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ABSTRACT

This paper studies the impact of the surface waves on the turbulent mixing. The satellite observations of

suspended particulate matter (SPM) at the ocean surface as an indicator of turbulent quantities of the flow are

used. In a water column, SPM builds a vertical profile depending on settling velocities of the particles and on

vertical mixing processes; thus, SPM is a perfect marker to study the turbulent quantities of the flow. Satellite

observations in the North Sea show that surface SPM concentrations, in locations of its deposition, grow

rapidly and build plume-shaped, long (many kilometers) uninterrupted and consistent structures during

a storm. Also, satellites reveal that SPM rapidly sinks to the seabed after the storm peak has passed and wave

height decreases (i.e., in the absence of strong turbulence).

The nonbreaking wave-induced turbulence has been discussed, parameterized, and implemented into an

equation of evolution of turbulent kinetic energy (TKE) in the frame of mean-flow concept, which can be used

in existing circulation models. The ratio between dissipated and total wave energy is used to describe the

influence of wave damping on the mean flow. The numerical tests reproduce experiments in a wave tank very

well and are supported by observations of SPM in the North Sea. Their results show that the motion of an

individual nonbreaking wave includes turbulent fluctuations if the critical Reynolds number for wave motion

is exceeded, independent of the presence of currents due to wind or tides. These fluctuations can produce high

diffusivity and strongly influence mixing in the upper water layer of the ocean.

1. Introduction

In our paper, we analyze the effect of the motion in-

duced by a nonbreaking wave on the turbulent mixing.

Implementation of this effect for practical applications
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requires coupling the wave, the turbulence, and the cir-

culation models, which is also conducted. Because the

topic is still quite new, the paper starts from a substantial

introduction. In the current section, general and theoreti-

cal background is reviewed, and the methodology is de-

scribed in section 2. Section 3 is dedicated to a key element

of this paper, explaining and justifying the implementation

of the nonbreaking turbulent diffusion produced by waves

in circulation models. This implementation is then con-

ducted and verified in section 4, where two experiments

are considered and modeled. The first example is a labo-

ratory test with the observed mixing in a wave tank, where

the wave motion is the only energy source (other effects

such as those caused by wind-induced currents, Langmuir

circulation, etc., are not present), and the second series

of tests is based on satellite observations in the ocean.

Conclusions are summarized and discussed in section 5.

a. Background

Numerical simulation of different processes in the

ocean, such as transport of different ingredients, chemical

and biological exchange, morphodynamics, suspended

matter transport, etc., is based on knowledge of wave

climate and circulation current dynamics. Developments

in recent years allow for application of such modern-

designed circulation and ocean-wave models to simulate

long time series of basic hydrodynamic and oceanographic

parameters with fine spatial and temporal resolution.

Imprecision of the model physics and parameteriza-

tions, however, can produce visible structural instability

(McWilliams 2007) and in particular an imbalance when

modeling variables that are able to accumulate the model

inaccuracy [e.g., suspended particulate matter (SPM)].

Assimilation of data from different sources can improve

the model results (e.g., Dobrynin et al. 2008), but it only

highlights the need for employment of updated and more

complete physics.

The turbulent diffusion is one of such basic physical

processes and it plays an obvious key role in the vertical

mixing action, which not only can be observed in the

ocean but also can be demonstrated by experiments in

water tanks. There are two apparent sources of turbulence

in this case: the currents shear in the water column and near

the bottom and the surface waves. Although the role of

currents and the bottom boundary layer is well appreciated

and well elaborated in the turbulence-mixing modeling, the

role of the waves is routinely limited to injecting some

turbulence under the ocean skin by means of wave break-

ing. It should be noticed, however, that the wave orbital

motion is usually at least an order of magnitude faster

than the currents and therefore should be able to generate

turbulence directly. This source of turbulence is presently

missing in most schemes for the upper-ocean mixing.

