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cases, resuspended sediment is available whenever all additional conditions necessary for
full-depth LC are met.

We thus argue that LS events start when the three conditions for full-depth LC outlined in
Section 4(a) (unstratified water columns, La < ~0.3, and |Ra| < 10°) are met, but note that
these conditions are not necessarily fulfilled simultaneously. In the prototype event, which
starts with strong stratification, the LS event is initiated in Record 20 by the last condition
to be met, that of an unstratified water column. The October event (Fig. 12) starts from a
state with no stratification and La ~0.3, with La falling definitively below 0.3 in Record 7.
Here the LS event is initiated when |Ra| falls below 10° somewhere near Record 10. The
September event has a much less definite start. While bottom-origin backscatter clouds and
full-depth velocity structures can be observed intermittently beginning in Record 8, they
wax and wane until, sometime around Records 13—14, values of |Ra| that have remained near
107 fall below 10°. LS structures appear consistently only past this point. In this case, lack
of certainty about exactly when stratification disappears—the water column was stratified
in a CTD taken during Record 7, and unstratified by the next CTD in Record 11—precludes
identifying the start of this event solely with meeting the condition on |Ra|.

The end of LS events is obviously associated with decrease in wind stress at the end of
a storm and the consequent, though slower, decrease in the surface wave field. However, a
number of potential mechanisms exist (and may coexist). In addition to failure of any one
of the three conditions for LS, two other possibilities are cessation of surface wave breaking
(if breaking indeed provides a more efficient mechanism for generation of LC) and increase
in magnitude of the surface buoyancy (heat) flux; we address these first.

In all three events documented, the dominant wave breaking parameter e¢p falls to its
threshold near the time an event ends but continues to hover very near it for often substantial
periods afterward, as a consequence of the slow decay of the dominant surface waves. This
behavior makes it unlikely that the often-abrupt ends of LS events are associated with
breaking cessation.

As noted in Section 3(a), LS events are characterized by reduced surface buoyancy
(heat) fluxes. At an event end, the normal diurnal cycle may resume with either sign of
the heat flux: if stabilizing, surface fluxes might weaken LC by inducing stratification,
while destabilizing fluxes might do so by interfering with the strong phase relationships
characteristic of LC. However, event ends are not associated with a consistent sign of
increased heat flux: the September and October events end as Q becomes stabilizing, but
the prototype ends with destabilizing Q. While increased |Q| might still be responsible for
event ends, the mechanisms involved would differ with sign of Q. We suggest that it is more
likely that the end of a LS event occurs when one of the three conditions defined as necessary
for event onset ceases to hold and that, as was the case with onset, these conditions do not
necessarily cease simultaneously.

For all three events, La remains < 0.3 at the event end (and sometimes substantially
beyond it, e.g., Figs. 11 and 13), as a result of the slower decay of waves relative to wind
after strong wind forcing. Thus failure of the La criterion is definitely not the cause of
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Figure 14. Comparison of single-wave surface Stokes velocity ”}?0 to the deepwater limit u g‘é from
LS events at (a) LEO15 (15 m depth, May event) and (b) R2 (27 m depth). Typical storm waves
only just achieve intermediate character at R2.

the end of events. Reappearance of stratification is coincident with the end of LS events
in the prototype event and the September event. However, in the October event, the water
column remains unstratified for several records after event end, which is instead associated
with increase of |Ra| to values greater than 10° around Record 32. In the other two cases,
failure of the |Ra| criterion is roughly coincident with the reappearance of stratification; its
fortuitous isolation from any stratification effect at the end of the October event suggests
its importance in all cases.

