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Observations of River Plume Mixing in the Surf Zone
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ABSTRACT: We use salinity observations from drifters and moorings at the Quinault River mouth to investigate mixing
and stratification in a surf-zone-trapped river plume. We quantify mixing based on the rate of change of salinity DS/Dt
in the drifters’ quasi-Lagrangian reference frame. We estimate a constant value of the vertical eddy diffusivity of salt of
K. = (22 *0.6) X 107> m*s™', based on the relationship between vertically integrated DS/Dt and stratification, with val-
ues as high as 1 X 1072 m? s~ ! when stratification is low. Mixing, quantified as DS/Dt, is directly correlated to surf-zone strati-
fication, and is therefore modulated by changes in stratification caused by tidal variability in freshwater volume flux. High
DS/Dt is observed when the near-surface stratification is high and salinity gradients are collocated with wave-breaking turbu-
lence. We observe a transition from low stratification and low DS/Dt at low tidal stage to high stratification and high DS/Dt at
high tidal stage. Observed wave-breaking turbulence does not change significantly with stratification, tidal stage, or offshore
wave height; as a result, we observe no relationship between plume mixing and offshore wave height for the range of condi-
tions sampled. Thus, plume mixing in the surf zone is altered by changes in stratification; these are due to tidal variability in
freshwater flux from the river and not wave conditions, presumably because depth-limited wave breaking causes sufficient
turbulence for mixing to occur during all observed conditions.

SIGNIFICANCE STATEMENT: River outflows are important sources of pollutants, sediment, and nutrients to the
coastal ocean. Small rivers often meet large breaking waves in the surf zone close to shore, trapping river water and
river-borne material near the beach. Such trapped material can influence coastal public health, beach morphology, and
nearshore ecology. This study investigates how trapped fresh river water mixes with salty ocean water in the presence
of large breaking waves by using high-resolution measurements of waves, salinity, and turbulence. We find that the surf
zone is often fresh and stratified, which could have significant implications for the fate of riverine material. Wave break-
ing provides a constant source of turbulence, and the amount of mixing is limited by the degree of vertical salt stratifica-
tion; more mixing occurs when stratification is higher.
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1. Introduction base of the plume layer, resulting in the collocation of turbulence
and the salinity gradient. Vertical mixing in river plumes is typi-
cally driven by stratified shear instabilities along this interface,
which occur when vertical shear is strong enough to overcome
stratification (MacDonald and Geyer 2004; Geyer et al. 2010;
MacDonald et al. 2007; Kilcher et al. 2012; Jurisa et al. 2016). The
associated turbulent kinetic energy (TKE) dissipation values in
river plumes are typically & ~ O(from 1078 to 107%) W kg™
(Nash and Moum 2005; MacDonald et al. 2007; Kilcher et al.
2012; Jurisa et al. 2016). River plume mixing has been shown to be
predominantly a vertical process; lateral mixing in river plumes is
small because the aspect ratio of a river plume is typically small
(MacDonald and Geyer 2004; Chen and MacDonald 2006;
McCabe et al. 2008; Horner-Devine et al. 2015).

a. Mixing in river plumes Mixing in plumes and other stratified systems can be described
in terms of a salt balance; assuming negligible horizontal mixing,

Riverine transport of freshwater, nutrients, sediment, and pol-
lutants is important to coastal environments (Hickey et al. 2010).
Small discharge rivers represent a large fraction of total river dis-
charge in the midlatitudes (Izett and Fennel 2018), and many
such rivers empty directly into the surf zone, where surface waves
break near shore due to depth limitation. Recent work predicts
the quantity of river water that escapes the surf zone, finding that
river discharge is often trapped in the surf zone (Wong et al. 2013;
Rodriguez et al. 2018; Kastner et al. 2019). This study uses obser-
vational data, including salinity measurements from Lagrangian
drifters, from near the Quinault River mouth to investigate trans-
port and mixing in a surf-zone-trapped river plume.

River plumes are frequently approximated as two-layer flows
(Fong and Geyer 2001; Hetland 2010; McCabe et al. 2008; Kastner the balance can be expressed as
et al. 2018) in which stratification and shear are highest near the
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a Reynolds-averaged quantity, and the prime denotes a fluctua-
tion. The material derivative of salinity represents the change in
salinity a small parcel of water experiences as it moves through
the plume, ie., following a Lagrangian reference frame. The
eddy diffusivity parameterizes the vertical turbulent salt flux
(hereinafter referred to as simply vertical salt flux, dropping the
“turbulent”), such that

- aS

S'w = KZE, 2)
where K, is the eddy diffusivity of salt in the vertical direction
(hereinafter referred to as simply eddy diffusivity, dropping
the “of salt”). Eddy diffusivity values in river plumes typically
vary from O(10™%) to 0(102) m? s (MacDonald and Geyer
2004; McCabe et al. 2008). Most river plume studies are pri-
marily based on shipboard observations and Eulerian moorings,
and so do not calculate DS/Dt (hereinafter referred to as the
mixing rate or DS/Dt, dropping the overbar). Drifter based
plume studies have utilized a control volume technique to calcu-
late a vertical salt flux comparable to shipboard and mooring
studies (McCabe et al. 2008; Kastner et al. 2018). River plume
vertical salt fluxes are typically of order O(1072) psu m s !
(MacDonald and Geyer 2004; McCabe et al. 2008; Kastner et al.
2018). Mixing can also be quantified by the spatial salinity vari-
ance, which represents the mean deviation of salinity in a sys-
tem from the mean salinity of that system (MacCready et al.
2018). The destruction of spatial salinity variance is directly re-
lated to mixing.

b. River plumes in the surf zone

River water is often trapped in the surf zone at the Quinault
River mouth and can be predicted based on the relationship
between the surf zone width and the near-field plume length
scale (Kastner et al. 2019). Once plume water is trapped in the
surf zone, it is no longer forced by its initial momentum and is
strongly influenced by surf-zone forcing (Wong et al. 2013;
Olabarrieta et al. 2014; Rodriguez et al. 2018; Kastner et al.
2019; Jennings et al. 2020). In a saturated surf zone, waves break
at a depth d proportional to their height H;, such that y = HJ/d
is constant throughout the surf zone. Wave height therefore de-
creases with depth approaching the shoreline, resulting in gra-
dients in wave energy flux and radiation stress (momentum flux)
that cause the surf zone to be turbulent and energetic.

Wave energy flux gradients in the surf zone are related to lo-
cal energy loss rates (Battjes and Janssen 1978; Thornton and
Guza 1983). The TKE dissipation rate ¢ is high in the surf zone,
with typical values of & = O(from 10™* to 107%) W kg~ ! near
the surface (Thornton and Guza 1983; George et al. 1994;
Feddersen and Trowbridge 2005; Feddersen 2012a; Thomson
2012). For dissipative beaches, waves break consistently on-
shore of the break point, resulting in a flux of TKE through the
water surface. The vertical structure of TKE dissipation rate
has been found to scale with the wave height and water depth
and inversely with distance from the water surface, such that
dissipation is higher closer to the surface and closer to the break
point (Longuet-Higgins and Stewart 1962; Thornton and Guza
1983; Feddersen 2012b).
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Wave radiation stress gradients in the surf zone force along-
shore currents with velocities on the order of v from 0.5 to
1.5 m s~! (Longuet-Higgins and Stewart 1962; Thornton and
Guza 1986; Spydell et al. 2007). In addition to mean currents, ver-
tical vorticity introduced by short-crested breaking waves, wave
groups, and shear instability cause the formation of energetic hor-
izontal eddies (Peregrine 1998; Haller et al. 1999; Bowen and
Holman 1989; Clark et al. 2012; Feddersen 2014). These eddies
mix gradients in the cross- and alongshore directions, leading to
large horizontal dispersion within the surf zone, with horizontal
eddy diffusivity K, ~ O(from 0.1 to 10) m*> s~! (Spydell and
Feddersen 2009; Clark et al. 2010; Spydell and Feddersen 2012;
Hally-Rosendahl et al. 2014). A variety of measurement techni-
ques have been used to quantify surf-zone dispersion, including
dye (Hally-Rosendahl et al. 2014) and drifting buoys (Spydell
and Feddersen 2012). This high dispersion within the surf zone
does not result in significant exchange with the neighboring
inner shelf on short time scales (MacMahan et al. 2004; Hally-
Rosendahl et al. 2014); however, rip currents can lead to signifi-
cant exchange with the inner shelf, particularly on time scales
of ~1 day (Reniers et al. 2009; Clark et al. 2012; Moulton et al.
2017; Kumar and Feddersen 2017a,b).

Several recent studies have shown that surface wave breaking
outside the surf zone (whitecapping) can affect plume mixing in
deeper water. Whitecapping is generally a less energetic forcing
mechanism than surf-zone wave breaking and tends to produce
lower TKE dissipation rates (Terray et al. 1996; Feddersen et al.
2007; Gerbi et al. 2009). Breaking waves can significantly con-
tribute to river plume mixing when the plume layer is shallow
and slow moving far from the river mouth (Gerbi et al. 2015),
or when strong wave breaking is collocated with a plume front
(Thomson et al. 2014). In particular, Gerbi et al. (2015) show
that breaking waves are most effective at mixing a surface layer
when the layer is thin, suggesting that the spatial dislocation of
the generation of turbulence from a density gradient can impact
mixing rates. Breaking waves can impact the structure of a river
plume far from the river mouth where the plume propagates as
a buoyant coastal current (Gerbi et al. 2013), but these effects
are less important closer to the mouth where river momentum
is large (Akan et al. 2017; Kastner et al. 2018).

