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[1] Micro-plastic marine debris is widely distributed in vast
regions of the subtropical gyres and has emerged as a major
open ocean pollutant. The fate and transport of plastic marine
debris is governed by poorly understood geophysical
processes, such as ocean mixing within the surface boundary
layer. Based on profile observations and a one-dimensional
column model, we demonstrate that plastic debris is
vertically distributed within the upper water column due to
wind-driven mixing. These results suggest that total oceanic
plastics concentrations are significantly underestimated by
traditional surface measurements, requiring a reinterpretation
of existing plastic marine debris data sets. A geophysical
approach must be taken in order to properly quantify and
manage this form of marine pollution. Citation: Kukulka, T.,
G. Proskurowski, S. Morét-Ferguson, D. W. Meyer, and K. L. Law
(2012), The effect of wind mixing on the vertical distribution of buoy-
ant plastic debris, Geophys. Res. Lett., 39, L07601, doi:10.1029/
2012GLO051116.

1. Introduction

[2] Since the introduction and popularization of “engi-
neered thermoplastics” in the 1950s, plastic has become one
of the world’s most important and widespread commodities.
The same engineered properties that contribute to the enor-
mous utility of plastic, namely durability and resistance to
degradation, also result in long residence times (decades to
millennia) when plastic is introduced into the natural envi-
ronment [Andrady, 2011]. While plastic marine debris has
been identified as an open ocean pollutant since the 1970s in
the North Atlantic [Carpenter and Smith, 1972; Colton et al.,
1974; Wilber, 1987] and North Pacific [Day and Shaw, 1987,
Wong et al., 1974], only recently has the spatial and temporal
scope of plastic pollution in surface open ocean environ-
ments been thoroughly detailed [Law et al., 2010]. The multi-
decadal observations of plastic based on surface plankton net
tow measurements in the western North Atlantic basin pre-
sented by Law et al. [2010] validate a surface drifter data-
driven model [International Pacific Research Center, 2008;
Maximenko et al., 2009] that predicts a region of plastic
accumulation spanning millions of square kilometers in the
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central North Atlantic. The observations and model predic-
tions in the North Atlantic clearly show that plastic is most
highly concentrated within the large-scale subtropical con-
vergence of the surface velocity field created by the wind-
driven Ekman currents and geostrophic circulation [Law
et al., 2010]. Despite an increasing public awareness of
ocean plastic, the abundance, distribution, and temporal and
spatial variability of this contaminant are still poorly con-
strained; however, it is clear that plastic particles are a global
ocean phenomenon [Barnes et al., 2009].

[3] The known environmental impacts of ocean plastic are
extensive [Sudhakar et al., 2008] and include: entanglement
of marine fauna [Laist, 1987]; ingestion by seabirds [7itmus
and Hyrenbach, 2011], mesopelagic fish [Davison and
Asch, 2011], planktonic organisms and marine mammals
[Laist, 1987; Thompson et al., 2004]; provision of protected
substrates on which microbial and colonizing species thrive
and are dispersed to potentially non-native waters [Barnes
and Milner, 2005; Webb et al., 2009]; and concentration
and transport of organic contaminants to marine organisms
at multiple trophic levels [Mato et al., 2001; Teuten et al.,
2007, 2009].

[4] The most abundant form of plastic marine debris in
the surface open ocean is millimeter-sized fragments of
consumer plastics with an average material density of
965 kg m > (e.g., low- and high-density polyethylene,
polypropylene, and foam polystyrene) that is less than the
surface seawater density of 1027 kg m > [Morét-Ferguson
et al, 2010]. As a passive particle, this plastic debris is
subject to the physics of mixing within the ocean surface
boundary layer. We hypothesize that the buoyant upward flux
of plastic pieces is balanced by a turbulent downward flux for
moderate wind conditions, resulting in vertically-distributed
plastic debris throughout the surface wind-mixed layer.

