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ABSTRACT

Buoyant microplastic marine debris (MPMD) is a pollutant in the ocean surface boundary layer (OSBL)
that is submerged by wave-driven turbulent transport processes. This study analyzes observed MPMD surface
concentrations in the Atlantic and Pacific Oceans to reveal a significant increase in concentrations during
surface heating and a decrease during surface cooling. Turbulence-resolving large-eddy simulations of the
OSBL for an idealized diurnal heating cycle suggest that turbulent downward fluxes of buoyant tracers are
enhanced at night, facilitating deep submergence of plastics, and suppressed in heating conditions, resulting in
surface-trapped MPMD. Simulations agree better with observations if enhanced mixing due to wave-driven
Langmuir turbulence (LT) is included. The simulated time-dependent OSBL response results in hysteresis
effects so that surface concentrations depend also on the phase of the diurnal heating cycle. The results
demonstrate the controlling influence of surface heat fluxes and LT on turbulent transport in the OSBL and

on vertical distributions of buoyant marine particles.

1. Introduction

Ocean surface boundary layer (OSBL) turbulence
transports buoyant tracers that control a wide range of
physical, biogeochemical, and environmental processes,
such as those related to plankton dynamics (Denman
and Gargett 1995), bubble-mediated air-sea gas transfer
(Thorpe 1982; Liang et al. 2011; Gemmrich 2012), and
the dispersion of pollutants (D’Asaro 2000; Kukulka
et al. 2012; Yang et al. 2014; Brunner et al. 2015). Strong
daytime surface heating of the OSBL results in diurnal
warm layers (Price et al. 1986; Weller and Price 1988;
Large et al. 1994; Li et al. 1995; Soloviev and Lukas 1997;
Plueddemann and Weller 1999) that are characterized
by relatively strong near-surface stratification and
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turbulence suppression (Li and Garrett 1995; Min and
Noh 2004; Noh et al. 2009; Kukulka et al. 2013). Sea
surface cooling, on the other hand, drives ocean con-
vection and enhances OSBL mixing (Li et al. 2005;
Belcher et al. 2012). This study investigates the con-
trolling influence of sea surface heat fluxes in conjunction
with wave-driven Langmuir turbulence (LT) on near-
surface distributions of buoyant microplastic marine
debris (MPMD).

MPMD is widely distributed in vast regions of the
subtropical gyres (Law et al. 2010, 2014; Cozar et al.
2014; Eriksen et al. 2014) and has emerged as an open-
ocean pollutant (Andrady 2011; Gold et al. 2013). Pre-
vious observations and model results indicate that
MPMD is vertically distributed within the upper water
column due to wind- and wave-driven mixing (Kukulka
et al. 2012; Kukulka and Brunner 2015; Brunner et al.
2015). In this study we exploit MPMD as a physical
tracer to investigate turbulence dynamics of the OSBL
subject to varying surface heat fluxes.
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LT is a turbulent process due to the interactions of
Eulerian surface currents with surface gravity waves that
result in wind-aligned roll vortices (Thorpe 2004;
Sullivan and McWilliams 2010; D’Asaro 2014). These
Langmuir cells are characterized by relatively large
turbulent length scales (Smith 1992; Plueddemann et al.
1996; Smith 1998; Gargett et al. 2004; Li et al. 2005;
Tejada-Martinez and Grosch 2007; Polton and Belcher
2007; Grant and Belcher 2009) and facilitate the deep
submergence of buoyant tracers throughout the OSBL
(Colbo and Li 1999; Skyllingstad 2003; Harcourt and
D’Asaro 2010; Liang et al. 2011; Kukulka and Brunner
2015). Since buoyant tracers can be deeply submerged
by LT and since surface heating weakens LT (Li and
Garrett 1995; Min and Noh 2004; Noh et al. 2009;
Kukulka et al. 2013), we hypothesize that surface heat-
ing substantially influences the vertical distributions of
buoyant marine tracers. If the sea surface is sufficiently
cooled by the atmosphere, convective turbulence en-
hances turbulence and may compete with wave-driven
LT (Li et al. 2005; Belcher et al. 2012), which is expected
to contribute further to deep mixing of buoyant tracers
(Wyngaard 2010). Based on the analysis of observations
and simulations of buoyant MPMD, this paper addresses
the hypothesis that surface heat fluxes exert a measur-
able influence on turbulent OSBL transport and the
near-surface distributions of buoyant marine tracers.