Langmuir circulation can be an additional course of the

upper-ocean mixing (Langmuir 1938). Craik and Leibovich

(1976) introduce the Langmuir circulation, which is caused

by instabilities of the wave system in the presence of drift

currents. Once formed, the Langmuir circulation can

persist in the absence of wind (Craik 1982; Plueddemann

et al. 1996; Phillips 2002), but it cannot persist in the ab-

sence of waves and is thus a wave-related phenomenon

(see, e.g., Smith 1992; Phillips 2001a, 2003, 2005). Once

present and fully developed, Langmuir cells would pro-

vide a vertical velocity, which can further facilitate the

vertical mixing by bringing the turbulent surface waters

all the way to the bottom of the mixed layer (e.g., Babanin

et al. 2009). Dynamics of the mixed layer in presence of

Langmuir circulation have been a subject of intensive

studies by means of field measurements, laboratory ex-

periments, and numerical simulations (e.g., Melville et al.

1998; Smith 1998; Phillips 2002). We should also mention

the phenomenon of Langmuir turbulence proposed by

McWilliams et al. (1997) and Sullivan and McWilliams

(2010). In the present paper, we analyzed in detail two

test cases: laboratory experiments and sediment suspen-

sion in the North Sea; in both cases, the mixing was

clearly associated with the waves. In the laboratory, there

was no Langmuir circulation present; the mixing by

nonbreaking wave motion has been separated from other

effects, investigated, and later verified in the North Sea

environment.

b. Surface-wave motion and turbulence in
circulation models

The main reason behind disregarding the wave-induced

nonbreaking turbulence is the tradition to treat the surface

wave motion as irrotational and therefore not able to

produce shear stresses and turbulence directly. The con-

cept of irrotationality, however, is a consequence of the

initial theoretical assumption that the waves are free, they

have no viscosity and surface tension, and therefore they

cannot cause shear stresses (e.g., Komen et al. 1994). Such

assumptions are helpful when obtaining analytical solu-

tions for the wave motion in linear or nonlinear wave

theories. Albeit small and negligible from the point of view

of many applications, water viscosity, however, is not zero,

and the existence of the wave-induced turbulence has been

suggested (Babanin 2006). Such turbulence, in fact, is not a

novelty to the wave modeling community. For example,

the wave K model (Schneggenburger et al. 2000) uses

turbulent diffusion as a dissipation source, parameterized

through the Stokes drift (Rosenthal 1989).

The numerical modeling of hydrodynamic processes is

separated into two basic disciplines: circulation modeling

to simulate the mean flow (the computed currents present

average values for all individual grid elements; dx, dy, dz,
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and dt are the integration increments in space and time,

respectively) and spectral wave modeling, which allows

us to obtain statistical integral wave parameters such as

significant wave height Hs and mean wave period T.

Using such idealized obtained variables, which are aver-

aged on a coarse spatial and temporal scale and simulated

without correct coupling in terms of the energy balance

(transfer of wave-energy dissipation from the wave to the

circulation models), leads to the loss of some physical

processes, depending on the application. For such appli-

cations as ocean-turbulence modeling, this means missing

an additional source of turbulence, as well as additional

turbulent diffusion in absence of breaking. However,

most circulation models still do not take into account

wave motion as a turbulence source.

According to linear wave theory, the idealized wave

orbits are closed circles, and motion of water particles,

temporally integrated, results in zero. As mentioned ear-

lier, this lead to the general problem of modeling: different

processes have different characteristic scales. The motion

within an individual wave with properties Hs, T, and

wavelength L occurs on spatial and temporal scales other

than the scale used by circulation models; for example,

the Hamburg Shelf Ocean Model (HAMSOM) circula-

tion model implemented for the North Sea (Backhaus

1985; Pohlmann 1996) uses dt 5 5 min (30 typical ocean-

wave periods of T 5 10 s) and spatial resolution 1.59

(about 2.5 km: 17 wavelengths of L 5 150 m). At the

coarse mean-flow scale, these waves certainly return zero

average currents. However, feedback to the coarser scale

is required not only in terms of the integrated wave-

related values but also in terms of the local finescale ef-

fects and dynamics. This can be done as a multiscale

Reynolds decomposition. That is, the wave motion, which

itself is a fluctuation at the scale of mean currents, at a

smaller scale can be treated as mean motion subject to

random turbulent fluctuations of its own.