[s] Here we show, from subsurface observations and a
one-dimensional theoretical model, that wind stress results
in the vertical mixing of buoyant plastic debris into the
surface mixed layer and that, depending on wind speed,
surface measurements may underestimate the total amount
of buoyant plastic distributed in the upper water column by
up to a factor of 27. Finally, the integrated plastic concen-
tration from the surface to the base of the wind-mixed layer
is estimated with the model for a given surface plastic con-
centration and wind speed. This type of geophysical
approach is necessary in order to properly quantify plastic
marine debris pollution.

2. Observations

2.1. Surface Tows

[6] The plastic data presented here are a subset of the Law
et al. [2010] dataset, for which there exists a robust record of
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Figure 1. Measured surface plastic concentration (Ny,,) versus (a) wind speed, u;o and (b) water friction velocity, ux,, for
Uxy > 0.6 cm/s (black dots) and u+,, < 0.6 cm/s (gray dots). The best fit line is for observations with uxy, > 0.6 cm/s, when
wind effects are expected to be significant according to the discussion in section 3.2 (solid line). The theoretical estimate is
based on (5) with (3) and N=5 x 10* (#/km?) (dashed line). In Figure 1a the two largest plastic concentration values occur-

ring at u;9 = 2.5 m/s are not shown.

wind velocity during sampling activities. Since the early
1980s, Sea Education Association (SEA) has conducted
plastic marine debris research on annually-repeated cruise
tracks in the western North Atlantic. The results of more
than 6100 net tows conducted on ~170 SEA expeditions
indicate that a region of high plastic concentration exists
between 22° and 38°N latitude in the western North Atlantic
[Law et al., 2010]. The subset analyzed here includes data
from 343 net tows since 2003, when a scientific meteorology
package was installed on SEA vessels. Only net tows
occurring within the high plastic concentration region (22—
38°N) were considered for this study.

[7] Surface (neuston) net tows follow a standardized pro-
tocol used for more than 25 years at SEA. The 335 ym mesh
net has a 0.5 x 1.0 meter opening (on average 0.25 m of the
net opening is submerged), and is towed at a ship speed of
~2 knots for 30 minutes. Thus, tows are nominally 1 nau-
tical mile (1.85 km) long, with actual tow lengths deter-
mined from GPS position data, hull-based inductive log, and
net-based flow-meter readings. Once the sample is aboard,
the plastic is hand-separated from the biomass, then enu-
merated, air-dried and archived. Here we report observed
plastic concentration as the number of plastic pieces divided
by the tow area, in units of #/km? (N;oy). For volumetric
comparisons, we assume the volume of the tow to be 0.25 m
multiplied by the tow area.

[8] Wind velocity was derived from shipboard anemom-
eter measurements at 31 m height above the mean waterline.
The bulk acrodynamic formulae of Large and Pond [1981]
and the log-profile assumption (buoyancy effects were neg-
ligible) were used to calculate wind velocity at height 10 m
above the sea surface (u10) and frictional velocity of water
(Uryy = [T/pw]l/z, where 7 is the wind stress and p,, is the

density of water) . For reference, a true wind speed of 10
knots measured at 31 m is equivalent to u;o = 4.7 m/s and
uxy = 0.55 cm/s. Wind parameters were calculated from
instantaneous measurements of true wind speed, then aver-
aged over the duration of each plankton net tow.

[v] Observations show that high plastic concentrations
(>5 x 10* pieces/km?) were measured only at low wind
speeds (Figure 1a). Despite the substantial scatter due to
the large spatial variability in plastic concentration, a lin-
ear regression relating concentration to wind forcing
(Niw = a (uxy)?) gives an inverse relationship with b =
—1.6 £ 0.4 (95% confidence interval), indicating that
lower surface concentrations tend to be associated with
higher wind speeds. Guided by the theory developed
below, we also computed the regression coefficients for
Usy > 0.6 cm/s, giving b = —3.0 = 0.9 (95% confidence
interval) (Figure 1b). We suggest the inverse relationship
observed in the data results from turbulent wind mixing
that distributes the plastic particles throughout the surface
boundary layer. This hypothesis is supported by our sub-
surface observations of plastic concentration.