6. How deep?

We now turn to the question of how deep a water column must be before LS events no
longer occur. Part of an answer is that LS events will not occur in (unstratified) water columns
deep enough that typical storm-driven surface waves do not achieve intermediate character.
In all three LS events examined, surface waves are observed to transition from deep-water
to intermediate type either before or at event onset. When waves “feel bottom,” the bot-
tom “feels the waves,” providing resuspended sediment to form the bottom-origin plumes
characteristic of LS once LC achieve full depth. Expressed in terms of peak wavenum-
ber k,, a necessary criterion for LS in unstratified water of depth H is thus that the ratio
R, = “150 /uls‘é = (cosh2k,H /2sinh2k,,H ) of single- wave Stokes velocities defined previ-
ously (Fig. 6) exceeds 1. Figure 14 compares the behavior of single-wave Stokes velocities
from the prototype LS event at LEO15 with those calculated from VADCP data taken dur-
ing a typical storm event at R2, a 27-m-deep mid-shelf location off Georgia characterized
by similar sediment type but maximum tidal velocities approximately 2-3 times those at
LEO15 (Savidge et al., 2008). Unstratified water columns occur at R2, as at LEO15, as a
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Figure 15. Comparison of the distribution of acceptable records during LS events at (a) LEO15 (15
m depth, May event) and (b) R2 (27 m depth) in the plane of log(La) and log(|Ral). R2 records

tend to lie near but slightly above the condition |Ra| < 107 found to ensure LS in the LEO15

observations. Color codes indicate < w2 > in (m s~ )2

result of coastal downwelling associated with nor’easter storms. However, typical storm
waves at R2 just barely “feel bottom.” As documented in Figure 14b, the average value of
R; during a LS event at R2 is only ~4% over the deepwater value of 1, compared with an
excess of 20% during that at LEO15.

While intermediate wave type is necessary for sediment resuspension, it is clearly not
sufficient for LS; a counter-example is swell, which at the depths of both sites is of interme-
diate or even shallow-water type, yet does not generate LS. Waves that generate LS in an
unstratified water column must not only be of intermediate type but of sufficient amplitude.
The necessary combination of these coupled demands on wavelength and wave amplitude
is incorporated in the nondimensional parameters La and |Ra|. As seen in Figure 15, records
from a LS event at R2 have La ~ 0.1, as was the case at LEO15. However, because values
of both | Q| and ¢, are typically larger at R2 than at LEO15, |Ra| tends to lie slightly above
the condition |Ra| < 10° found to ensure coherent LS in the LEO15 observations.

Indeed, although full-depth velocity and backscatter features are observed at R2 during
this event, the coherent phase patterns in the three-dimensional velocity field (Gargett et al.,
2004) that are defining characteristics of LS observed at LEO15 are present only sporadically
(D. K. Savidge et al., pers. comm.). In addition (despite similar sediment types at both
locations), bottom backscatter clouds at R2 are more diffuse and less correlated with vertical
velocity than at LEO15. Both features are consistent with the behavior described in Section
5 during the early stages of the September LS event at LEO15, where disorganized full-
depth structures were observed in an unstratified water column with La ~0.1 and |Ra| just
in excess of 10°, becoming organized LS only when |Ra] fell decisively below 10°.
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Figure 16. Near-bottom (x3 = —0.9H) LC growth rate G4 versus near-surface (x3 = —0.2H)

growth rate g for full-depth events at (a) LEO15 and (b) R2. Color codes indicate < w2 > in
(m s~1)2. LC growth rates are smaller at R2 than at LEO15, particularly so near-bottom.

The existence of full-depth, albeit disorganized, structures just above |[Ra| = 10° at
R2 but not during the prototype event at LEO15 reinforces the conclusion of Gargett and
Grosch (2014) that prediction of the type and strength of turbulent structures at intermediate
locations in the La- |Ra| plane is highly dependent on water column stability. In the prototype
event, the appearance of stratification coincident with |Ra| exceeding 10° at the end of the
event restricted turbulent motions to an upper layer. Absence of stratification after the
September LS event at LEO15 and after the R2 event shown in Figure 13b apparently
allows disorganized but still full-depth structures for values of |Ra| > 10°.