c. Turbulent diffusion and surface waves

There is accumulating experimental evidence that wave-

induced nonbreaking turbulence does exist. Yefimov and

Khristoforov (1971) concluded that their measurements

provide ‘‘a basis for assuming that small-scale turbulence

is generated by the motion of waves of fundamental di-

mensions.’’ Estimated breaking rates of 0.4% and 0.01%

for their records are negligible (Babanin 2006). Cavaleri

and Zecchetto (1987) in their dedicated and thorough

measurements of wave-induced Reynolds stresses gave

explicit accounts for the wave breaking. One set of their

data corresponds to active wind-forcing conditions (many

breakers present are mentioned), whereas the other set

describes steep swell (no breaking). Nonzero vertical

momentum fluxes in absence of breaking were evident.

Cavaleri and Zecchetto concluded that ‘‘in the water

boundary layer, there can occur an additional mecha-

nism of generation of turbulence. . . full, correct de-

scription of the phenomenon is still lacking.’’

Recently, in the ocean measurements, Gemmrich and

Farmer (2004) reported presence of turbulence at a pre-

breaking state of a wave, and Gemmrich (2010) demon-

strated rates of turbulent energy dissipation in the definite

absence of wave breaking, consistent with laboratory

measurements by Babanin and Haus (2009). Babanin et al.

(2005) conducted simultaneous measurements of the sur-

face wind energy input rate and the wave-energy dissipa-

tion in water column of a finite-depth lake. They showed

that, once the waves were present and even in absence of

wave breaking, turbulence persisted through the entire

water column and not only in the shear boundary layers

near the surface and bottom. Babanin (2006) and Babanin

and Haus (2009) described laboratory experiments with

unforced (in the absence of wind), mechanically generated

monochromatic deep-water waves. Thus, sources of the

shear production were carefully eliminated, but turbulence

was present and its intensity was measured to correlate

with the wave height. Quantitatively, Babanin and Haus

(2009) emphasized that the turbulence–dissipation rates

they measured were instantaneous values incurred inter-

mittently at the rear face of the waves; therefore, the av-

erage values have to be scaled down over the period of the

wave and the period of the intermittency.

Indirect proof of the concept of wave-induced turbu-

lence was further provided by recent laboratory experi-

ments and numerical simulations of the upper-ocean

mixing. Dai et al. (2010) conducted experiments in a wave

tank with a stratified fluid and found that, in the presence

of gentle waves on the water surface, the mixing was some

two orders of magnitude faster than in the case of the

mixing due to molecular diffusion. Qiao et al. (2004, 2010)

introduced wave-induced stresses in ocean-circulation

models coupled with surface waves and achieved dra-

matic improvements in predictions of the upper-ocean

thermal structure and mixed layer depth compared to

the traditional mixing schemes. Some theoretical works

(e.g., Phillips 2001b; Ardhuin and Jenkins 2006) suggested

mechanisms of wave–current–turbulence interactions that

are capable of explaining transfer of energy from mean

orbital motion to the turbulence, provided that background

turbulence already exists.

d. Suspended particulate matter in the North
Sea as an indicator of turbulent diffusion

In many satellite-borne ocean color images of the North

Sea, a plume-like pattern is visible, which is caused by

scattering the reflected sunlight at the SPM (for the defi-

nition, see appendix A) in the upper-ocean layer (Doerffer
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and Fischer 1994). Such structure with SPM concentration

about 10–50 mg l21 (a typical concentration for calm

weather conditions is 0–5 mg l21) can be seen with different

intensity and it is clearly visible in the German Bight after

storm events. Figure 1 (left) presents, for example, the sur-

face SPM distribution during a storm in the German Bight

delivered from satellite [Modular Optoelectronic Scanner

(MOS)], and the corresponding wave conditions on the

right: the wave fields are computed by the German Weather

Service (DWD) using the Wave Model (WAM) (Günther

et al. 1992) at a spatial resolution of 6 nautical miles.