Prior studies of small plumes in the surf zone have suggested the
importance of breaking wave-driven mixing increasing plume en-
trainment velocity (Kastner et al. 2019) and injecting TKE at the
surface that mixes the plume (Rodriguez et al. 2018). Because of
the higher TKE dissipation rate in the surf zone (from 10™*
to 1072 W kg'!) relative to river plumes (from 107% to
107° W kg™ "), we expect wave-breaking processes to be the pri-
mary source of turbulence at the Quinault River mouth. How-
ever, a full analysis of wave-driven turbulence and stratification
in shallow water has not been done, although some of the mecha-
nisms discussed above for deeper water may be relevant.

In this study, we use novel in situ measurements to investi-
gate the stratification and mixing of surf-zone-trapped river
plume water that is exposed to wave-generated turbulence. The
surf zone at the Quinault River mouth is shallow, wide, and sat-
urated with energetic breaking waves, making it dangerous to
conduct shipboard observations. For this reason our mixing es-
timates are based on measurements from drifters that follow
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FIG. 1. The observational field campaign at the Quinault River mouth: (a) an example UAS perspective image from 28 Apr 2017, when
the offshore wave height H, = 1.62 m, the river volume flux Q7 = 181 m®s™", and the tidal stage is —0.41 m, and (b) a map of deployed in-
struments and bathymetry. Color shading indicates depth, and isobaths are given as white lines with notations in meters. Orange squares
indicate moorings using Nortek Aquadopp ADCPs, yellow circles indicate moorings using SWIFTs, and the red triangle indicates the off-
shore AWAC. The UAS field of view is given as a dashed—dotted red line, and SWIFT drift tracks on 30 Apr 2017 are thin solid lines
(black for trapped drifters and gray for escaped drifters). The shoreline is indicated with a thick solid brown line.

the trapped plume water and moorings at the edge of the surf
zone. These measurements allow us to make calculations of
stratification, the material derivative of salinity, vertical eddy
diffusivity, and TKE dissipation rate (section 2). These quanti-
ties are related to each other and to tidal variability in river vol-
ume flux such that tidal variability leads to changes in mixing
(section 3). Last, we discuss the implications of these findings
on stratified turbulence in the surf zone, examine the potential
impacts of lateral dispersion in the surf zone, and compare
surf-zone-trapped river plumes with more conventional plume
systems (section 4).

2. Methods
a. Observations

The data presented here were collected as part of an obser-
vational campaign described in detail by Kastner et al. (2019)
at the Quinault River mouth, on Quinault Indian Nation land
by Taholah, Washington (Fig. 1). The observations were made
with the permission and guidance of the Quinault Nation Divi-
sion of Natural Resources. We focus in this work primarily on
measurements from the SWIFT (Surface Wave Instrument
Float with Tracking) drifting buoys deployed in the river inlet.
A table detailing the deployment time, model, tidal stage, and
wave height for all SWIFT deployments that resulted in surf-
zone-trapped drifters is shown in the appendix (Table Al). A
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map of drifter tracks subset by tidal stage is available in Kastner
et al. (2019) (Fig. 3). Two models of SWIFTs were used, as de-
tailed in Table 1. Figures 2 and 3 show examples of raw, high-
resolution observations of salinity (Figs. 2b and 3b), drift speed
(Figs. 2c and 3c), and heave (Figs. 2d and 3d), as well as esti-
mates of TKE dissipation rate, stratification, and the material
derivative of salinity (Figs. 2e and 3e) from two SWIFTv3s that
were trapped in the surf zone on 30 April and 1 May 2017.
The estimates of mixing rate and 95/0z (hereinafter referred
to as stratification or 35/9z, dropping the overbar) shown in
Figs. 2f, 2g, 3f, and 3g are calculated using the methods out-
lined in section 2b. We use the SWIFT measured raw heave
to estimate significant wave height on 1-min intervals as H =
40, where o, is the standard deviation of the heave data over
1 min. This combination of measurements effectively resolves

TABLE 1. The instrumentation and specifications of the two
versions of SWIFT drifters used during the Quinault observational
campaign.

Model Version 3 Version 4
Draft (m) 1.05 0.25
No. of CTs 3 1
CT depth (m) 0.1, 0.5, and 1.05 0.2
ADCP Model  Aquadopp HR (2 MHz)  Signature (1 MHz)
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FiG. 2. Data from a SWIFTv3 deployed on 1 May 2017; this
SWIFT was trapped in the surf zone: (a) the drift track overlaid on
the bathymetry map from Fig. 1b transformed into a local coordi-
nate system; (b) the 0.5-Hz salinity data at 0.1-, 0.5-, and 1.05-m
depth; (c) the raw 4-Hz drift speed data from the GPS in black,
with 1-min averages in red; (d) the raw 15-Hz inertial measurement
unit heave data in black, with 1-min calculations of Hg = 40, in
red (gray lines show data screened as poor quality by SWIFT data
processing routines); (e) the vertical average over the top 0.5 m of
structure function estimates of TKE dissipation rate from 1 min of
uplooking Aquadopp HR ADCP data (Thomson 2012; Thomson
et al. 2019); (f) the 1-min mixing rate DS/Dt at 0.5-m depth deter-
mined by the fitting method in section 2b; and (g) stratification
9S5/dz, also determined by the fitting method in section 2b. Alternat-
ing crosses and circles indicate the beginning of each SWIFT data
collection burst.

wave-driven processes, plume dynamics, and mixing on time
scales varying from seconds to the drifter’s deployment length.

We use nearshore moorings with YSI Sonde 600LS CTD
sensors ~1 and ~3 m below the water surface deployed at the
surf-zone edge in ~4-m water depth (relative to mean lower
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FiG. 3. Data from one SWIFTv3 and one SWIFTv4 deployed
on 30 Apr 2017; both SWIFTs were trapped in the surf zone as
the tidal stage rose from n = —0.4 m to n = 1.7 m as shown be-
low the x-axis label (in all panels, data from only one SWIFT is
shown for clarity; however, the two SWIFTS followed similar
drift tracks and parameters matched well when data products
overlapped): (a) the SWIFTv3 drift track overlaid on the ba-
thymetry map from Fig. 1b transformed into a local coordinate
system (the SWIFT track is colored by time, with black corre-
sponding to times near deployment and light gray correspond-
ing to times near recovery); (b) the 0.5-Hz salinity data at 0.1-,
0.5-, and 1.05-m depth from the SWIFTv3; (c) the raw 4-Hz
drift speed data from the GPS on the SWIFTV3 in black, with
1-min averages in red; (d) the raw 15-Hz inertial measurement
unit heave data in black, with 1-min calculations of Hg = 40, in
red (gray lines shows data screened as poor quality by SWIFT
data processing routines); (e) the vertical average over the top
0.5 m of structure function estimates of SWIFTv4 TKE dissipa-
tion rate from 1 min of downlooking Signature1000 HR ADCP
data (Thomson 2012; Thomson et al. 2019); (f) the 1-min mix-
ing rate DS/Dt at 0.5-m depth on the SWIFT v3 determined by
the fitting method in section 2b; and (g) stratification 95/9z,
also determined by the fitting method in section 2b.
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TABLE 2. Conditions over the course of the entire Quinault field campaign and on 30 Apr and 1 May 2017. Significant wave height H
is calculated from the AWAC, River discharge Qg is calculated as 150% of the Quinault Lake discharge per information from the
Quinault Nation Division of Natural Resources, and tidal stage in meters above lower low water is taken from the USGS Point Grenville

tide gauge.
All observations 30 Apr 2017
1 May 2017
Quantity Mean Min Max Mean Min Max At deployment
H, (m) 1.64 1.00 2.3 1.81 1.51 2.05 14
Qg (m*s™) 156 114 217 139 139 140 132
Tidal stage (m) 131 -0.53 2.89 0.74 —0.40 1.98 0.02

low water at the USGS Point Grenville station) to measure
the salinity field along the onshore edge of the inner shelf. At
the boundaries of the surf-zone-plume system, we use meas-
urements of spectral wave properties from a Nortek Acoustic
Waves and Currents (AWAC) instrument deployed in ~6-m
water depth as an offshore wave condition as well as a down-
looking Nortek Aquadopp and bottom-mounted Onset HOBO
pressure sensor deployed at the river mouth to capture the tid-
ally varying river momentum and volume flux. The results pre-
sented in section 3 use data from the entire 2-week study
period, focusing on two drifter deployments that occurred on
30 April and 1 May 2017. Mean, maximum, and minimum off-
shore wave height Hj, river discharge QOg, and tidal stage for
the whole study period and for the specific deployments exam-
ined in section 3a are shown in Table 2 (see also Kastner et al.
2019, their Fig. 2).

b. Estimating mixing and stratification in the surf zone

We use drifter measurements of salinity to quantify mixing as
the material derivative of salinity, DS/Dt. This can be estimated
from a single drifter and is therefore robust to the deployment
constraints of the Quinault River mouth. Measurements from
SWIFTs have been used in previous surf-zone studies (Zippel
and Thomson 2015; Moghimi et al. 2016). Salinity measurements
reported in this work are 1-min averages of the 0.5-Hz SWIFT
CT data, except as noted.

The material derivative of salinity, DS/Dt, is calculated for
each salinity sensor on a SWIFT drifter, either at three depths
for the SWIFTV3 (0.1, 0.5, and 1.05 m) or at a single depth for
the SWIFTv4 (0.2 m). We apply a third-order median filter to
minimize the influence of bubbles, which cause spurious low
salinity spikes in the raw data collected at 0.5 Hz, and obtain
1-min salinity averages. We calculate DS/Dt as the slope of a
linear best fit to a 1-min time series of salinity data from each
SWIFT CT sensor. We assume that an approximation of local
linearity is reasonable over the 1-min period. The CT sensor
resolution leads to uncertainty in DS/Dt of 1 X 107> psus™ ..
We exclude very fresh water, where S < 0.5 psu, from fits.
This primarily occurs inside and near the river mouth at the
beginning of drift tracks.