We now demonstrate that weaker C-L vortex forcing may contribute to observed disorga-
nization of full-depth structures at R2. First, it can be shown that at both sites, records with
full-depth structures and Q > 0 occur at values of —H /Lo that are well below values
associated with dominance of unstable convection over stress-driven turbulence in the atmo-
spheric boundary layer (Holtslag and Nieuwstadt, 1986; Gargett and Grosch, 2014). Since
La < 1 (i.e., C-L forcing dominates stress forcing) for such records, it can be concluded
that larger destabilizing buoyancy flux (i.e., larger Ra o< Q/g? through larger Q > 0)
is not a primary source of structural disorganization, but rather the smaller values of g,
characteristic of R2 relative to LEO15 documented in Figure 16.

Characteristic LC growth rate g, is proportional to the geometric mean of two char-
acteristic vertical shears, that of a stress-driven mean current 0U/dx3 ~ u,/H and that
of a characteristic Stokes shear (dUs/dx3). Although u, during storms is typically larger
at R2 than LEO15 (not shown), so is H: observationally, u,/H = (6 —7) x 107*s ! in
both locations. Thus the difference in g, values lies primarily in differences in characteristic
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Stokes shear. The observed wavelength/frequency distributions of storm waves, hence depth
dependence of Uy, are similar at both sites (not shown). Greater water depth at R2 means
that Stokes shear evaluated at a fixed depth fraction is that at deeper actual depth (x3 ~ —5
m for R2 vs. ~ —3 m for LEO15), hence characteristic Stokes shear is smaller for similar
wave amplitudes. Despite the fact that waves at R2 (Hs ~2.5 m) are slightly larger than at
LEO15 (Hs ~2 m), the depth effect apparently dominates. As seen in Figure 16, maximum
values of g, at R2 are somewhat smaller than those at LEO15, hence the differences between
minimum values of |Ra| seen in Figure 15.

Because surface waves at R2 barely reach intermediate character (Fig. 12b), the differ-
ence in near-bottom Stokes shear G, between the two sites is considerably larger than that
in g, (a full factor of 2; see Fig. 14). We suggest that this difference may be of funda-
mental importance because it affects the total C-L force available to drive full-depth LC in
unstratified water columns. Existing theory assumes that LC are driven solely from an upper
surface where vertical vorticity produced by a variety of near-surface turbulent processes is
available for rotation to horizontal by Stokes shear and amplification by mean shear (Lei-
bovich, 1983). However, C-L vortex forcing will exist wherever there is both a supply of
vertical vorticity and nonzero Stokes shear. In a depth-limited system, turbulent vertical
vorticity associated with the bottom boundary layer is potentially an additional source of
C-L forcing, although one that is critically dependent on the magnitude of Stokes shear near
the bottom. It seems plausible that the LC structures at LEO15, where surface waves are of
intermediate type and have relatively large near-bottom Stokes shears, are strongly forced
from both boundaries, resulting in the highly organized structures observed there. Driving
from the bottom is much reduced at R2 because, despite the presence of bottom boundary
layer turbulence, the marginal nature of intermediate character achieved by the surface wave
field at this deeper site results in much-reduced Stokes shear, hence C-L forcing, near the
bottom.

Tejada-Martinez and Grosch (2007) carried out a limited LES investigation of the effects
of varying values of \, the (dominant) surface wave wavelength for fixed H. They found
that “for a fixed turbulent Langmuir number La,, the longer the waves generating LC, the
stronger the impact of LC is on the structure of the turbulence in the lower part of the
water column.” (Note: their La, = La'/?.) La is approximately the same at LEO15 and
R2; however, storm-driven surface waves have similar wavelengths while depths differ, so
that A\/H ~ 6 at LEO1S5, but only ~3 at R2. Our demonstration of lower LC growth rates
throughout the water column at R2 (Fig. 16) is consistent with the results of Tejada Martinez
and Grosch (2007), suggesting that reduced C-L forcing contributes to the less-organized
full-depth structures observed there.