The southern North Sea (Fig. 2a) is a shallow region

with an average depth of about 40 m. This region has

high fine-sediment content in the seabed, typically accu-

mulated in the deeper areas like channels and trenches.

These sediments can be resuspended and eroded because

of storms, and a plume-shaped structure builds up at the-

surface at the location. Figure 2b presents the SPM con-

centration derived from MOS optical image (Fig. 1) after

the storm on 1–3 February 2000. Close connection between

surface structure of SPM and fine-sediment content in the

seabed demonstrate the origin of this structure (surface

SPM concentration field and isolines of bottom deposit).

The newest studies of remote sensing data confirm

the findings based on single MOS images (e.g., Fig. 1;

Pleskachevsky et al. 2002) that vertical mixing of the

upper ocean significantly depends on waves. The entire

2003 dataset of satellite information from the Medium-

Spectral Resolution Imaging Spectrometer [MERIS; on

board the Environmental Satellite (Envisat); see appen-

dixes B and C], which includes more than 400 MERIS

scenes, was analyzed in our study. Commonly, available

optical data do not present the storm peaks because of

cloud coverage (wave height can reach more then 10 m,

but the closest acquisitions is about 3 h after the storm

peak). The circulation and waves are simulated for the

North Sea (appendix D). The instantaneous measure-

ments (all filtered 2003 data) in Fig. 3 show a connection

between SPM and waves in area where the influence of

circulation currents is not significant. In these areas, where

FIG. 1. Storm events in the North Sea at 29 Jan–4 Feb 2000 (the storm peak was at about 0300 UTC 30 Jan 2000).

(left) Optical MOS image of German Bight on 3 Feb 2000 and (right) significant wave height in the North Sea at the

storm peak.
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the fine-sediment content in the seabed is .8%, the surface

SPM concentration rises immediately (Fig. 3b, area B)

when significant wave height increases. A decrease in Hs

leads to an immediate decrease in SPM concentration at

the surface because of gravitational sinking. On the con-

trary, for the lower fine-sediment content in the seabed, an

increase in the wave height (Fig. 3b, area A) does not lead

to a visible increase in the surface SPM concentrations (for

averaged storm conditions, change of the bottom fine-

sediment content at 1% means a change of the surface

SPM concentration at about 1 mg l21 for the depth d 5

40 m because of erosion, which signifies mixing of the

entire water column). This means maximal possible SPM

concentration due to erosion at locations with high fine-

sediment content, for average storm conditions. Summa-

rized, the main feature of the wave influence is a strong and

rapid mixing in the water column.

2. Methods and objectives

In this section, existing techniques aimed at account-

ing for wave–circulation interaction are summarized.

Implementation of the new wave-induced turbulent mix-

ing is discussed next. Then, objectives and method, to be

followed in this study, are detailed.

a. Modeling the turbulence induced by
wave–current interactions

Existing ocean-circulation schemes, which claim to have

taken into account the waves but still assume that their

orbital motion cannot cause the turbulence directly,

can hardly reproduce such strong and prompt mixing as

described in section 1d. One of such schemes refers to

wave-breaking mechanism (Craig and Banner 1994). Wave

breaking during a storm can indeed introduce strong

turbulence, but this source of turbulence is limited to (in-

jection into) the upper water layer and direct penetration of

this turbulence is limited to the scale of the wave height

(e.g., Gemmrich 2010). Its diffusion into the depth is too

slow (if capable at all) to reach the depths of 30–50 m during

a storm peak (e.g., Babanin et al. 2009). After the storm

peak has passed, the waves are no longer high and steep

enough to keep breaking, the whitecapping is too minor a

turbulence source to influence the whole water column, and

shear stress at seabed is no longer strong enough to hold

SPM suspended at depths .30 m. As a result, within such

a scheme, SPM starts sinking before its concentration at the

surface can reach values actually observed.