2. Methods
a. Observations and surface flux estimates

We analyze surface measurements from the Sea Ed-
ucation Association (SEA; Law et al. 2010, 2014), as
described in Brunner et al. (2015). Surface MPMD has
been measured from ships over several decades in the
Atlantic and Pacific Oceans based on surface plankton
(neuston) net tows. The net extends vertically from the
surface to approximately 0.25-m depth and has a 335-um
mesh size. Plastics concentrations are determined for
each tow from the number of collected plastic pieces and
the corresponding tow area (1-m net width times distance
towed). We analyze a subset of 708 plastic concentrations
observed in the North Atlantic Ocean (between 22° and
38° N and 40° and 77°W from 2003 to 2010; Law et al.
2010) and in the North Pacific Ocean (between 19° and
41°N and 118° and 177°W from 2002 to 2012; Law et al.
2014). For each surface tow, wind speed measured by a
shipboard anemometer was averaged over the duration
of the tow and corrected to the wind speed at 10-m
height U, assuming a logarithmic profile.

Bulk surface fluxes were determined from measured
Uyp and reanalysis data products. The mean U, was
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Uip = 6ms™ ~ with a standard deviation of 2ms™ ", and
observed winds peaked at Uy = 14ms~ . Surface mo-
mentum flux 7 is parameterized with the drag coefficient
from Large and Pond (1981). Net surface heat fluxes are
estimated from the NCEP-NCAR Reanalysis-1 surface
flux product (Kalnay et al. 1996).

Preliminary laboratory experiments on archived North
Atlantic plastic samples in still water indicate that the
buoyant rise speed of plastic pieces w), varies between
0.5 and 3.5cms ™' with w, = 1.4 + 0.7cms ™' (mean +
standard deviation) for flat-shaped fragments, repre-
senting the most abundant form of plastic marine debris
(Kukulka et al. 2012). For our model studies we in-
vestigate two wp: the mean w;, = 1.4cm s~ and a lower
limit wy, = 0.7cms ™!, which is close to the median value
found by Reisser et al. (2015).

b. Large-eddy simulations

The large-eddy simulation (LES) model set up to
investigate a diurnal heating event closely follows our
previous approach (Kukulka et al. 2013) with modifica-
tions to capture wave age—dependent equilibrium seas,
breaking waves, and passive buoyant scalars (Kukulka
and Brunner 2015). LT is modeled with the Craik—
Leibovich vortex force, which is the cross product of
Stokes drift and vorticity vectors (Skyllingstad and
Denbo 1995; McWilliams et al. 1997). Without LT, the
Craik-Leibovich vortex force is zero. The numerical
domain and grid is identical to the tested one from
Kukulka et al. (2013) with a horizontal domain size of
160 m X 160 m with 320 X 320 points and a depth of 60 m
with 200 vertical points. Unlike in the study of Kukulka
et al. (2013), the Coriolis parameter is f = 10~ *s™'. The
initial mixed layer depth is set to 30 m, which is consistent
with a limited number of temperature and salinity profile
observations. Consistent with the observed mean wind
speed, the wind stress is constant at 7 = 0.054Nm >
[Uio = 6ms ™' and us = (/p)"* ~ 0.7 cms ™!, where s is
the waterside friction velocity and p is the density of
water], and the net surface heat flux I, varies diurnally as
in the study by Kukulka et al. (2013). First, nighttime
cooling is imposed as a surface heat flux at + = Oh with
I, = —200Wm 2. Then, I continuously increases so
that heating (/, > 0) associated with daytime solar in-
solation begins at t = 4h and peaks at t = 8h with [ =
500 Wm 2. After t = 8h, I, continuously decreases and
the ocean surface cools again for r > 12h. For heating
conditions, I is specified as incoming shortwave radia-
tion by an exponentially decaying heat source following
the model by Paulson and Simpson (1977) for clear
ocean water. The imposed range of heat fluxes covers
90% of the surface heat fluxes during the observation
period. The wave field is prescribed based on an
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FIG. 1. Surface MPMD concentrations N, Vs net surface heat
flux, all observations (gray dots), subsampled observations (black
pluses) for 5 < Ujp < 7ms~!, and corresponding linear regression
fit lines based on the empirical model [(1)]. The regression slope is
m = (2.3 = 0.7) X 1072 for all observations and m = (2.1 = 1.0) X
103 for observations with 5 < U;y < 7ms ' The colored dots
show observations for 5 < Ujp <7ms~ ! averaged into bins with 1)
equal number of points (10% of total number of points) (blue) and
2) fixed bin width with 100 W m 2 intervals (red, number of points
in each bin shown). The regression slope is m = (2.5 = 1.5) X 102
for the first binning and m = (2.2 = 1.1) X 1073 for the second
binning option (regression lines not shown).