The SWIFT buoys are not perfectly Lagrangian tracers.
This can be partially quantified by comparing the drift speeds
of the two SWIFT versions, the larger 1.05-m-draft SWIFTv3
and the smaller 0.25-m-draft SWIFTv4. The v3 SWIFT is
~0(107%) m s~ ! slower than the smaller-draft v4 SWIFT; this
slight discrepancy is similar to previous comparisons of the v3
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SWIFT with high-frequency radar measurements of surface
currents (Lund et al. 2018). Note that this comparison ac-
counts for the difference in SWIFT draft but cannot account
for non-Lagrangian bias in the SWIFTv4 measurements. Mul-
tiplying this velocity difference by the cross-shore salinity gra-
dient, 0S5/dx ~ O(10™2) psum ™, as observed by the nearshore
moorings and drifters, and integrating over the SWIFTV3 draft
of 1.05 m yields an overestimate of DS/Dt due to the differ-
ence in SWIFT draft of O(10™%) psu s~ '. This analysis estab-
lishes a threshold of DS/Dt = 1 X 10™* psu s~ !, below which
DS/Dt estimates may be biased by the non-Lagrangian behav-
ior of the drifters. We therefore exclude values below this
threshold from our analysis, which eliminates approximately
1% of DS/Dt estimates.

We can similarly assess the role of vertical advection
[Waav(9S/0z)] by calculating the vertical velocity associated with
the surfacing of the 4-psu isohaline shown between Figs. 5a and
Sc. This isohaline transits 2 m vertically in approximately 2 h, cor-
responding to a vertical advective velocity of O(10™%) m s~
This velocity occurs when 85/dz = 0.5 psum™ ', yielding a possi-
ble vertical advective contribution to the material derivative of
O(10™*) psu s, the same as estimated from draft and thus not
altering the cutoff value chosen for exclusion as outlined above.
Moreover, the values of DS/Dt throughout this period from
which this vertical advective contribution is estimated are higher
than O(10™%) psu s~ !, showing that vertical mixing contributes
more significantly than advection to the temporal evolution of
salinity.

Previous drifter-based studies of river plumes have shown
that drifters tend to be trapped in river plume fronts, as surface-
following floats are unable to follow the strong frontal
downwelling velocities (McCabe et al. 2008; Kakoulaki et al.
2014; Zippel and Thomson 2017; Kastner et al. 2018). It is im-
possible to exclude the possibility that fronts are present in
the near-field Quinault plume without transect data, which are
not feasible for practical and safety reasons. However, we see lit-
tle evidence of fronts in the surf zone from uncrewed aerial sys-
tem (UAS) imagery and no evidence that drifters are trapped in
front based on analysis of the drifter tracks at the Quinault River
mouth (Figs. 1b, 2a, and 3a), or in the drifter behavior described
in Kastner et al. (2019). Previous studies where drifters are
trapped in river plume fronts show that the drifters trace out
plume streamlines as they move away from the river mouth,
spreading slightly away from each other; at any given time in
these studies, all drifters are roughly the same radial distance
from the river mouth, spaced out laterally along the river plume
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front (McCabe et al. 2008; Kakoulaki et al. 2014; Kastner et al.
2018). We do not observe this drift track pattern in SWIFT de-
ployments at the Quinault River mouth.

Using the SWIFTV3 measurements of salinity at three verti-
cal positions, we calculate a local stratification 9.5/0z as the slope
of a linear fit to all three salinity measurements. This stratifica-
tion will be used alongside DS/Dt in section 3c to calculate a
vertical eddy diffusivity of salt. We estimate vertical eddy diffu-
sivity, K,, from the Lagrangian salt budget [Egs. (1) and (2)].
Vertically integrating DS/Dt as estimated at each SWIFTv3 CT
sensor using trapezoidal numerical integration and assuming
that DS/Dt does not change between the CT measurement at
0.1 m and the surface yields an expression for near-surface verti-
cal salt flux in terms of the vertical eddy diffusivity and the strat-
ification in the top 1.05 m:

DS aS

EdZ:KZE. (3)

We can therefore calculate K, for each 1-min SWIFTv3 aver-
age calculation of DS/Dt and 9S/0z. The results presented be-
low are not sensitive to the averaging time scale as long as it is
longer than a few wave periods (i.e., >25 s) and short enough
for the stationarity of statistics [i.e., the length of a SWIFT
data collection burst, <10 min; see Thomson (2012)].

To generate SWIFT TKE dissipation rate estimates we use
a structure function method to estimate ¢ in the top 0.5 m of
the water column (Thomson 2012; Thomson et al. 2019).
Many of the raw Doppler velocity measurements are obscured
by the high void fraction in the surf zone and so we apply a
multiplicative correction factor of 3 to all dissipation rate esti-
mates following Derakhti et al. (2020). Most SWIFT measure-
ments do not resolve the wave energy flux gradient 9F/ox,
because the drifters frequently transit as much or more along-
shore than cross-shore once they enter the surf zone. Such
SWIFT estimates of the cross-shore wave energy flux gradient
are therefore contaminated by lateral variability driven by
alongshore variability in bathymetry and noninfinite wave
crest lengths due to directional spread (Dalrymple 1975). We
therefore compare the dissipation rate estimates with a mean
value for dF/dx over the course of the SWIFT deployment,
where F = Ec, is determined using the AWAC measurements
of incident wave energy spectra £ and the group velocity c,.
After applying the void correction factor, depth-averaged val-
ues of SWIFT-estimated TKE dissipation rate in the top 0.5 m
agree well with depth-averaged bulk estimates of surf-zone
dissipation based on the wave energy flux gradient (1/d)oF/dx,
where d is the water depth (not shown).

For drifts that recirculate (Fig. 3), we are able to assess the
agreement between dissipation estimates from the SWIFT HR
ADCPs and a calculation of (1/d)oF/dx from SWIFT measured
wave properties and position. The SWIFT dissipation estimates
in the top 0.5 m are roughly one-third as large as (1/d)dF/ox,
showing reasonable agreement in the limited data available.
The bottom CT sensor of the SWIFTV3 is at 1.05-m depth;
only about 4% of our measurements occur in the bottom
20% of the water column, where the role of the bottom
boundary layer is expected to be important (Feddersen and
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Trowbridge 2005). We therefore assume that our turbulence
measurements are due to surface injection from breaking
waves, and we do not examine the role of surf-zone bottom
boundary turbulence in mixing the Quinault River plume.

The beach near the Quinault River mouth is dissipative
during moderate to high wave forcing conditions, when river
water to be trapped in the surf zone. Depth decreases mono-
tonically onshore of the 4-m isobath; therefore, the beach is
always dissipative at low water (Fig. 5). Wave breaking does
not always occur in the deeper river channel; however, such
breaking is required for river water to be trapped in the surf
zone, especially at high water (Kastner et al. 2019). There-
fore, the beach near the Quinault River mouth is dissipative
when river water is trapped in the surf zone, the focus of
this study.

We define S/ as the mean of the squared differences of the
median filtered salinity value from the fitted salinity value
such that

7 = ISy~ SOF, @
where f; = 0.5 Hz is the CT sampling frequency, Ty, = 60 s is
the averaging window, the sigma operator indicates a summa-
tion over Ty, S(¢) is the median filtered salinity at a time ¢
within the window, and Sg(?) is the linear salinity fit found in
order to calculate DS/Dt, evaluated at the same time ¢. Propa-
gating error from the SWIFT’s onboard Aanderaa 4319 CT
sensor indicates that the error associated with this calculation
is ~1% of the calculated value. The mean square salinity er-
ror as defined above represents the scatter around the linear
fit DS/Dt. In these calculations, we assume that our 1-min
averaging window and salinity thresholds are sufficient to
achieve local linearity. In this case, S> only represents the
scatter around the best fit line. If instrument noise and non-
Lagrangian bias are small, then the local turbulent fluctua-
tions dominate S;?, and we expect S/ to be related to DS/Dt,
as shown in Fig. 4b. The strong relationship between DS/Dt and
S indicates that DS/Dt is a good estimate of Quinault River
plume mixing and is not significantly influenced by changes in
salinity driven by plume spreading and shoaling of the plume
interface (McCabe et al. 2008; Kastner et al. 2018). We will
therefore use DS/Dt as an estimate of mixing throughout this
paper.

The mean square salinity error [Eq. (4)] is similar to the spa-
tial salinity variance introduced by MacCready et al. (2018) in
that it is a squared salinity deviation, but differs in two key
ways. First, the salinity variance is calculated using deviations
from the spatial salinity mean, whereas S/? is calculated using
residuals from a fit line. Second, intense mixing is indicated by
high $/2, whereas a sharp decrease in spatial salinity variance
indicates intense mixing.

3. Results

a. The structure of a surf-zone-trapped river plume

We show data from two example SWIFT deployments in
Figs. 2 and 3, which took place during wave, river discharge,
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FIG. 4. Estimates of DS/Dt and S} using salinity observations
from a SWIFTv3 deployed on 30 Apr 2017: (a) median filtered salin-
ity data and the linear fits used to calculate DS/Dt at each CT sensor
depth, as indicated by symbols (all 7 > 0.99), and (b) the compari-
son of S and DS/Dt for each CT sensor depth (indicated by sym-
bols) for all SWIFTV3 1-min averages on 30 Apr 2017.

and tidal conditions that were close to average for the 2-week
observational period (Table 2). On 1 May 2017, one SWIFTv3
traveled 1750 m through the surf zone over 48 min before
beaching south of the river mouth. It reached a maximum
speed of 2.35 m s~ ! and experienced a maximum wave height
of 1 m. Average near-surface TKE dissipation rate estimates
& were of order ~2 X 107* W kg™ ', and the onboard CT sen-
sors measured a maximum salinity value of 23.3 psu at 1.05 m,
concurrent with a salinity of 0.7 psu at 0.1 m (Fig. 2). As the
drifter transited through the surf zone, the measured salinity
increased continuously, the measured significant wave height
and the estimated TKE dissipation rate increased before
leveling off, and the drift speed peaked near the river mouth
before decreasing to a near-constant value of ~0.75ms™".