2.2. Subsurface Tows

[10] In June-July 2010, a series of 12 surface and subsur-
face net tows were conducted to investigate the amount of
plastic in the upper water column of the North Atlantic
subtropical gyre between 29-31°N and 40-54°W. At each
sampling location a CTD profile was first used to determine
the depth of the mixed layer based on a temperature
threshold [de Boyer Montegut et al., 2004]. Then a surface
net tow was accompanied by a set of net tows at discrete
depths within the mixed layer (typically ~5, 10, and 20 m;
Figure 2). The subsurface net tows were conducted using a
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Figure 2. Observed (dots) and modeled (lines) depth pro-
files of plastic concentration, normalized by the surface
value. Typical values are u«,, = 0.65 cm/s (observed during
profile measurements) and w;, = 1 cm/s (laboratory observa-
tions). While varying u«, within the observed range (0.60-
0.72 cm/s) does not significantly alter the model profile,
there is a strong dependence on wy. The inset shows esti-
mates of surface plastic concentration relative to total plastic
concentration (N,,,,/N) from conservatively interpolated pro-
file observations (dots) and model results (lines).

modified Aquatic Research Instruments multiple-net Tucker
Trawl [Hopkins et al., 1973], a messenger-operated closing
net that allows a specific depth layer to be sampled without
contamination from the surface or the down- and up-cast
portions of the tow. The assembly was equipped with a CTD
and flow-meter to measure the tow depth and volume sam-
pled, respectively. Subsurface plastic concentrations are
reported as pieces per unit volume and normalized using the
concurrent surface concentration to facilitate comparison of
depth profiles (Figure 2). The sampling was conducted
under nearly uniform wind conditions of 11-13 knots
(tt+, = 0.60-0.72 cm/s).

[11] Eighty-one percent (26/32) of subsurface net tows
contained plastic (Figure 2). Thus, plastic is not simply
surface-trapped, but is vertically distributed within the
mixed layer. To estimate the total amount of plastic in the
surface mixed layer from observations at three or four dis-
crete depths, a “stair step” depth profile was computed with
a constant value for each “step” being equal to the obser-
vation at the base of that step. Because plastic concentration
typically decreases with depth, this conservative estimate
likely underestimates the total plastic in each step. The
resulting profile was then vertically integrated and used to
estimate the fractional concentration represented by the
surface measurement, which ranged from 6% to 94% of total
plastic concentration with an average of 42% (Figure 2,
inset). Thus, a surface measurement alone does not

KUKULKA ET AL.: WIND EFFECTS ON PLASTIC MARINE DEBRIS

L07601

accurately represent the amount of plastic in the near-surface
layer.

[12] Because of the near-uniform wind conditions dur-
ing sampling, we could not establish a relationship
between the vertical distribution of plastic and strength of
wind forcing. However, despite consistent wind condi-
tions the vertical distribution of plastic was variable. Such
behavior could result from differences in plastic proper-
ties (e.g., variable density and shape resulting in different
rise velocities); mixed layer depth; wave-induced mixing
due to breaking waves or Langmuir circulations, which
depends on the sea state; and variability in total plastic
concentration.

3. Model

3.1.

[13] We decompose n, the instantaneous number of plastic
pieces per unit volume, into the horizontal average, 7,
and the deviation from the horizontal average, n', where
n=n+n'. The horizontally-averaged vertical transport
of plastic pieces through the water column at depth, z,
is governed by a buoyant upward flux, —w;, 7, and a
Reynolds-averaged flux, —wn', where w,, is the buoyant rise
velocity and w is the vertical turbulent velocity. Without
net fluxes through the boundaries (no plastic input at the
air-sea interface or mixed layer base), the conservation of
plastic pieces in steady state imposes:

Basic Physics

—Wbﬁ—W:(). (1)

Preliminary laboratory experiments on a small subset of
archived North Atlantic plastic samples in quiescent water
indicate that the rise speed of plastic pieces ranges from
wp, = 0.005 to 0.035 m/s. Flat-shaped fragments, which
represent the most abundant form of plastic marine
debris [Morét-Ferguson et al., 2010], appear to have a
smaller average rise speed, w, = 0.014 £ 0.007 m/s
(average + standard deviation). For simplicity we assumed
wp, = 0.01 m/s by default, understanding that the rise speed
depends on plastic size, shape, and density, as well as water
turbulence that may cause additional lift and drag forces
[e.g., Guha, 2008]. Below we discuss the sensitivity of our
results on rise speed.