Another known approach describes turbulence as

an interaction of the Stokes drift with wind- and tide-

produced currents (Ardhuin and Jenkins 2006), and it

also is not capable of providing intensive and deep-

reaching mixing. Furthermore, these approaches cannot

in principle reproduce the simple experiment in a water

tank (sections 3a and 4a; ink mixing due to nonbreaking

waves, no wind, and no mean currents), which is our

reference point. Indeed, the first approach requires wave

breaking, which is not there, and the second one relies on

the preexistence of the turbulence (e.g., due to wind

forcing or currents that are also absent).

FIG. 2. (a) Seabed distribution of the fine-sediment (grain size, O , 20 mm) fraction (colors in percentage of

sediment mass content) and bathymetry (lines; depth in meters) in the southern North Sea and (b) the surface SPM

concentration derived from MOS with the typical plume-shaped structure (the optical image seen in Fig. 1) during the

storm on 4 Feb 2000 (isolines show percentage of sediment mass content).
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Coupling of wave and circulation models through radi-

ation stress is another way to account for influence of waves

on turbulence. In this case, the spatial gradient of the wave

energy is transferred to acceleration of mean currents.

As a result, the current structure at the coast and around

the sandbanks, where gradients of the wave energy are

strongest, will undergo a significant change; for example,

in the German Bight an along-shore current of some

30–50 cm s21 magnitude appears in near-shore zone ap-

proximately 0.5 km wide. Local variations exceed 2 m s21

if waves are completely dissipated because of large lo-

calized topographic gradients under storm conditions

(Pleskachevsky et al. 2009). Turbulent properties of the

water flow in such conditions are principally altered.

However, attempts to fill the gap in energy balance in the

system by means of such kind of coupling only (e.g.,

Warner et al. 2008) cannot reproduce wave-induced tur-

bulence fully. By definition, the gradient of radiation stress

reflects the spatial change of the total wave energy but not

the local dissipations as such; that is, it does not take into

account components in the net dissipation source term

included in the wave model. This gradient is significant

only in coastal areas or over sand banks. In the open sea,

this gradient is nearly zero (dissipated energy is compen-

sated by, e.g., wind input), and the structure presented in

Fig. 1 cannot be reproduced through the radiation-stress

coupling. Therefore, in order to simulate the influence of

the wave motion on a flow field, wave-energy dissipation

itself should be taken into account by circulation models.

b. Wave-induced mixing and SPM modeling for the
North Sea

Modeling studies of SPM in the North Sea, using the

SPM transport (SPMT) model developed at the GKSS

Research Centre, have unambiguously shown that these

plume structures (e.g., Fig. 1) are closely coupled with the

vertical diffusion in the water column (Pleskachevsky et al.

2001). Turbulence due to the circulation currents was not

strong enough to distribute the eroded SPM up to the

surface, through about 40 m of the water column, during

a short time window of the storm peak (6–10 h). A corre-

sponding wave-based mixing coefficient was introduced

and fitted empirically to reproduce the observed structure

in the model. In the course of tuning, it emerged that the

wave coefficient should be proportional to the wave am-

plitude (i.e., wave orbital velocity) squared and therefore

to the wave energy (Pleskachevsky et al. 2001, 2005). Thus,

the wave influence was taken into account, in addition to

the diffusivity produced by currents. These findings con-

firmed results of independent measurements (Pearson et al.