On 30 April 2017, one SWIFTv3 and one SWIFTv4 were de-
ployed concurrently in the river mouth. The drifters were de-
ployed at low water and recirculated in a region within ~500 m

Brought to you by University of Washington Libraries | Unauthenticated | Downloaded 03/10/23 11:17 PM UTC

KASTNER ET AL.

965

south of the river mouth for a period of 5 h before beaching
(until almost high water; Fig. 3a). A similar event occurred on
5 May 2017, but the SWIFTs deployed on that day did not have
functioning CT sensors after several beaching events. Both of
these events occurred during normal wave conditions for our
deployment period and at different river discharges (Table 2),
suggesting that this recirculation may be a common feature
of the surf-zone circulation at the Quinault River mouth.
The 30-min-average cross-shore position (normalized with
respect to the surf-zone width) of the SWIFTs deployed on
30 April 2017 did not change with tidal stage. SWIFTv3 meas-
urements from 30 April 2017 show that surf-zone salinity in-
creases sharply at first as the drifter enters the surf zone, slowly
over the next ~3 h as it recirculated within the surf zone, and
then sharply again at the end of the deployment as it exited the
recirculation zone, transited southward, and beached (Fig. 3b).
Heave (from the SWIFTv3) and TKE dissipation measure-
ments (from the SWIFTv4) showed a similar pattern to the
deployment on 1 May 2017, increasing as the drifter exited
the river mouth and entered the surf zone before leveling off
in magnitude. TKE dissipation rate is approximately constant
in the surf zone, with & ~ 10”2, consistent with previous stud-
ies (Figs. 3d,e).

The deployments on 30 April and 1 May 2017 show similar pat-
terns of evolution in 0.5 m depth mixing rate and stratification in
their initial 40 min of deployment (Figs. 2f,g and 3f,g). As the
drifters leave the river mouth, enter the surf zone, and salinity be-
gins to increase, the mixing rate drops from DS/Dt > 102 psus '
near the river mouth to under 10”2 psu s~ '. During the longer
deployment on 30 April 2017, the mixing rate increases as the
drifters recirculate in the surf zone over 5 h; by the end of the de-
ployment, DS/Dt was larger than its local maximum near the river
mouth. Stratification also falls for both deployments during the
first 40 min, in both cases by roughly one order of magnitude.
Stratification is higher during the 40-min deployment on 1 May
than during the initial 40 min of the deployment on 30 April, but
increases during the 30 April deployment and reaches values simi-
lar to those estimated on 1 May (~107! psu m™?) by the end of
the drift track. These increases in mixing rate and stratification on
30 April 2017 occur as tidal stage increased from low water at the
beginning of the deployment to high water at the end of the de-
ployment; higher mixing rates and stratification occur at higher
tidal stage.

At the Quinault, total volume flux from the river mouth is
maximum at low water, and minimum at high water due to
volume storage within the estuary during flood tides. We de-
fine this volume flux as

Oy = uydyby, (5)

where ur is the depth-averaged velocity at the river mouth
(including both river and tidally driven components), dr is
the tidally varying river mouth depth, and the effective river
mouth width b7 ~ 87 m is defined as in Kastner et al. (2019).
A time series of ur can be found in Kastner et al. (2019),
Fig. 2, and values of Q7 during the example drifts shown in
Figs. 2 and 3 are shown in Table 2. The discharge at the river
mouth is always completely fresh; thus, total freshwater
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FIG. 5. (a),(c),(e) Color scatterplots showing the salinity structure across the surf zone to the inner shelf as measured by the SWIFTv3
and the moorings on 30 Apr 2017 alongside (b),(d),(f) maps showing the location of the drifter measurements shown in the corresponding
cross section, colored by the salinity difference between the 1.05- and 0.1-m CT sensors. Time advances, and tidal stage increases,
from (a) and (b) to (e) and (f). The solid black line and tan-filled region in (a), (c), and (e) indicate the seabed (note that depth changes as
the tidal stage increases), and the vertical dashed black line indicates the surf-zone width, calculated using linear wave energy flux conserva-
tion as described in Kastner et al. (2019). The breaker depth increases as the offshore significant wave height increases during the deploy-
ment from close to the minimum to close to the maximum values for 30 Apr 2017 (Table 2); this surf-zone widening is also visible in the
UAS imagery (not shown). The colored dots inside the surf zone in (a), (c), and (e) indicate all 1-min salinity averages from the SWIFTV3 in
the 30-min window centered on the time indicated in the panel title, and the colored dots outside the surf zone indicate the average salinity
measured by the moorings within the 30-min window. The mooring data points are shown larger to emphasize that they are 30-min-average
salinity values, as opposed to the 1-min-averaged SWIFT data. In (b), (d), and (f), the solid black line indicates the coastline, as in Fig. 1b,
and the gray contours indicate bathymetry, with values in meters relative to mean lower low water.

discharge is also tidally modulated, with a minimum at high  even that vertical eddy diffusivity would be constant [Egs. (1)
water and a maximum at low water. The surf zone is also  and (2)]. This relationship will be examined in section 3c.

widest and extends farthest offshore at low water (given a TKE dissipation rate estimates from the SWIFTv4 do not
constant wave condition) due to the concave beach shape show any dependence of ¢ over the course of the deployment
(Kastner et al. 2019). Salinity measurements from 30 April  (Fig. 3e). Together with the changes in DS/Dt observed in
2017 show that minimum salinity occurs at low water, when  Fig. 3f the lack of dependence on & suggests that DS/Dt in-
the drifters are deployed, and increases with the tidal stage creases irrespective of &; in other words, increases in mixing
(Figs. 3b and 5). Salinity at the inner shelf moorings also in-  are not driven by increases in turbulence and instead corre-
creases with tidal stage during this time period, particularly = spond to an increase in 95/0z. This differs from many river
at the south mooring (Fig. 5). Simultaneously, the mooring  plume studies, which have shown that more intense mixing
salinity difference between 1 and 3 m decreases with tidal  generally occurs in regions with higher TKE dissipation rate
stage (Fig. 5). Water at the moorings is always saltier than in  (McCabe et al. 2008; Jurisa et al. 2016; Geyer et al. 2017).
the surf zone. Thus, from low to high water on 30 April 2017, We attribute the increase in 95/dz to tidal modulation of the
the surf zone makes a transition from fresh and unstratified to  riverine freshwater flux in section 4a. Additionally, we do
saltier and stratified. As mixing rate estimates increase with tidal  not see evidence of an increase in TKE dissipation rate with
stage coincident with increased stratification, we might expect offshore wave height (not shown), indicating that the surf
that variability in vertical eddy diffusivity would be small, or zone at the Quinault River mouth may be saturated by
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breaking waves. In a saturated surf zone, TKE dissipation
rate at any cross-shore location is primarily a function of ba-
thymetry, as depth-limited breaking occurs from the break
point to the shoreline on a dissipative beach (Wright et al.
1982; Raubenheimer et al. 1996).

Figure 6 shows the ensemble average of S, u, H, ¢, DS/Dt,
and 95/9z along a drifter track in 450-m bins over the first 2 km
of along-track distance. Salinity is normalized by the mean
measured salinity at the nearshore moorings at the time of
drifter deployment (or the time-averaged nearshore moor-
ing salinity for drifter deployments when the moorings were
not in the water), drift speed is normalized by the near-
mouth maximum drift speed, and significant wave height is
normalized by the wave height at breaking. These dimen-
sionless quantities follow similar patterns to the along-track
examples shown in Figs. 2 and 3 as a drifter leaves the river
mouth: salinity increases before leveling off, wave height in-
creases and levels off, and drift speed peaks early in the drift
track before decreasing to a near-constant value. TKE dissi-
pation rate increases slightly at the beginning of the drift track
before leveling off, while mixing rate decreases continuously
along an average drift track and stratification decreases quickly
after an initial increase. These initial increases in salinity,
wave height, TKE dissipation rate, and stratification, and
peak in drift speed are associated with the drifter exiting the
river mouth and entering the surf zone. The initial increase
in stratification (Fig. 6f) is likely associated with shoaling of
the plume interface after liftoff (MacDonald and Geyer
2004).

The along-track evolution of plume structure shown by the en-
semble averages in Fig. 6 contrasts drifter observations of plume
structure in the Columbia and Fraser River plumes outlined in
McCabe et al. (2008) and Kastner et al. (2018), respectively.
These plumes (and drift tracks) have a much larger spatial foot-
print than the Quinault River plume, with drift tracks extending
for 10-15 km at the Fraser and ~35 km at the Columbia, but
also have a larger discharge (Qg ~ 950 m® s~ 'for Fraser, and
Qr ~ 7000 m> s~ ! for Columbia) and do not encounter surf-
zone wave breaking. In both cases drifters were deployed sea-
ward of plume liftoff; salinity tends to increase sharply at the
beginning of the drift tracks before leveling off farther away
from the river mouth, while velocity tends to behave inversely,
decreasing sharply at the beginning of the drift tracks before
leveling off.