empirical wave height spectrum for a fully developed
sea with a significant wave height H; = 0.9 m (Kukulka
and Brunner 2015; Brunner et al. 2015). The resulting
turbulent Langmuir number La,=,/us/u;=0.3 is
characteristically low, representative of wave-driven
ocean LT (McWilliams et al. 1997; Li et al. 2005; here
uy is the surface Stokes drift).

3. Evidence for heat flux effects
a. Observations

To provide intuitive observational evidence for the
effects of net surface heat flux I, on measured MPMD
surface concentrations Ny, we first directly relate Nioy,
to Iy (gray dots, Fig. 1). Despite substantial scatter due to
spatial variability and varying wind and wave forcing,
smaller Ny, values are found for stronger sea surface
cooling, whereas greater N, estimates occur for stron-
ger sea surface heating. This suggests that convective
cooling increases turbulence and enhances the deep
submergence of plastic pieces. Surface heating, on the
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other hand, appears to suppress turbulent mixing so that
plastic pieces are more surface trapped and near-surface
concentrations are enhanced. During the observation
period, Uyo and I, are only weakly correlated with a
correlation coefficient of —0.15 so that the observed
dependence of Ny, on Ij is not an artifact due to cor-
related Ujo and Ij. A linear regression analysis based on
the empirical model

log(N,,)=ml,+a @)

yields a slope m = (2.3 + 0.7) X 10~ (gray line), which
indicates that higher surface concentrations are associ-
ated with greater surface heating (the number following
the = symbol denotes the 95% confidence interval, and
Iy and N, are nondimensionalized by their respective
units for the regression analysis). Note that the confi-
dence interval provides a straightforward measure of
uncertainty based on standard statistical analyses.
However, uncertainties in the distributions of N, Wp,
and I, would need to be taken into account for a more
rigorous analysis of confidence intervals, which is be-
yond the scope of this note.

For a given I, the effects of heating on N, depend
on wind speed and sea state. For sufficiently strong
wind- and wave-driven turbulence, the influence of
surface heating or cooling is insignificant (Li et al. 2005;
Belcher et al. 2012). For weak winds and small waves,
surface heating effects on Ny, are also negligible be-
cause heating only further suppresses already weak
turbulence. Surface cooling, on the other hand, drives
turbulence dominantly due to convection in conditions
with weak winds and small waves. Thus, variable winds
and waves cause a nonunique relationship between Ny,
and [, and contribute to the observed scatter in Fig. 1.

To assess more systematically the influence of surface
heating on plastic distributions, we consider a narrow
U, range between 5 and 7ms !, centered around the
mean Ujq (black pluses, Fig. 1). Application of the same
linear regression model [(1)] for those conditions results
inm = (2.1 = 1.0) X 102, which is consistent with the m
obtained for all observations and supports the hypoth-
esis that surface heat fluxes control Ny, by influencing
upper-ocean turbulence. Consistent with the forcing
imposed in the simulations, we also applied the re-
gression model (1) to observations with 5 < Uy <
7ms ! and —200 < I, < 500Wm 2 (not shown), re-
sulting in m = (2.0 = 1.2) X 10>, which agrees with the
two previous estimates. To investigate the sensitivity of
the regression analysis to the nonuniform data distri-
butions, we average the data for 5 < Ujp < 7ms~!into
bins using two methods (colored dots in Fig. 1). For the
first method (blue dots), we design bins with an equal
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FIG. 2. (a),(e) Simulated evolution of horizontally averaged temperature profiles, (b),(f) resolved turbulent temperature flux, (c),(g)
horizontally averaged tracer profiles, and (d),(h) simulated resolved turbulent tracer flux (top) with LT and (bottom) without. Diurnal

heating starts at = 4 h, peaks at = 8 h, and stops at t = 12 h.