2002). In Qiao et al. (2004), an identical approach solves

a problem of the mixed layer depth (MLD) in the global

ocean. The SPMT model simulates one-dimensional (1D)

SPM dynamics in the vertical water column box and was

implemented into the circulation model by the German

Federal Maritime and Hydrographic Agency (BSH) (Dick

et al. 2001). Precalculated current data produced by the

circulation model, and wave data produced by WAM

(Günther et al. 1992) were used. The model is running by

BSH and reproduces the measured concentration at sur-

face well, particularly during storm weather conditions

(Gayer et al. 2006). However, this coupling was a simple

parameterization, integrated in one-way mode, and it was

not connected with turbulence models.

c. Objectives and approach

As was outlined in introduction, the main purpose of

this paper is to implement a simple method of connecting

existing circulation and wave models. This would allow

us to account for the wave-induced mixing 1) by using

FIG. 3. (a) Selected areas (50 m . depth . 30 m; SPM content in the seabed .6%; and Hs . 4 m, black areas) on

the topography map in the North Sea and (b) scatterplot of significant wave height and MERIS SPM concentration in

these areas in 2003 [colors represent percentage of SPM mass content (grain size ,20 mm) in the seabed].
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standard wave-modeling outputs (e.g., significant wave

height and mean currents) and 2) through a standard

turbulence model.

First, we will test our method by trying to reproduce

the basic process in a hydrodynamic system: turbulent

mixing by nonbreaking waves demonstrated experi-

mentally in a wave tank (Babanin 2006). In this exper-

iment, ink (a passive tracer) injected into the tank was

dissolved because of wave-induced orbital motion after

a critical value of the wave Reynolds number was ex-

ceeded (no wind, no currents, no circulation or upwelling;

see section 4a for more details). In this case, the wave

orbital motion is the only source of energy for such tur-

bulent mixing.

The second step is to implement the method for more

complicated environment: mixing of SPM, which in-

cludes not only dissolving passive tracers as above but

also settling the matter and eroding the slick. A typical

behavior of SPM is the vertical profiling caused by

gravitational sinking. Typically, the SPM concentration

is smaller in the upper water layers than in the lower

layers (e.g., Wyrwa 2003). This distribution depends on

settling velocities and the vertical mixing processes and

thus on the turbulence. Therefore, the SPM is a good

indicator of turbulent mixing: it immediately makes

visible not only a starting point of the mixing (SPM is

redistributed vertically up to the surface) but also the

drop of the latter (rapid sinking the particles in absence

of strong turbulence). For validation and comparison,

the remote sensing data were used, which allowed us to

cover large areas concurrently and show spatial struc-

tures and distribution of SPM at the sea surface.

3. Implementation of turbulent diffusion by
nonbreaking waves into a circulation model

In this section, we will formulate the influence of non-

breaking waves on the upper-ocean mixing. The goal is to

implement the wave action directly in the equation of

evolution of the turbulent kinetic energy (TKE), aiming to

improve the circulation model by taking into account the

wave-induced diffusivity.

a. Assumptions

Our reference point is that the real nonbreaking wave-

induced motion differs from the idealized mean-motion

orbits obtained from linear or nonlinear wave theories.

Existence of random fluctuations with respect to such

mean motion has been confirmed experimentally (Babanin

2006; Babanin and Haus 2009; Dai et al. 2010). These

turbulent fluctuations produce a small dissipation of the

wave energy, spent on the turbulence generation, but

most importantly they facilitate turbulent mixing near the

interface where such source of turbulence is significant

enough. Because the wave energy (and orbital velocities)

reaches very high values during a storm, a slightest loss

of it, though relatively small for the waves, has a strong

effect on the mean-flow properties through the respective

turbulent mixing. Here, we will obtain a parameterization

based on the idealized analytical solution of the wave

motion and implement it into a turbulence model.

Two views on the wave motion have been considered

in this regard separately. Here, we will label them

symmetrical and asymmetrical motion:

1) The symmetrical oscillation of the individual waves:

such applications are not new and different approaches

have been already carried out (e.g., Jacobs 1978; Qiao

et al. 2004; Gayer et al. 2006).