Estimates of salt flux and stratification also differ from the
Quinault versus the Columbia and Fraser river plumes. Vertical
salt fluxes, calculated using a control volume method in both
McCabe et al. (2008) and Kastner et al. (2018), are higher near
the river mouth and decrease farther afield. A similar pattern is
seen in stratification; these behaviors are analogous to the be-
havior of the mixing rates shown in Figs. 2, 3e, and 6e. McCabe
et al. (2008) use Eq. (2) to calculate eddy diffusivity, finding
that the decrease in vertical salt flux along a drift track outpaces
the decrease in stratification, resulting in a decline in eddy diffu-
sivity. TKE dissipation rate estimates from the Columbia River
plume also decline offshore due to stratification suppressing
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FIG. 6. Along-track plots of observed and estimated quanti-
ties from SWIFT drifters that were trapped in the surf zone:
(a) salinity, normalized by the mean measured salinity at the
nearshore moorings at the time of drifter deployment (or the
averaged nearshore mooring salinity over the entire study pe-
riod for drifter deployments when the moorings were not in
the water); (b) drift speed, normalized by the maximum drift
speed reached near the river mouth; (c) significant wave
height, normalized by the height at breaking; (d) vertical aver-
ages in the top 0.5 m of structure function estimates of TKE
dissipation rate estimates using SWIFT ADCP HR measure-
ments; (e) the material derivative of salinity, estimated as de-
tailed in section 2b; and (f) the stratification in the top 1.05 m
from SWIFTv3s. Measurements from all SWIFTs are shown in
(a)-(e); only measurements from SWIFTv3s are shown in
(f). Blue points show 1-min-average quantities, and black open
circles show ensemble averages of all observations and esti-
mates of trapped SWIFTs in 400-m bins, as described in section
3a. The gray-shaded region shows 1 standard deviation away
from the mean in the same bins.
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turbulence (Kilcher et al. 2012; Jurisa et al. 2016), unlike the es-
timates presented in Figs. 2, 3d, and 6d, which show no trend in
along-track distance. This lack of trend is likely due to the fact
that the breaking wave generated turbulence in the surf zone is
not related to the river volume flux, which controls stratifica-
tion. This is a significant difference from larger plumes such as
the Columbia where the two are linked and the combined tidal
and river discharge is the primary source of turbulence and
buoyancy (Horner-Devine et al. 2015; Jurisa et al. 2016).

Care must be taken in interpreting the along-track TKE
dissipation rate, as we would expect a cross-shore gradient of
TKE dissipation rate in the surf zone, with stronger dissipa-
tion toward the break point. The drifters mostly transit along-
shore during any given deployment (Figs. 1b and 2), and so
the ensemble-averaged TKE dissipation rate shown in Fig. 6d
does not explicitly include cross-shore variability. The recircu-
lating drifts shown in Figs. 3 and 5 allow us an opportunity to
assess the impact of this cross-shore variability in TKE dissi-
pation rate on DS/Dt; we do not observe a significant depen-
dence of mixing rate on TKE dissipation rate (time series of
each quantity shown in Fig. 3, direct dependence not shown).
While we cannot rule out a dependence of mixing rate on
TKE dissipation rate more generally, we find it more likely
that stratification is instead a limiting factor on mixing, as de-
scribed in more detail in sections 3¢ and 4c.

b. Cross-shore structure

High wave forcing (offshore Hg up to 2.3 m; Table 2) at
the Quinault River mouth results in river water being
mostly trapped in the surf zone during our observational pe-
riod (Kastner et al. 2019). Salinity measurements from all
surf-zone-trapped SWIFT drifters over the course of the en-
tire study period show that the surf zone often remain fresh
(S < 10 psu; 83% of measurements), whereas salinity measure-
ments from the moorings just outside of the surf zone are signif-
icantly higher (S > 25 psu; 91% of measurements) (Fig. 7a). At
~1-m depth, the surf-zone SWIFTV3 salinity measurements are
frequently more than 10 psu fresher than the inner shelf moor-
ing measurements. Salinity does not vary significantly in the
cross-shore direction within the surf zone, resulting in a large
horizontal cross-shore salinity change near the surf-zone edge
when the surf-zone salinity is low (Fig. 7). Although we ob-
serve a large salinity difference between the surf zone and in-
ner shelf, there is no evidence of trapping in the drifter tracks
as described in section 2b. We conclude that the intensity of
mixing in this system prohibits the generation of a strong, con-
vergent front.

Calculations of stratification (section 2b) indicate that the
surf zone can be stratified (Fig. 7b). Specifically, the stratifica-
tion in the upper 1.05 m of the surf zone is slightly higher on
average (mean ~ 1.8 psu m™!) than the offshore stratification
between 1 and 3 m (mean ~ 0.72 psu m™~'). This differs from
surf-zone studies conducted far from river mouths, which have
shown the surf zone to be unstratified (e.g., Hally-Rosendahl
and Feddersen 2016). Our results show that this is not neces-
sarily true; in the vicinity of a moderate river discharge the
surf zone can sustain levels of stratification similar to those
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FI1G. 7. Cross-shore profiles of quantities measured from trapped
SWIFT drifters and nearshore moorings at alongshore positions
less than 1500 m from the river mouth: (a) Cross-shore bin average
of salinity with a bin size of 100 m; the shaded area represents the
standard deviation of salinity in each bin. The deployment-average
salinity for the nearshore moorings is also shown, with error bars
indicating standard deviation. Salinity measurements from all surf-
zone-trapped SWIFT drifters within the alongshore spatial con-
straint detailed above are included (see Table 1 for measure-
ment depths). There are two points for each mooring, offset in
the horizontal for clarity; the fresher point for each mooring is
the 1-m CTD, and the saltier point is the 3-m CTD. (b) Cross-
shore bin average of stratification with a bin size of 100 m; the
shaded area represents the range of stratification in each bin, as
well as the deployment-average salinity for the nearshore moor-
ings, along with the mean and range of mid-water-column stratifi-
cation from the moorings. The mean surf-zone width is given by
the black dashed vertical line, with the black dotted lines indicat-
ing 1 standard deviation from the mean break point.

observed in larger plumes. For example, Fig. 6 from Kastner
et al. (2018) provides values of near-surface stratification
from the Fraser: ~10 psu m ™! at the liftoff peak and ~3 psu
m~! in the near-field plume. Thus, the Quinault stratifica-
tion values of ~2 psu m~! are similar in magnitude to the
values observed in the near-field Fraser plume. We do not
observe any significant cross-shore trend in surf-zone strati-
fication (Fig. 7b). Note that the center of mass of the drifter
locations remains roughly in the middle of the surf zone
(¥/L, =0.67, 0.48, and 0.5 for the times shown in Fig. 5),
confirming that the observed changes in stratification are
not the result of drifters sampling the edges of the surf zone
where other processes may influence stratification.

c¢. Turbulence and mixing in the surf zone

We consider two surf-zone-mixing models based on Eq. (3);
the simpler version assumes a constant value of vertical eddy
diffusivity, K,. To assess the validity of this simple model,
we calculate an average value of the vertical eddy diffusivity
based on all the available mixing rate and stratification
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FIG. 8. We calculate a single, representative eddy diffusivity
for the entire study period and show that eddy diffusivity can
vary with stratification: (a) A demonstration of how eddy diffu-
sivity can be estimated by the relationship between vertically
integrated Lagrangian mixing rate on the y axis and the stratifi-
cation on the x axis. SWIFTv3 data are shown as blue data
points, and bin averages of vertical salt flux in stratification bins are
shown as black squares. Ensemble-averaged values from Fig. 6
(i.e., binned in distance offshore) are shown as open black circles.
Linear fits with a 68% confidence interval are shown with lines and
a shaded area to represent the confidence interval. The solid red
line indicates a fit to all estimates shown on this figure (blue dots);
the dashed gold line indicates a fit to the bin averages (black
squares). The slopes of these linear fits are estimates of the eddy
diffusivity; the y intercept of the fits is representative of back-
ground mixing processes (Table 3). (b) The eddy diffusivity ob-
tained by simply dividing the vertical salt flux and stratification
values of the bin averages (black squares) in (a); the decreasing
trend of this eddy diffusivity estimate with increasing vertical
salt flux is well described by a log-linear power-law relationship
of the form K, = a(88”/dz), where a = 0.005 and b = —0.4 *
0.18 m® psu~! s7! (fitting is done in log space; 95% confidence
interval of a: 0.004 < a < 0.0065).

measurements. We first bin average the vertically integrated
mixing rate in logarithmic space stratification bins of width
0.2 (i.e., bin edges of 1071, 107%% psu m !, etc.). The 1-min
mixing rate and stratification products shown in Fig. 8a are
significantly scattered from the bin averages. Allowing for a
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nonzero y intercept in the fit of vertically integrated mixing
rate to stratification, Eq. (3) becomes

DS
Dt

a8
=K, —+ 7,
‘ oz

(6)
where & represents background mixing (perhaps due to
lateral processes) as a constant value. We fit the relation-
ship between stratification and vertically integrated mixing
rate in four main ways: first, using all 1-min SWIFT esti-
mates shown in Fig. 8a and allowing a nonzero y intercept
as show in Eq. (6) (red line in Fig. 8, method I in Table 3),
second, using the bin-averaged vertically integrated mixing
rate and stratification and allowing a nonzero y intercept as
show in Eq. (6) (gold line on Fig. 8a; method II in Table 3),
third, using all 1-min SWIFT estimates shown in Fig. 8a
and forcing a y intercept of zero as show in Eq. (3) (not shown
in Fig. 8a; method III in Table 3), and finally using the bin-
averaged vertically integrated mixing rate and stratification
and forcing a y intercept of zero as show in Eq. (6) (not
shown in Fig. 8a; method IV in Table 3). For fits to bin aver-
ages, we do not fit bins that contain less than 5% of all data.
We tested to see whether the scatter in the data about these
fits is dependent on wave, river, or tidal forcing but found
no strong relationship for any of these forcing parameters
(not shown).