number of points (10% of total number of points in each
bin). The second method employs bins with 100 Wm >
widths (red dots with number of points in each bin). The
regression slope is m = (2.5 + 1.5) X 107 for the first
binning and m = (22 * 1.1) X 1072 for the second
binning method, indicating that the observed increase of
Niow With I is a robust relation in spite of significant
scatter. This regression analysis of observations suggests
that heating effects can change surface concentrations
by more than one order of magnitude from the most
extreme cooling to the most extreme heating events.
However, it is important to keep in mind potential un-
certainties due to errors in /y and incomplete knowledge
of the statistical distributions of N, and wy,.

b. Simulations

The OSBL stratifies only weakly with LT (cf. Figs. 2a
and 2e) because of the substantially enhanced vertical
turbulent temperature fluxes in the presence of LT (cf.
Figs. 2b and 2f). This result is qualitatively consistent with
the swell study by Kukulka et al. (2013), although LT
effects are less pronounced in the current study. With LT
the shoaling of the OSBL is delayed and starts during the
time of greatest heat fluxes around ¢ = 8h. Although our
time-dependent heat flux differs from the constant

heating conditions assumed in most previous LES stud-
ies, our results are consistent with previous findings that
illustrate the importance of LT in vertical heat transport
and the inhibition of diurnal warm layer formation (Li
and Garrett 1995; Min and Noh 2004; Noh et al. 2009).

Buoyant tracers are much more deeply submerged
with LT than without (cf. Figs. 2c and 2g). Corre-
spondingly, the resolved turbulent tracer fluxes are
larger and extend to greater depth (Figs. 2d and 2h).
Note that a close relation between tracer concentrations
and turbulent tracer fluxes is expected if the buoyant
upward transport is balanced by the turbulent down-
ward transport (Kukulka and Brunner 2015). At greater
depth, the buoyant tracer profiles remain nearly un-
changed without LT during the diurnal heating event.
With LT, surface concentration increases and deep
submergence decreases during relatively strong surface
heating around r = 8 h. For w, = 1.4cms ™ ', the heating
effect is only substantial with LT because convective
turbulence and shear-driven turbulence are too weak to
submerge plastics below the tow net depth.

With LT, the dependence of N, on [, is more pro-
nounced with changes over the diurnal heat flux cycle of
Niow of about 300% and 100% for w;, = 0.7 and
l4cms™ !, respectively (black symbols, Fig. 3a).
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FI1G. 3. (a) Modeled surface concentrations of buoyant MPMD (normalized by its value at ¢ = 2 h) with (black) and without (gray) LT
with w, = 0.7cms ™! (dots) and w;, = 1.4 cm's ™ * (pluses). The surface heat flux I, (red) shows four distinct phases. Hysteresis cycle of Ny
normalized by its minimum value as function of I, (b),(d) with and (c),(¢) without LT for w, = 1.4cms ™ 'in (b) and (c) and w;, = 0.7 cms !
in (d) and (e). Different phases of the heating cycle are indicated by corresponding symbols. The regression model [based on (1)] is applied

to the full cycle (dashed line) and to phase 1 only (solid line).

Without LT, particles remain surface trapped for w, =
1.4cms ™! (gray pluses, Fig. 3a). For w, = 0.7cms ™ ' and
without LT (gray dots, Fig. 3a), variations of N, are
comparable to LT results with w, = 1.4cms ! (black
pluses, Fig. 3a). Additional LES sensitivity experiments
indicate that variations without LT effects are due to the
convective mixing that submerges the buoyant tracer
sufficiently below the net depth for w, = 0.7cms™ ..
However, the buoyant tracer is not as deeply submerged
as with LT and wy, = 1.4cms ™ so that the two cases still
differ substantially in vertical distributions.