2) The asymmetry of the wave-induced water-particle

motion, as a residual effect, can be included into the

mean flow, and this possibility also has been already

considered as well [e.g., Ardhuin and Jenkins (2006)

obtain it by using interaction of the Stokes drift and

wind-induced currents]. We postulate that both ef-

fects are important and must be taken into account,

and the overall effect on turbulent diffusivity can be

obtained based on an idealized solution (linear wave

theory) if the dissipation of the wave is known (e.g.,

from measurement or modeling).

b. Turbulent and idealized wave motion, turbulent
fluctuations, and dissipation

In fluid flows, the turbulence is described by the fluc-

tuating velocity u9i (e.g., Roberts and Webster 2002) for

i 5 x, y, z directions. The instantaneous velocity ui is

generally (also due to wave motion) presented as

u
i
5 u

i
1 u9

i
, (1)

where u
i
is the mean fluid velocity (for wave motion, the

integration increment should be dt� T). By definition,

the time-averaged fluctuations u9i are zero, but it in-

fluences turbulent viscosity yt and turbulent diffusion. If

the turbulence intensity (means the relation u9i /ui) is less

than 1% of the mean flow, this is normally classified as

low turbulence; 1%–5% corresponds to medium turbu-

lence intensity; and greater than 5% is a high-turbulence

case. Because wave orbital velocities are on the order

of 1.5–3 m s21 for typical storm condition (can exceed

5 m s21 on storm peak), even the low-turbulence con-

dition will signify mean current fluctuations on the or-

der of 1.5–5 cm s21 and can produce the turbulent mixing

in orders higher than the last because of molecular

viscosity or weak circulation currents (for the depths

30–50 m, about 0–0.20 m s21 in the lower water layers of

the North Sea).
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The average orbital velocity u
orb,i

is a solution of lin-

ear theory, a function of Hs and T (see Fig. 4), and a

particular case of ui above. Input of Hs and T into uorb,i

(which is how the wave information is transferred into

the circulation modeling) presents static values for the

wave height, period, and length, whereas these proper-

ties change dynamically: such input does not include

information about wave-energy dissipation of any kind.

Therefore, turbulent fluctuations and damping effects

due to them (loss of energy) are not presented in the

idealized uorb,i, which is usually used for the technical

applications.

In reality, even at laminar motion the idealized uorb,i

will be slowing down because of molecular water vis-

cosity yw (it can be also described using Navier–Stokes

equations with a combination of viscous and Reynolds

stresses; Komen et al. 1994). The difference can be de-

noted as uTi,

uTi 5 u
orb,i
� u

i
, (2)

and characterizes deviation of the real mean orbital

wave motion in viscous fluid from ideal nonviscous fluid

(mean viscosity of water is yw 5 1.2–1.8 3 1026 m2 s21

depending on temperature). While the wave Reynolds

number Rewave (Babanin 2006) is below critical value,

the wave-induced motion remains laminar and the tur-

bulent viscosity yt 5 0 (ui9 5 0). If the damped compo-

nent uTi overcomes a certain limit, Rewave exceeds the

critical value and the wave motion becomes turbulent

as known from experiments (Babanin and Haus 2009).

Then, turbulent stresses t 5 u9w9 5 yt(›u/›z) will sig-

nificantly enhance the total eddy viscosity, which is now

y 5 yt 1 yw.

Now, we can find the turbulent viscosity yt produced

by the resultant mean wave velocity u
i

in (2). The tur-

bulent diffusion feeds back to the water motion and thus

takes into account the wave damping. Figure 5 presents

a scheme of such motion to demonstrate the dissipation-

damping influence of the fluctuations on the mean motion

(in reality, this scheme is more complicated because of

the wave-energy input from wind and because of wave-

energy advection). Such dissipation was measured in

experiments in water tank, and for waves with frequency

f 5 1.5 Hz its rate can be expressed as (Babanin and Haus

2009)

k«
wave(z)