[14] A solution for 7 is obtained by parameterizing the
turbulent flux via an eddy viscosity turbulence model:
. dn
—wn' = A4 pa 2)

The turbulent (eddy) exchange coefficient, 4, depends on z,
reflecting depth variations in turbulence characteristics
[Large et al., 1994]. To examine whether turbulent mixing
near the air-sea interface is strong enough to mix down the
buoyant plastic pieces, we introduce Ay as a scale for the
near-surface 4. The vertical length scale for the decay of
n is Ag/wy, so that for Ay/wy, > O(d), plastic pieces are
mixed below the immersion depth of the surface-towed net,
d = 0.25 m. For Ay/wp, > d only a small fraction of plastic
pieces is captured in the net, while for 4yp/w, < d all pieces
are captured.
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Figure 3. (a) Theoretical volumetric plastic concentration
7i(z) normalized by its surface value 7y according to (4) for
average wind conditions (ux, = 0.75 cm/s). More than
54% of plastic pieces are below the surface tow measure-
ment (gray area). (b) Theoretical fraction of surface-captured
plastic pieces normalized by the total number (N/N) as
function of water friction velocity according to (5). The wind
stress effect becomes significant for w«, >0.6 cm/s
(u10 ~ 4.5 m/s, wind speed ~9 knots).

3.2. Near-Surface Turbulent Mixing and Solutions

[15] For moderate and high wind conditions, breaking
surface waves and Langmuir circulations control mixing
near the air-sea interface [Melville, 1996; Thorpe et al.,
2003]. To model relatively strong near-surface mixing due
to breaking waves, we adopt an empirical parameterization
[Thorpe et al., 2003]

Ao = 1.5us,kHj (3)

for z > —1.5 H,, where x = 0.4 is the von Karman constant
and H; is significant wave height. H, is parameterized by
H,=0.96 g~ ' 0*? u?, [Csanady, 2001; Thorpe et al., 2003]
where g = 9.81 m/s? is the acceleration of gravity, o = Cpllixy
denotes the wave age, ¢, is the phase speed of the dominant
wave, and ux, is the frictional air velocity (derived from true
wind speed). Because the wave field was not directly mea-
sured and winds were relatively steady and unidirectional,
we assume a fully developed sea with o = 35 [Komen et al.,
1996]. For this wave age, the critical threshold water friction
velocity is ux. = 0.6 cm/s when Ay = wy, d, so that wind stress
effects are expected to be significant for u«,, > u«. (equiva-
lent to u;g > 5 m/s). Note that because for average conditions
the vertical decay length scale, 4¢/wy (~0.4 m), is much
smaller than the typical mixed layer depth (~25 m), the
mixed layer depth is negligible in this scenario. For high
wind conditions and relatively shallow mixed layers, the
mixed layer depth may become important.

[16] Given the boundary condition 77y = 71(z = 0), the near
surface solution of (1) and (2) is

n(z) = g exp (zwao_l) 4)

The model indicates that for average observed wind condi-
tions (uxy, = 0.75 cm/s in this study), 54% of plastic pieces
are mixed below the tow depth and thus are not captured by
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the surface measurement (Figure 3a). The horizontally-

averaged total number of plastic pieces per unit surface area
0
is N = f 7idz, so that the relation between N and the

—00

observed surface value, N, is expressed as
0
Nigw = / fidz = N[1 — exp(—dwpdo")]. (5)
Zd

Here we have extended the near-surface solution to depth d,
which is approximately valid because 7 decays rapidly with
depth for typical wind conditions. For uxy > txe, Nigw/N
strongly decreases with increasing u+y, (Figure 3b), consis-
tent with the above scaling arguments. For us«,, < ux., sur-
face values approach N, — N, while for uxy > ux., with
(3) and a constant wave age, one obtains

NmW/N = dw;,/Ao oc u*w’3. (6)