An additional possible contribution to disorganized structures is the instability of paired
vortices mentioned in the Introduction. Estimates of L, the horizontal scale of vortex pairs
associated with C-L forcing, can be made from observations of apparent period, assuming
advection of a fixed crosswind scale by observed crosswind velocity (Gargett and Wells,
2007; Gargett and Grosch, 2014). At both sites, we find L =~ )\, that is, the estimated
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horizontal scale of the vortex pairs is approximately that of the dominant surface-wave
wavelength at the time of the LS event. The lower value of \/H ~ L/H ~ 3 at R2
would thus imply marginal instability of paired vortices under the criterion of Rosenhead
(1929).

Finally, tidal velocities are two to three times larger in magnitude at R2 than at LEO15,
with degree of structural (dis)organization at R2 observed to vary with tidal phase. Thus an
additional or alternate factor weakening structural coherence at R2 may be direct interfer-
ence by stronger tidal bottom boundary layer turbulence.

The dominant (if any) cause of the less-ordered structures observed at the greater depths
of R2 remains to be determined. However, unless the tidal effect proves dominant, coherent
LS will not be found in waters much deeper than the 27 m of R2, since the maximum
wavelengths of surface waves forced by typical storms, and hence the magnitudes of the
first two effects, will be similar across shelves.

7. Summary and conclusions

This work provides detailed descriptions of the mean properties, surface wave fields, and
turbulence that accompany a single LS event. Properties of this prototype event have then
been compared with those of two additional events, in order to identify conditions common
to onset and cessation of LS events.

There are multiple indications that the first essential condition is an unstratified water
column. No LS events are observed during the summer season at LEO15, when stratification
is maintained by both wind-driven upwelling and strong solar insolation. In the prototype
event, which starts with substantial stratification, there is an extensive period of time when
LC are confined to a surface layer; this event starts only when stratification disappears from
the water column. Event ends are often (though not always) associated with appearance of
weak stratification. Although not conclusively causal, since the appearance of stratification
caused by mesoscale slumping following relaxation of the wind-driven pressure gradient at
the coast coincides with lessening of C-L vortex forcing, strong correlation between strati-
fication and water column backscatter/vertical velocities after the prototype event suggests
the importance of even weak stability. The definition of “weak” in this context awaits fur-
ther investigation. The necessity of an unstratified water column implies that LS events on
shallow shelves will occur predominantly when winds favor coastal downwelling. Indeed,
fall, winter and late spring, when winds are generally downwelling favorable, are when
strong LS events are observed both in 8 months of LEO15 data and in nearly 3 years of
subsequent observations at R2.

Langmuir supercells are full-depth velocity structures with strong and highly character-
istic phase relationships among components, revealed by vertically overlapping backscatter
features associated with familiar surface-origin microbubble clouds in the downwelling
zones of LC vortex pairs and less familiar bottom-origin sediment clouds in upwelling
zones. Examination of the prototype and two additional events indicates that resuspended
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sediment is always available in a thin surface-wave boundary layer when LC reach full
depth. Thus the three conditions that must be achieved for onset of LS are those necessary
for full-depth LC: 1) an unstratified water column, as discussed above; 2) La < ~0.3; and
3) |Ra| < 10°, where La and Ra are the nondimensional variables defined by Gargett and
Grosch (2014) in discussing cases with destabilizing surface heat fluxes; the present results
extend their analysis to stabilizing surface heat fluxes. LS events start when the last of these
three conditions is met and end when the first of them is violated. There is no characteristic
order in which the three requirements are met or fail.

