the coefficient here should probably just decay like the ageostrophic term (that is an assumption that u’w’ terms in SI stable condition follow the vertical structure of the ageostrophic shear production). We could work this out more completely if needed.

While the submesoscale production by GSP is important here, another submesoscale contribution by eddy and frontal restratification tends to reduce the net VBP, through restratification (24, http://dx.doi.org/10.5194/gmd-15-5829-2022).  While the reduction in VBP could also be estimated from the LLC4320 results, Uchida et al. show that models at this resolution disagree in its magnitude (http://dx.doi.org/10.5194/gmd-15-5829-2022).  A resolution-sensitive parameterization of this submesoscale restratification also exists (24).  However, as VBP is already a subdominant contribution to TKE and adding this restratification sink of submesoscale energy robustly would be complicated, we do not include it, but anticipate it would decrease the VBP contribution, particularly in winter.


Buoyancy gradient rescaling
The buoyancy gradient is rescaled to account for the effect of horizontal resolution in the numerical model by following the discussion in Fox-Kemper et al. (24). The power spectrum of the buoyancy averaged in the OSBL tends to roll off in a constant slope (usually around k−2). Thus, the spectrum of the horizontal buoyancy gradient averaged in the OSBL tends to be flat or white, i.e., ~k0. Assuming an isotropic, a power-law behavior with a spectral slope of ka for the buoyancy gradient, the integral of the buoyancy gradient over an integrated domain Lb range down to the effective resolution Leff is can be related to the wavenumber spectrum ,,	Comment by Jacob Wenegrat: Below it’s not clear to me if you are scaling the buoyancy gradient or the buoyancy gradient squared (power spectra). For instance in the first step of the numerator of (6), shouldn’t you have a factor of k^(2a)?
. (4)
Similarly, the integral from the basin scale down to the frontal scale Lf is 
. (5)
Combing these two equations yields an estimate for buoyancy gradient magnitude at the frontal scale,,
. (6)
If a=0, the equation becomes scales as the same asestimated in Fox-Kemper et al. (24) ("no-slope corrected” in Table 1). However, according to our evaluation based on the LCC4320 result, the spectra in zonal and meridional at different regions generally have slight slopes, rather than zero slopes (Figure S8). The slopes are derived by linearly fitting over the range determined by the domain size and the effective resolution s (this resolution corresponds roughly to the maximum resolved wavenumber before the spectra roll off sharply due to numerical dissipation) (32). Based on the slopes over the globe (Figure S9), the original buoyancy gradient magnitude derived directly from LCC4320 (“uncorrected”) is rescaled based on the frontal width (“corrected”) byas,
. (7)"
It should be clarified that the amplification factor  is directly taken as 1 at low latitudes when Leff < Lf , i.e., where fronts are resolved. As shown in Figure S10, the amplification factor  exceeds 6 at mid latitudes. 

Calculation of frontal arrest scale 
Geostrophic adjustment theory predicts that the width of a front tends to follow the local deformation radius (39). But in the OSBL, strong turbulence breaks the geostrophic balance, and near-surface fronts are sharpened by strain-induced and surface-induced frontogenesis until they are arrested at a smaller scale by surface-forced turbulence, typically on a scale where usually under turbulent-thermal balance (TTW) holds (14, 15, 40, 41). The Thus, the front width under TTW is believed to be the scale where the arrested fronts in the OSBL stayare arrested and persistent. A scaling method for the arrested frontal width is proposed by Bodner et al. (16), 
. (8)
Here, only destabilizing surface buoyancy forcing that produces TKE is considered. Under the destabilizing condition, the mechanical coefficient  is scaled by combining Equations (29) and (36) of Reichl and Hallberg (42), while the convection coefficient  is taken as a constant.  is the convective velocity.  is the Coriolis parameter, h is the OSBL thickness, and  is a constant parameter. In this work, we decide to use a more conservative value of  based on a comparison with observations (Text S1) instead of  suggested by Bodner et al. (16) based on a limited number of Large Eddy Simulations. Details are referred to Bodner et al. (16).

The frontal width (8) is calculated based on the LCC4320 outputs. We also use anotherevaluate the robustness of that dataset to evaluate the robustness of the result. The dataset isdataset using from a simulation accomplishedof upper ocean mixing without feedbacks using by the General Ocean Turbulence Model (GOTM; Text S2). The result indicates that the calculated frontal width is not quite robust and insensitive to details of the model and its chosenthe sub-grid turbulence closures (Figure S11). 
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Figures and Tables
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Figure 1. (a) Instantaneous distribution of the non-dimensional GSP magnitude over the globe on 15 Aug 2012, and the zooming view of the regions of (a) the Southern Ocean, (b) the Gulf Stream and (c) the Kuroshio Extension. Please refer to Data and Methods for the calculation details. 
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Figure 2. Three-dimensional possibility plots of the three parameters, the turbulent Langmuir number Lat, the ratio of the boundary layer depth to the Langmuir stability length  and the ratio of the boundary layer depth to the geostrophic shear stability length  in (a) winter and (b) summer. The two-dimensional projections of the possibility are also shown. The black contours enclose 30%, 60%, and 90% of the global values.
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Figure 3. The turbulence regime slices defined by the dominant production terms in the
TKE budget in different parameter spaces in winter. The white contours enclose 30%, 60%, and
90% of the corresponding values. A regime is dominant when its dissipation contribution exceeds 75% of the total dissipation, otherwise, it is a two-turbulence-mixed regime when the two kinds of turbulence contribute both more than 25% while others contribute less than 25%, and lastly, it is a mixed regime if more than three kinds of turbulence contribute more than 25% (Li et al., 2019). The dots denote the possibilities (in logarithm with 10-base) along these slices.
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Figure 4. The same as Figure 3 but in summer.
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Figure 5. Global distributions of the top two dominant regimes at each location in (a, b) winter and (c, d) and summer, and their relative contribution percentages (%) are shown in the right panels. 



Table1 Percentages of the locations with the top two regimes over the globe in different seasons
	Method
	Regime

	
	LSP
	GSP
	VBP
	AGSP

	
	win
	sum
	win
	sum
	win
	sum
	win
	sum

	Uncorrected
	1st
	48%
	85%
	30%
	11%
	21%
	4%
	1%
	0%

	
	2nd
	27%
	8%
	32%
	33%
	36%
	50%
	5%
	9%

	Corrected
	1st
	42%
	85%
	43%
	11%
	15%
	4%
	0%
	0%

	
	2nd
	29%
	9%
	32%
	36%
	35%
	48%
	4%
	7%

	No-slope corrected
	1st
	38%
	84%
	49%
	12%
	13%
	4%
	0%
	0%

	
	2nd
	31%
	9%
	30%
	37%
	35%
	48%
	4%
	6%
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