Fitting all data shown in Fig. 8a yields a vertical eddy diffusiv-
ity K, = (21 +055) x 107 m?s ™' (p <1 X 107%), with & =
(58 +28) X102 psums ' (p <1 x 10™*) (Fig. 8a; method I
on Table 3). The analysis results in a modest correlation (R? =
0.27; Fig. 8a) but yields a statistically significant linear fit and
supports the conclusion that near-surface vertical mixing in the
surf zone can be reasonably parameterized by a constant eddy
diffusivity (statistics calculated in linear space). The data
presented in Fig. 8a are heteroscedastic in linear space because
the variance of salt flux increases as stratification increases.
Therefore, the p values reported above and in Table 3 are cal-
culated using the robust standard error method, which does
not require data to be homoscedastic (White 1980). Note that
in Fig. 8 error bars indicate 1 standard deviation from the
mean to facilitate log-scale plotting; the uncertainty intervals
in the text above, Table 3, and the figure caption are 95% con-
fidence intervals obtained from fitting. Fitting the bin averages
(method II on Table 3) yields similar values of K, and & as
described above from method I. While this method is less
statistically significant than method I because of the reduced
sample size, we will use the bin-average calculations of ver-
tically integrated mixing rate and stratification in section 4a
and so include these fitting parameters for completeness.
Using Eq. (3) to fit all the data shown in Fig. 8a (i.e., forcing
the y intercept through zero; methods III and IV in Table 3),
yields a slightly higher eddy diffusivity than found using
Eq. (6) by methods I and II. This could be due to mixing
caused by lateral processes being erroneously included as verti-
cal mixing (e.g., Hally-Rosendahl et al. 2014; see section 4a).
We do not observe strong trends in the residual of the fit calcu-
lated using Eq. (6) with either cross-shore or alongshore posi-
tion (not shown).
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TABLE 3. Eddy diffusivity and background mixing linear fitting parameters from different fitting methods, as specified in section 3c.
Method I fits all 1-min SWIFT estimates of vertically integrated mixing rate and stratification using Eq. (6); method II fits bin averages
of these same quantities using Eq. (6); method III fits all estimates of these quantities using Eq. (3), which has a y intercept of zero;

method IV fits the bin averages using Eq. (3), which has a y intercept of zero. The p values shown in this table in parentheses are

calculated using the robust standard error method, which does not require data to be homoscedastic (White 1980).

Fitting method

Kz (m*s™) (p)

I (all data)

II (bin average)

III (all data, zero y intercept)

IV (bin average, zero y intercept)

22+06) X103 (p<1x1074
(1.7 £ 1) X 1073 (p = 0.0211)

28*035) X103 (p<1x1074
22+09X%X107°(p=62X%X1073)

C(psums™ ) (p) R?
58+28%X1073(p<1x107% 0.27
34 +44 X103 (p =0.11) 0.64

0(—) 0.20
0(—) 0.53

The range of stratification for the study spans from O(10™ 1)
to O(10") psu m ™!, while the binned near-surface vertical salt
flux spans a smaller range from O(107%) to O(1072) psum s ™",
We therefore investigate whether the large range in stratifica-
tion results in different values of eddy diffusivity. We take the
vertically integrated mixing rate to be equal to the vertical salt
flux (as described in section 2b) and calculate a variable eddy
diffusivity by dividing bin averages of this vertically integrated
mixing rate by stratification, yielding a range of 1.4 X 107> <
K. <1x107?m?s™!. The bin-averaged eddy diffusivity displays
a strong dependence on stratification; eddy diffusivity is highest
where stratification is low (Fig. 8b). A power law fit (linear in
logarithmic space) represents the decrease in eddy diffusivity
with increasing stratification well (r* = 0.78; p = 1 X 107%).
This fit takes the form K, = a(d5%/9z), where a = 0.005 and
b= —0.4*0.18m? psu~!s~! (fitting done in log space; 95%
confidence interval of a: 0.004 < a < 0.0065). We note that
there is autocorrelation in this fit, as K, ~ a(3S~/az); how-
ever, the 95% confidence interval of the exponent b does not
include —1, so the result presented above is robust to the
autocorrelation.

The higher correlation and significance of the relationship
between binned stratification and eddy diffusivity than the
relationship between binned stratification and salt flux from
Eq. (6) (gold line in Fig. 8a; method II in Table 3), which
has the same number of fitting parameters, suggests that
there may be limits on the effectiveness of a constant eddy
diffusivity to model mixing in this system. Vertical mixing of
a river plume in the surf zone may therefore be described by
both a constant eddy diffusivity Kz ~2 X 10> m?s ' and a
stratification-dependent eddy diffusivity, 1.4 X 107 < K, <
1 X 102 m? s~ . While incorporating variation with stratifica-
tion improves the overall fit, both methods are statistically signif-
icant, suggesting that using a constant K (which may be easier
to apply in some situations) would be acceptable. This is further
explored in section 4. The values of K, reported here fall within
the range of values of eddy diffusivity observed previously in
river plumes [typically from O(10™%) to 0(10~%) m* s~'] (Mac-
Donald and Geyer 2004; McCabe et al. 2008). These are the
first estimates of the vertical eddy diffusivity of salt in the
surf zone, where prior studies in the absence of a river plume
have shown lateral dispersion to be dominant (Clark et al.
2010; Spydell and Feddersen 2012; Hally-Rosendahl et al.
2014).
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4. Discussion
a. Tidal dependence of stratification and mixing

While a constant value of eddy diffusivity K, statistically sig-
nificantly models the mixing of the Quinault plume in the surf
zone, calculations of eddy diffusivity using bin-averaged values
of vertical salt flux and stratification have a range of one order
of magnitude (section 3c; Fig. 8b). To determine the source of
this variability, we examine tidal influence on river volume
flux [Orin Eq. (5)] and surf-zone stratification (Figs. 9a,b). Of
relevance here is that Q7 is a maximum at low water and a
minimum at high water because of estuarine storage.

The tidal dependence of stratification shown in Fig. 3g indi-
cates that surf-zone stratification increases as the input freshwa-
ter flux decreases with increasing tidal stage. One implication of
this increasing stratification is that the surf zone near the river
mouth loses freshwater content due to a net export of freshwa-
ter. A loss of freshwater content near the river mouth could be
caused by several processes: the export of surf-zone-trapped
freshwater to the inner shelf, alongshore plume spreading and
thinning in the surf zone, a change in the volume of the surf
zone without a corresponding increase in freshwater, or mixing.
These processes are impossible to distinguish with Lagrangian
measurements, but mixing seems unlikely to be a significant
contributor due to the increase in near-surface stratification
with tidal stage. Mixing that reduces the freshwater content of a
river plume is typically associated with a deepening pycnocline
and decreasing near-surface stratification, the opposite of what
we observe (Fong and Geyer 2001; Lentz 2004; McCabe et al.
2008).

Possible transport mechanisms for freshwater in the surf zone in-
clude alongshore current and rip current (transient or bathymetric)
driven transport (Reniers et al. 2009; Kumar and Feddersen 2017b;
Grimes et al. 2020). Alongshore dispersion is high in the surf zone
01<K,<10 m? s~ 1) (Spydell and Feddersen 2009; Clark et al.
2010; Hally-Rosendahl et al. 2014), and transport of river water
within the surf zone by an alongshore current will have important
implications for coastal public health, ecology, and morpho-
dynamics and is addressed in some previous studies (Wong
et al. 2013; Rodriguez et al. 2018). For constant wave height
and angle of approach, the volume transport due to wave-
driven alongshore currents would be largest at low water and
minimum at high water due to the tidal influence on surf-zone
width (which would be largest at low water under the same
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FIG. 9. River volume flux, stratification, and salt flux depend on tidal stage m, whereas TKE dissipation rate does

not: (a) volume flux at the mouth Q7 normalized by upstream river discharge Qg, decreasing with tidal stage m, calcu-
lated as described in Eq. (5) and Kastner et al. (2019); (b) stratification 35/dz, increasing with tidal stage (averages of
SWIFTvV3 1-min estimates); (c) salt flux I(DS/Dt) dz, increasing with tidal stage (averages of SWIFTv3 1-min esti-
mates); and (d) TKE dissipation rate &, with no clear trend with respect to tidal stage (averages of SWIFTv3 and
SWIFTv4 1-min estimates). Black squares are bin averages in 0.5-m tidal stage bins of the relevant quantity, with an
error bar showing the standard deviation. Statistics are calculated in linear space for volume flux [in (a)] and log space

for all other quantities [(b)-(d)].

wave conditions due to the Quinault River mouth bathyme-
try). Interestingly, river volume flux has the same phasing rel-
ative to the tide: maximum at high water and minimum at low
water. We address potential lateral mixing that may result
from these processes in the next section.

While we have not directly included the contribution of
plume spreading to stratification changes in this analysis, we
estimate the vertical advective velocity associated with plume
spreading to be small (section 2b). This estimate does not di-
rectly address the possible shoreward advection of a sloping
isohaline that is deepest at the river mouth and surfaces off-
shore. Such advection would lead to an increase in near sur-
face stratification near the river mouth as saltwater from the
inner shelf enters the surf zone. Onshore directed tidal cur-
rents could cause this advection pattern, which would be bal-
anced by alongshore transport of plume water and/or export
of plume water to the inner shelf if the volume of the surf
zone did not change with the tide (i.e., on a planar beach with
a constant wave field). Notably, on 30 April 2017, the wave
height happens to increase with the tidal stage, resulting in an
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increase in the surf-zone volume (Fig. 5; Table 2). This is a
special case that does not require a balancing freshwater flux
in order for onshore advection to increase stratification. We
therefore hypothesize that the loss of surf-zone freshwater
content is driven by a combination of alongshore transport of
plume water in the surf zone, export of freshwater to the inner
shelf, and advection of the surf-zone density gradient.