Onset of aLS event is found to be associated with (although not caused by) the presence of
waves of intermediate type. Once waves have transitioned from deepwater to intermediate
type, we observe a highly linear relationship between near-surface and near-bottom LC
growth rates, explaining why Ra, computed with near-surface parameters, provides an
effective measure of the strength of full-depth LC. Using shallow-water wave theory for a
single wave, we suggest the form of an explanation for the observed linear relationship; a
more complete examination for a broadband wave spectrum is of interest but beyond the
scope of this paper.

As waves achieve intermediate type, they are said to “feel bottom”: concurrently, the
bottom begins to feel the waves. We show that as wave amplitudes increase under storm
winds, stress in the thin surface-wave bottom boundary layer rapidly exceeds resuspension
thresholds for the full range of particle sizes found in eastern U.S. coast shelf sediments,
guaranteeing sediment supply to the upwelling limbs of LC once they reach full depth. The
ep metric used to estimate onset of surface-wave breaking, hence microbubble supply to
the downwelling limbs of LC, was successful in predicting the appearance of surface-origin
backscatter features in the prototype (May) and October events but failed in the September
event (which may have been more affected by waves remnant from a previous LS event than
the other two). It appears that a more complex metric (e.g., Banner et al., 2002), involving
the full (possibly directional) wave spectrum may be necessary for the generalized case, but
this is, again, beyond the scope of the present paper.

Full-depth velocity structures at the 27-m-deep R2 site off Georgia are only occasionally
as well organized as those typical of LS events in 15 m of water at LEO15; in general, the
strong phase relationships among near-bottom velocity components are absent, and bottom
sediment clouds are less distinct. We suggest three possible reasons for loss of coherence
of LS structures at R2 relative to those at LEO15.

1) Decreased forcing: We document that C-L vortex forcing is reduced at R2 throughout
the water column, but particularly near bottom, as a result of the marginal nature of inter-
mediate character achieved by the surface-wave field at this deeper site, where ./H ~ 3,
only half that at LEO1S.

2) Instability boundary: If L/H ~ N\/H, where L is the horizontal scale of the LS and
X\ the dominant surface wavelength, the difference between \/H values at the two sites
is the difference between stability (LEO15) and marginal instability (R2) of vortex pairs
(Rosenhead, 1929).
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3) Increased interference: Stronger tidal velocities at R2 may result in interference of
tidally generated bottom boundary layer turbulence with the near-bottom structure of LS.

Further work will be necessary to determine the degree to which each proposed mecha-
nism weakens the coherence of LS at R2. If either (or both) of the first two mechanisms is
dominant, the question “How deep?” can be answered. Since maximum surface wavelengths
generated by typical storms do not vary dramatically over the U.S. East Coast shelves, and
LS events are associated with surface waves of intermediate type, it is unlikely that LS
structures will be observed in water depths much greater than the 27 m at R2, where waves
barely achieve intermediate type. Deeper events could of course occur in storms sufficient
to produce surface waves of larger amplitude, wavelength, or both than those (Hs ~ 3 m,
L, ~ 100m) typical of nor’easters at R2. If the tidal mechanism dominates, the answer to
this question will require detailed analysis of the means by which LS are affected by tidal
turbulence.

In the course of detailed examination of the prototype LS event, we also documented
two interesting features of LC acting in the surface layer of the stratified water column
that existed prior to event onset. First, LC confined to the surface layer were apparently
able to generate first-mode internal waves with frequency that of the maximum buoyancy
frequency found in the stratified part of the water column. Generation was not continuous,
for reasons that may have to do with details of the evolution of either the LC, the underlying
density structure, or both.

A second observation was that active LC in the surface layer were ineffective in pro-
ducing observed mixed-layer deepening, which instead occurred primarily in two separate
episodes of Ri lowered by increased mean shear. This observation suggests that LC do not
act efficiently as direct agents of deepening but that instead, as a result of quasi-organized
structure and enhanced vertical penetration relative to stress-driven turbulence, their pri-
mary role is to increase the efficiency of momentum transfer to the surface layer. Enhanced
acceleration of a “slab-like” surface layer through the action of LC will contribute to onset
of the shear instability that does deepen the surface layer, and to the rapidity of wind-
driven setup in coastal oceans. The generality of this result is unknown; however, since the
nature of LC influence on surface-layer depth is important to appropriate parameterization
in both regional coastal models and upper ocean models, it should be the subject of further
observational effort at a level commensurate with that reported here.