3.3. Comparison With Observations

[17] The dependence of surface plastic concentration
(Niow) on wind forcing (u+) is consistent between the model
(b = =3 in (6)) and the observations (b = —3.0 + 0.9;
Figure 1b). Furthermore, the increase in b with increasing
uxy, in the model (b = 0 for wu+, < ux,, and b = =3 for
Usy > Ux) 1S consistent with observations. The compari-
son between observed depth profiles of plastic concentra-
tion and model estimates (Figure 2) is incomplete because
the theory predicts the largest decrease in the upper two
meters (compare with Figure 3a) where no subsurface
measurements exist. Furthermore, comparison is limited
because profiles were obtained in nearly constant wind
conditions. At greater depths the model generally under-
estimates the observed plastic content (Figure 2); in obser-
vational depth profiles the surface value represents, on
average, 42% of the total plastic content in the sampled
layer (Figure 2, inset), while in the model the average is
61%. This discrepancy may result from variable plastic
properties and associated rise speeds (e.g., model results
with smaller rise speeds agree better with measured plastic
concentrations at depth), as well as turbulence unaccounted
for in the model. Another important factor is enhanced
vertical near-surface transport due to Langmuir circulation
(LC), which influences the vertical distribution of buoyant
material such as oil droplets [e.g., D Asaro, 2000] or air
bubbles [e.g., Thorpe et al., 2003], but which is challeng-
ing to capture in a simple one-dimensional column model
[Kantha and Clayson, 2004; Kukulka et al., 2009; Li et al.,
1995; McWilliams and Sullivan, 2000; Smith, 1992; Smyth
et al., 2002]. In this case, it may be more physical to
relate the mixing length in (3) to the mixed layer depth.
Idealized LC models suggest that buoyant particles can be
trapped near downwelling regions [Stommel, 1949] and
three-dimensional turbulence-resolving simulations of buoy-
ant particles indicate that the LC effect is indeed important
[Skyllingstad, 2003; T. Kukulka et al., submitted to Journal
of Geophysical Research, Langmuir Circulation in a coastal
ocean, 2012]. Clearly, a more comprehensive model must
take into account variable sea state with associated wave
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Figure 4. Spatially-averaged plastic concentration as deter-
mined from (a) 343 surface net tow measurements and
(b) vertically-integrated plastics content from model calcula-
tions using surface net tow measurements and concurrently
measured wind speed. In high wind conditions (19 > 12 m/s)
model estimates were up to 27 times the surface observa-
tions. Maps were processed identically by averaging over
0.5° bins, smoothing with a 500 km width Gaussian filter,
and masking at 200 km from the nearest data point using
Generic Mapping Tools [Wessel and Smith, 1998].

mixing (LC and breaking waves) as well as the variability
of observed plastic properties.

4. Total Plastic Content Taking Wind Mixing
Into Account
[18] Surface net tows cannot account for the total amount

of plastic pieces in the upper ocean mixed layer, except in
low wind conditions (u;9 < 5 m/s). However, when surface
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net tow data are combined with wind speed observations, it
is possible to improve the estimate of the total amount of
plastic in the wind-mixed surface layer using the model
presented here. Using collocated observations of surface
plastic concentration and wind speed as inputs to the model,
equation (5) yields the depth-integrated plastic concentra-
tion. Figure 4b illustrates this improved estimation of plastic
concentration in the subtropical North Atlantic, relative to
measured values (Figure 4a). The model predicts an average
integrated concentration 2.5 times the measured surface
value, with a maximum of 27 times the surface value. As
noted above, this model likely underestimates the wind
mixing effect and therefore total plastic content, thus actual
integrated concentrations in the subtropical North Atlantic
could be much higher.

5. Conclusions

[19] Based on surface and subsurface observations and a
one-dimensional column model, we have illustrated that
plastic concentrations measured using surface tow mea-
surements depend on wind speed (tows in high wind con-
ditions tend to capture fewer plastic pieces) because plastic
pieces are vertically distributed in the mixed layer due to
wind-induced mixing. Using subsurface depth profiles of
plastic concentration and a theoretical model, we show that
surface tow measurements significantly underestimate the
total plastic content even for moderate wind conditions.
Therefore, accurate estimates of total plastic content in the
upper ocean must take into account the effects of wind-
driven mixing.
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