Figure 9a shows river volume flux normalized by estimated
river discharge binned as a function of tidal stage. Normalized
river volume flux decreases with tidal stage, while stratifica-
tion in the upper 1.05 m of the surf zone increases with tidal
stage, as on 30 April 2017 (Figs. 3 and 9b). We caution the
reader that the quasi-Lagrangian SWIFT measurements do
not straightforwardly represent the surf-zone-wide stratifica-
tion; we mitigate this by leveraging both short, repeated drifts
(as shown in Fig. 2) and the recirculating nature of the drift
shown in Fig. 3. All of these drifts remain in the surf zone and
thus primarily elucidate changes in stratification and salt flux
over increasing tidal stage and the associated decreasing
freshwater flux. Both mixing rate and the vertically integrated
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mixing rate increase with increasing tidal stage, especially for
0 < m < 2 m (Fig. 9¢). Thus, stratification and salt flux in-
crease as river volume flux decreases. In turn, the values of
eddy diffusivity calculated by dividing the bin-averaged verti-
cally integrated mixing rate (taken as the vertical salt flux as
explained in section 2b) by the stratification [Eq. (3)] decrease
with increasing tidal stage as stratification increases and river
volume flux decreases (Fig. 8b). TKE dissipation rate in the
upper 0.5 m decreases slightly with tidal stage (Fig. 9d), possi-
bly suggesting the suppression of turbulence as stratification
increases with tidal stage. This is addressed more directly in
section 4c.

Taken together, the dependencies described above suggest
that mixing is inhibited when the surf zone is highly stratified,
analogous with the general understanding that stratification in-
hibits vertical mixing (Thorpe 1973). Specifically, our results are
similar to previous estuarine studies that use a reduced eddy dif-
fusivity during high stratification to represent turbulence sup-
pression due to stratification (e.g., Stacey and Ralston 2005;
MacCready 2007). The order-of-magnitude decrease in eddy dif-
fusivity in conjunction with a two-order-of-magnitude increase
in stratification results in a one-order-of-magnitude increase in
vertical salt flux, indicating that, despite inhibited eddy diffusiv-
ity at high stratification, vertical salt flux still increases with in-
creasing stratification. The observed decrease in eddy
diffusivity is therefore a second-order effect in comparison
with the observed increase in salt flux supported by the pres-
ence of increased stratification.

b. Lateral mixing in the surf zone

For lateral mixing of a river plume in the surf zone to oc-
cur there must be both lateral velocity fluctuations and a lat-
eral gradient of salinity within the surf zone. As noted
above, lateral diffusivity in the surf zone has been found to
be 0.1 < K, < 10 m*s™' (Spydell and Feddersen 2009; Clark
et al. 2010; Hally-Rosendahl et al. 2014), indicating the pres-
ence of significant lateral velocity fluctuations. Therefore,
lateral mixing of a river plume in the surf zone will primarily
depend on the lateral salinity gradients present. Figure 7
shows that the offshore mooring salinity is on average much
higher than that measured by the SWIFTs in the surf zone.
The cross-shore salinity gradient, which is expected to be higher
than the alongshore gradient due to the bounding influence of the
surf-zone edge, is therefore primarily dependent on the cross-
shore salinity structure inside the surf zone.

The observed cross-shore salinity structure in the surf zone
is dependent on the tidal stage (Fig. 10). For n < 1.5 m, the
surf zone is very fresh throughout its cross-shore extent, with
evidence of a slight increase in salinity toward the edge of the
surf zone (Figs. 10a,b). There is therefore a sharp salinity gra-
dient at the edge of the surf zone when n < 1.5 m; this is a
likely location where lateral mixing is important. The cross-
shore salt flux can be scaled as S'u’ ~ K 95/0x, where the sa-
linity gradient at the edge of the surf zone is 08/9x ~ O(107")
psu m~'. Using 107! < K, < 10" m? s™!, we find that
10728"w’ ~10°psu m s™!, ranging between values that are
comparable to the values of vertical salt flux estimated from
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FIG. 10. Cross-shore profiles of quantities measured from
trapped SWIFT drifters and nearshore moorings at alongshore po-
sitions less than 1500 m from the river mouth when tidal stage from
the USGS Point Grenville gauge is (a) less than 0.5 m above mean
lower low water (MLLW), (b) between 0.5 and 1.5 m MLLW, and
(c) greater than 1.5 m MLLW. Each panel shows a cross-shore bin
average of salinity with a bin size of 100 m; the error bars represent
the standard deviation of salinity in each bin. The deployment-
average salinity for the nearshore moorings is also shown, with error
bars indicating standard deviation. Salinity measurements from all
surf-zone-trapped SWIFT drifters within the space and time con-
straints are included (see Table 2 for measurement depths). There
are two points for each mooring, offset in the horizontal for clarity;
the fresher point for each mooring is the 1-m CTD, and the saltier
point is the 3-m CTD. The mean surf-zone width (m) for each tidal
bin is given by the black dashed vertical line, with the black dotted
lines indicating 1 standard deviation from the mean break point.

the SWIFTs at low water and midwater to two orders of mag-
nitude higher. The salt flux associated with mixing at the edge
of the surf zone acts through an area defined by the length
scales dy, (the breaker depth) and L, (the alongshore extent of
the plume). Meanwhile, vertical mixing acts through the bot-
tom of the plume, defined by L, and Lgz. The area through
which vertical mixing acts is therefore larger than the area through
which lateral mixing acts by a factor of Lg/d, ~ O(10%). So, al-
though the lateral salt fluxes may be as large as the vertical salt
fluxes, the net effect of vertical mixing will be larger (except for
large values of K,) as vertical mixing acts over a larger area. At
low water and midwater, lateral mixing will also be most impor-
tant at the edge of the surf zone; during the recirculating drift on
30 April 2017, the SWIFTs stayed in the surf-zone interior and
therefore experience minimal influence of lateral mixing at low
water and midwater (section 3b), regardless of K.

When 1 > 1.5 m, there is a significant cross-shore gradient
of salinity in the surf zone, and the above assumption that all
lateral mixing occurs at the edge of the surf zone is no longer
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valid (Fig. 10c). The cross-shore salinity gradient at high water
is 88/ox ~ O(1072) psu m ™', In section 3¢ we introduced the fit-
ting intercept & in our mixing estimate [Eq. (6)]; if we assume
that & = 5.8 X 107> psum s~ ' solely describes lateral mixing,
then we can estimate the cross-shore eddy diffusivity of salt as
K, ~ 0(10_1) m? s~ !, consistent with the lower values found in
previous studies (we use this approximate value of K, in the
scaling that follows). So, & may reasonably describe lateral
mixing at high water; this leaves the question: how important is
lateral mixing relative to vertical mixing at high water? When
n > 1.5, the average vertically integrated mixing rate we esti-
mate from the SWIFTs is f(DS/Dt) dz ~ 01072 psums!,
larger than the horizontal salt flux obtained by multiplying
K.~ 107" m?s™! by the previously reported cross-shore salin-
ity gradient within the surf zone, §u’ ~ O(10™%) psum !,

In summary, lateral mixing may play a role in mixing a river
plume in the surf zone when there is a significant cross-shore sa-
linity gradient within the surf zone. At the Quinault River mouth,
this condition occurs at high water, as the tidal volume flux of
freshwater is at its minimum and the remaining freshwater in the
surf zone is concentrated in a near-surface layer. We estimate
that lateral mixing is on average less important than vertical mix-
ing during high water at the Quinault River mouth, but the ex-
tent to which this is true at any given time will depend on the
surf-zone cross-shore salinity gradient and stratification. At lower
tidal stages, we do not observe a significant cross-shore salinity
gradient within the surf zone, and the impact of lateral mixing at
the surf-zone—inner-shelf boundary where salinity gradients are
high is inhibited by the small cross-shore area it acts through at
the edge of the surf zone. Lateral mixing will likely be important
at the edge of the surf zone under such conditions; the drifters
we deployed at the Quinault River mouth did not preferentially
sample the surf-zone edge (section 3b; Fig. 5).

c. Stratified turbulence in the surf zone

Our turbulent dissipation rate estimates, while in agreement
with the bulk formulation presented in section 2b, are noisy
and do not resolve variability on the spatial scales associated
with stratification in the top 1.05 m of the surf zone (we make
dissipation estimates in the top 0.5 m). We therefore cannot di-
rectly assess the degree to which turbulence is suppressed by
high stratification; however, it is still useful to explore the pa-
rameter space of stratified turbulence in the surf zone based on
the order of magnitude of the observed quantities. We expect
that the mixing behavior of river plumes in the surf zone may
be different than many other stratified turbulence processes in
nature because the wave-driven turbulence is generated inde-
pendently from the river-supplied stratification. We frame this
exploration with two main questions: Can high surf-zone strati-
fication suppress turbulence and mixing? How do we interpret
the lack of a relationship between salt flux and TKE dissipation
rate?

Trends in TKE dissipation rate in both ensemble-averaged
and individual drifts are weaker than trends in vertical salt flux
and stratification (Figs. 2e, 3e, and 6d). We will therefore use
the range of ensemble-averaged dissipation values presented
in Fig. 6d, 107> < &£ < 107> W kg~ ! (after correcting for high
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void fraction) in the remainder of our analysis. This range of
turbulent dissipation rates is consistent with previous surf-
zone studies (George et al. 1994; Feddersen and Trowbridge
2005; Feddersen 2012a).