Peak surface concentrations occur between t = 8 and
10h and appear to be delayed relative to the time of
maximum surface heating at t = 8h ([ is the red line,
Fig. 3, left panel). This delay is due to history effects, since
heat transport and changes in temperature and turbu-
lence response take time (Noh et al. 2009; Kukulka et al.
2013; Pearson et al. 2015). Model results also suggest that
the response to heating is asymmetric so that the response
time is faster when the heat flux increases. This hysteresis
effect is due to relatively strong turbulence present at
the onset of heating, which transports buoyant tracers
more efficiently than suppressed turbulence does af-
ter prolonged surface heating.

c¢. Comparison of observations and simulations

Let us first assume that measurements were made
during a heat flux cycle that resembles the one from the

idealized LES and compute the same regression slope m
in (1) for LES results over the full heat flux cycle (dashed
black line Figs. 3b—e). For average w, = 1.4cms™ ', we
find m = (0.42 + 0.08) X 10> with LT and m = (0.027 =
0.018) x 1073 without LT so that only with LT does N;ow
respond substantially to variations in heat fluxes, con-
sistent with observations (Figs. 3b,c). However, even for
the LT solutions, m is smaller than the observed m =
(2.0 = 1.2) X 10~ so that the simulated dependence of
Niow 0on I is weaker than observed. For smaller w;, =
0.7cms ™', the regression slope is m = (1.09 * 0.13) X
1073 with LT and m = (0.51 *+ 0.09) X 10> without LT
(Figs. 3d,e). Thus, the LES experiment with LT and low
buoyant rise velocity agrees with the observed m
(2.0 + 1.2) X 107? if MPMD rise velocities are similar
to those in Reisser et al. (2015). Additional empirical
measurements of rise velocity are needed to confirm
this result.

Our LES results suggest that potential sampling biases
for different heating phases due to hysteresis effects
need to be taken into account for proper comparisons
between the observed and simulated dependence of
Niow on Iy. To examine this, we divide the diurnal
heating cycle into four distinct phases: 1) heating in-
creases (Ip > 0, aly/dt > 0), 2) heating subsides (I > 0,
al/ot < 0), 3) onset of convection (I < 0, dly/ot < 0),
and 4) nighttime convection (fy < 0, dly/dt = 0; Fig. 3).
Consistent with the hysteresis effects discussed above,
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Niow depends more strongly on [ during phases 1 and 3.
An analysis of the heat fluxes during the observation
period indicates sampling of 36%, 21 %, 29%, and 14%
in phases 1, 2, 3, and 4, respectively. Therefore, sampling
occurs more frequently during phases 1 and 3 so that
observed heating effects are likely stronger than ex-
pected for the full diurnal cycle. For example, we apply
the regression model based on (1) during heating phase
1 to LES results with w, = 1.4cms ™!, which results in
m = (0.76 = 0.08) X 10~ > with LT and m = (0.13 = 0.09) X
1072 without LT. This result suggests that, for mean wy,
only LT solutions are consistent with observations.

4. Discussion and conclusions

Based on the analysis of observations from the At-
lantic and Pacific Oceans and idealized large-eddy sim-
ulations (LES), we have provided initial evidence of the
influence of ocean surface heat fluxes and Langmuir
turbulence (LT) on buoyant microplastic marine debris
(MPMD) surface concentrations Nyy-

To understand practically the impact of heating during
our observation period, we apply (1) for mean wind con-
ditions with m = 2 X 1072 to find that Ny changes by
more than a factor of 2 from its value without surface heat
fluxes if || exceeds about 350 Wm 2. During such sub-
stantial heating or cooling events, which occur about 10%
of the time in our dataset, it is essential to take into ac-
count heating effects together with LT in order to accu-
rately interpret surface measurements of buoyant tracer
concentrations. Furthermore, sampling strategies for
buoyant microplastic debris should be designed to avoid
potential biases due to preferential sampling in certain
phases of the diurnal heating cycle. In this context, hys-
teresis effects also need to be considered due to the de-
layed upper-ocean response to time-dependent surface
heating, which were revealed in this study by the LES
model. Continuous measurements of surface heat flux
prior to and during MPMD sampling would allow this bias
to be detected and corrected. Our LES results are more
consistent with observations if enhanced mixing due to
wave-driven LT is included. Thus, our results demonstrate
the controlling influence of combined forcing due to sur-
face heat fluxes, wind, and waves on turbulent transport
and vertical distributions of buoyant marine tracers. A
more comprehensive analysis requires improved esti-
mates of surface fluxes and wave parameters as well as
enhanced estimates of statistical distributions of surface
concentrations and buoyant rise velocities.
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