The effect of LS events on sediment transport is profound. Sediments removed from near-
bed beneath upwelling limbs of LS effectively step onto an escalator toward the surface.
While the vertical distance achieved depends on particle weight, with only a lighter fraction
likely to reach surface, vertical movements of all particles will exceed those produced by
“normal” bottom boundary layer turbulence as a result of the quasi-organized nature of
LS. Particles thus removed from the low-flow region near the bed enter the strong, verti-
cally homogenized downwind flow associated with LS events (Gargett and Wells, 2007;
Tejada-Martinez and Grosch, 2007), providing a powerful mechanism for enhanced sed-
iment transport during these events. An illustration of the extent of potential transport is
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Figure 17. Progressive vector diagrams for two heights above bottom for the prototype event at
LEOI1S5. The longer trace is for (mid-bin) height above bottom # = 8.8 m, the shorter for 7 = 1.2
m. The black dot is the start of the session; open and filled triangles denote the start of Records 20
through 35.

seen in Figure 17, which shows progressive vector diagrams at two values of height above
bottom for the prototype May event. Weather maps for May 17, in the middle of this LS
event, show that a strong high-pressure system centered over northern Maine produced
winds from the northeast over the entire shelf from Cape Cod to Cape Hatteras; hence
the assumption of spatial uniformity necessary for interpretation of the progressive vector
diagram as displacements is reasonable. Horizontal distances during the LS event (white to
black triangles) are in excess of 40 km at # = 8.8 m and ~25 km at 4 = 1.2 m. Evidence
that sediment transport is indeed dominated by such events is found in direct measure-
ments of near-bottom sediment transport at a site in Long Bay, South Carolina, over a
4-month period from early February through early May 2004, as reported by Warner et al.
(2012). Net transport was dominated by a single event, undoubtedly a LS event forced by a
strong nor’easter caused by an offshore low-pressure system. Had measurements included
the full water column, dominance of this supercell event would have been even more
pronounced.

We also note backscatter evidence of periodic resuspension of sediment in a bottom
boundary layer after the prototype event, but not before. This likely results from sediment
size class sorting during event cessation, when the heaviest size classes will settle out first,
the lightest last. A surface left covered with the finest of silt is more easily remobilized than
are the reworked, mixed sediments existing before such an isolated event.
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Before concluding, we would like to emphasize (as did Gargett and Grosch, 2014) thatit s
unclear how much of the present results will apply to LC in deepwater surface mixed layers,
primarily because of major differences in the effects of rotation in coastal and deepwater
ocean settings. In both coastal data sets discussed here, proximity to a lateral boundary
allows establishment of (approximately) shore-parallel mean flow in which rotational forces
are primarily balanced by a shore-normal pressure gradient associated with coastal setup.
Despite its rotational foundation, once this mean flow has been set up, wind stress on the
surface is balanced by bottom stress, a situation formally equivalent to the rotationless wind-
forced flow modelled by Tejada Martinez and Grosch (2007). In this case, both models and
observations show steady mean flows and turbulent structures, given constant wind forcing.
In contrast, absence of lateral boundaries in the deepwater case precludes such a steady
state. The mean current resulting from steady wind forcing contains an undamped inertial
oscillation, and turbulent properties can be considered only as statistically steady when
averaged over several inertial periods (Tejada-Martinez et al., 2009). It seems likely that the
type of tools used here, allowing resolution of the three-dimensional fields of both mean
and turbulence over extended time periods, would prove fruitful if used in the quite different
system of the deepwater surface mixing layer.
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