The Ozmidov length scale Lo characterizes the vertical
length scale at which the energy contained in turbulent eddies is
suppressed by stratification, and can be calculated (for salinity
stratification) as

E)
as\?
9z

9

where B = 0.77 X 1072 psu~! is the haline contraction coeffi-
cient (Turner 1973). Short-time-scale estimates of Lo using the
SWIFT data are noisy, but we can constrain its range using or-
der-of-magnitude approximations for near-surface TKE dissipa-
tion rate and stratification. Using 107> < ¢ <1072 Wkg 'asa
representative range of TKE dissipation rates as 9S5/dz varies
from 107! to 10" psu m™!, we find 107! < L, < 10' m. The
lower end of these values is similar to estimates of near-surface
Lo in the Columbia and Fraser River plumes (Lo ~ 107! m;
MacDonald and Geyer 2004; Nash et al. 2009). When stratifica-
tion is high, Lo can be an order-of-magnitude less than 1.05 m,
the depth of the deepest salinity measurement on the SWIFTV3
(Table 1). Taking 1.05 m to be representative of the distance
from our measurements to the boundary, this supports the con-
clusion that near-surface turbulence may be suppressed by strat-
ification. Conversely, when surf-zone stratification is low, Lo is
much larger than 1.05 m, and turbulence may not be influenced
by stratification. Thus, the observed range of Ozmidov scales
suggests that the strength of stratification during periods of high
stratification may be sufficient to influence turbulence. This is
consistent with our finding that K, is smaller when stratification
is high. We note that high near-surface stratification could be
the result of the plume interface becoming shallower. This
would expose the large vertical salinity gradient at the interface
to stronger wave-breaking driven turbulence near the water sur-
face; this mechanism is similar to that described in Gerbi et al.
(2015) for whitecapping-driven plume mixing.

Vertical salt flux is related to TKE dissipation rate through
the mixing efficiency I" according to

DS
e = —gBJE dz, 8)

where the right side of the equation is the buoyancy flux .%
expressed in terms of the salinity (Turner 1973). Using Egs. (1)
and (8) and the values of £ and DS/Dt used above in estimates
of Lo, we would expect mixing efficiency values in the range of
10™* < T' < 1071, This broad range includes values similar to
literature values for shear-driven mixing efficiency (Ivey and
Imberger 1991; Gregg 2004) (I' ~ 0.2), but mixing efficiencies
are often lower by an order of magnitude or more. While the
reasons for this cannot be discerned with our observations, it is
plausible that wave-breaking turbulence is less effective than
shear generated turbulence at generating buoyancy flux because
the turbulence generation process is dislocated from the mixing
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processes. Moreover, the manner in which stratification controls
turbulence generation and evolution in each scenario differs.
Notably, the Ozmidov length scales we estimate above suggest
that the evolution of this turbulence may still be impacted by the
presence of stratification. The impact of the dislocation of turbu-
lence generation from stratification may be similar to laboratory
studies of grid-generated turbulence, where mixing efficiency in
the form of the flux Richardson number has been shown to have
a maximum of 0.06, with values as low as O(10>) observed in
several studies (Rehmann 2004; Stretch et al. 2010).

d. Comparison with conventional river plumes

In a saturated surf zone, where all waves break and depth-
averaged TKE dissipation rate is primarily a function of
bathymetry, local TKE dissipation rate does not depend
on offshore wave forcing (Wright et al. 1982; Raubenheimer
et al. 1996). This decoupling of forcing and dissipation is unlike
the stratified shear turbulence common to most river plume
studies, where an increase in tidal river mouth velocity typi-
cally leads to an increase in shear and can increase the TKE
dissipation rate at the pycnocline if stratification is sufficiently
low, causing mixing (Nash et al. 2009; MacDonald et al. 2007;
Jurisa et al. 2016). In a saturated surf zone, therefore, we ex-
pect dissipation to always be high enough to cause mixing, de-
pending on the local bathymetry but not necessarily on the
offshore wave condition.

The range of vertical salt flux values shown in Fig. 8 correspond
to buoyancy flux values that vary from 10~ to 10~* W kg ~". This
range spans observations from other river plumes; the upper val-
ues (% ~ 10~* W kg™') are similar to the buoyancy fluxes ob-
served in the near-field Fraser River plume (MacDonald and
Geyer 2004), the moderate values (% ~ 107> W kg™!) are simi-
lar to those observed in the near-field Columbia River plume
(McCabe et al. 2008), and the lower values (% ~ 107 W kg ™)
are similar to the midfield Columbia River plume (McCabe et al.
2008) and larger than buoyancy fluxes observed in the far-field
Chesapeake Bay plume (Fisher et al. 2018) (% = 10’ Wkg ™).
The buoyancy fluxes observed in these other plume systems
are related to their proximity to the river mouth, and there-
fore depend on quantities such as river discharge, stratifica-
tion, and velocity shear. We observe similar dependencies in
the surf zone at the Quinault River mouth; tidal modulation
of river volume flux changes the surf-zone stratification, ver-
tical eddy diffusivity, and buoyancy flux.

The highest estimates of vertical salt flux at the Quinault occur
at high water when near-surface surf-zone stratification is high-
est. This is also when the tidal river mouth velocity and vol-
ume flux are lowest (Kastner et al. 2019). Therefore, as the
river mouth velocity decreases, the freshwater that remains
near the river mouth is more and more surface concentrated
and becomes exposed to surface-intensified wave-breaking
turbulence. The timing of maximum salt flux in the surf zone at
the Quinault River mouth is thus opposite the timing of maxi-
mum salt flux at the Columbia River mouth, where the highest
salt fluxes are associated with maximum tidal velocity (Nash
et al. 2009). This difference highlights the importance of the tur-
bulence generation mechanism to mixing behavior. We do
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observe that stratification can suppress the mixing of the Qui-
nault River plume in the surf zone, as eddy diffusivity decreases
when stratification is high. This is a more minor impact than in
Nash et al. (2009), where high stratification during periods of
low tidal velocity can shut down mixing entirely.

5. Summary

We present results from an observational study of river plume
mixing in the surf zone near the Quinault River mouth. Salinity
measurements from SWIFT drifters document the presence of
the plume in the surf zone, which is fresher than the inner shelf.
Notably, we also observe that the surf zone is often strongly
stratified, even in the presence of energetic wave breaking. We
show that plume mixing, quantified based on the vertical salt
flux, varies with the tide; however, the TKE dissipation rate
does not depend on either the tidal elevation or the wave height.
Instead, we find that the vertical salt flux is controlled by the
strength of the near-surface stratification:

¢ At low water (maximum ebb) the river volume flux is high,
the surf zone is often filled with freshwater, stratification is
low, and therefore vertical salt flux is low despite high e.

e Near high water (close to maximum flood), freshwater vol-
ume flux is low, the surf zone becomes stratified, and the
combination of persistently high wave-breaking turbulence
with the high stratification results in high vertical salt flux.

It is likely that stratification and mixing will depend on wave
height at times of year when the wave height is much smaller,
but no dependence is observed during the typical springtime
conditions during our study, which usually resulted in a strati-
fied surf zone.

The average value of the vertical eddy diffusivity during the
experiment was found to be K, ~ (22 + 0.6) X 107> m*>s™!
based on the relationship between stratification and vertical salt
flux, with a range of 1.4 X 107 < K, < 1 X 1072 We observe
that lower K, values are associated with higher stratification,
suggesting that stratification may suppress wave-driven turbu-
lent mixing. However, the large dynamic range of stratification
still causes vertical salt flux to monotonically increase with strat-
ification, indicating that the decrease in eddy diffusivity is a sec-
ond-order effect on surf-zone river plume mixing.
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TABLE Al. All SWIFT deployments that resulted in the
drifters being trapped at the river mouth. The date and UTC
time of the deployment are given for each drift, as is the model
of SWIFT deployed (see Table 1), the tidal stage from the
USGS Point Grenville station in meters, and the significant wave
height from the offshore AWAC wave measurement The AWAC
was removed on 3 May 2017, resulting in missing wave height data
(“N/A”) at the end of the record in the table.

Date (2017) Time (UTC) SWIFT model = (m) Hg (m)
26 Apr 2236 3 1.81 1.95
27 Apr 1825 3 1.30 1.95
27 Apr 1935 3 2.00 1.94
27 Apr 2124 3 2.45 1.88
27 Apr 2126 3 2.44 1.87
27 Apr 2212 4 2.30 1.83
27 Apr 2324 4 1.85 1.76
28 Apr 1909 4 1.18 1.48
28 Apr 1925 3 1.34 1.50
28 Apr 1931 3 1.37 1.51
28 Apr 2109 4 2.24 1.59
28 Apr 2112 4 2.25 1.59
28 Apr 2124 3 2.29 1.54
28 Apr 2127 3 2.30 1.54
28 Apr 2327 3 2.15 1.40
29 Apr 2112 4 1.83 1.12
29 Apr 2112 3 1.83 1.12
29 Apr 2248 4 2.30 1.25
30 Apr 1724 4 —-0.41 1.57
30 Apr 1728 3 —-0.41 1.57
30 Apr 2100 3 1.16 2.04
1 May 1700 3 0.02 1.42
1 May 1700 3 0.02 1.42
1 May 1915 3 -0.13 1.25
2 May 1600 3 1.14 1.25
2 May 1603 3 1.14 1.25
2 May 1700 3 0.57 1.35
2 May 1703 3 0.57 1.35
2 May 1836 3 0.00 1.35
2 May 1839 3 0.00 1.35
3 May 2212 3 0.40 N/A
4 May 1724 4 1.50 N/A
4 May 1726 4 1.50 N/A
4 May 1900 4 0.83 N/A
4 May 1933 4 0.60 N/A
5 May 1800 3 1.71 N/A

work; he is missed dearly. Jody Klymak, Nicole Jones, Falk
Feddersen, and three anonymous reviewers provided helpful
critiques of this paper and its previous iteration.

Data availability statement. Data are available online (https:/
digital.lib.washington.edu/researchworks/handle/1773/15609).
APPENDIX

Surf-Zone-Trapped SWIFT Deployments

Table Al gives the details of the deployment time, model,
tidal stage, and wave height for all SWIFT deployments that
resulted in surf-zone-trapped drifters.
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