��
f 51.5Hz

5 300a(z)3, (3)

where k«
wave is depth-dependent kinetic-energy dissipa-

tion rate and a is wave amplitude. Vertical integration of

Eq. (3) provides the wave-energy dissipation rate per

unit of water surface.

c. Implementation of the wave-induced turbulence
into a circulation model and mean flow

As noticed, the approximated wave motion can be

represented by the linear-theory outcomes. Keeping in

mind that existence of uTi is physically and mathemati-

cally responsible for appearance of turbulence in the

first place (in nonviscous fluid uTi [ 0), we will further

assume that the value of uTi itself is negligible compared

to uorb,i: that is, ui ’ uorb,i. This way, it is possible to

obtain yt by using the shear frequency M2 5 (dux/dz)2 1

(du
z
/dx)2, based on the idealized motion u

orb,i
, which

FIG. 4. Orbital wave motion. Velocity field produced by wave Hs 5 10 m, T 5 15 s, L 5

265 m, and depth 5 40 m based on the linear theory. The magnitude of velocity vector is shown

by the color.

FIG. 5. Scheme of the wave damping by turbulent diffusion (no

wind) for one orbital component during one wave period (hori-

zontal axis is the time during T). The instantaneous motion ux

(green) includes fluctuations and results the averaged orbital cur-

rent u
x

(red), which differs from the idealized u
orb, x

(blue) because

of dissipation.
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will subsequently be returned to the coarser mean-flow

model. Using a linear wave theory (e.g., Svendsen and

Jonsson 1982), the mean value (integrating over one

wavelength) of shear frequency for the wave motion can

be impressed as (z 5 0 at the surface, positive direction

is upward, and k 5 2p/L is the wavenumber)

M2
wave(z) 5

kpH
s

T

sinh[k(z 1 d)]

sinh(kd)

� �2

. (4)

Circulation models simulate the mean flow, and turbu-

lence models interconnect mean currents U with its

fluctuations U9 through TKE K. The equation of evo-

lution for K is (Burchard et al. 1999)

›K

›T
mean

1 U
i

›K

›X
i

5 D
K

1 P
S

1 G� E
K

, (5)

where Ui is the mean-current component for i coordinate,

G is the production of TKE by buoyancy, DK is the tur-

bulent and viscous transport term, and EK is the dissipa-

tion term. The temporal and spatial resolution dTmean and

Xi correspondingly (capital letters) indicate the equation

for the mean flow (i.e., simulate the process on scales that

are coarser than the scale needed to simulate an individual

wave with dt, dxi). Here, PS, in the default formulation of

TKE Eq. (5), signifies TKE production by mean currents,

P
s
5 PCURR 5 y

t
M2

CURR; (6)

that is, M2
CURR is the shear frequency due to the mean

currents Ui. The eddy viscosity because of the mean-flow

currents is usually defined as y
t

5 y
CURR

5 c
m

ffiffiffiffi
K
p

l, with

stability function cm and length scale l. The diffusivity Dt

for turbulent mixing is defined through the turbulent

Schmidt number Dt 5 STSNyt.

Now, to take the wave motion into account, by the

circulation model, we need to parameterize, and thus

decompose the overall wave motion into two parts: sub-

processes occur on a dt , T micro time scale and mean-

flow processes occur on a coarse dTmean mean-flow scale.

These subprocesses are referred to here as symmetric

motion (SM), and the mean-flow processes are referred to

here as asymmetric motion (AM):

1) If integrated, SM does not contribute to the mean

currents (hence the motion is symmetric), but during

dTmean, on dt scale, a strong influence of waves on

turbulence is possible. Impact of SM on the flow can

be parameterized using shear MSM
wave 5 Mwave from

Eq. (4) (note that Mwave uses wave parameters H, T,

and k: these integrated parameters will be obtained

from the wave spectra after dissipation was taken

into account in the wave model). Various implemen-

tations of this effect have been conducted before (e.g.,

Jacobs 1978; Qiao et al. 2004; Gayer et al. 2006).

2) AM represents the dissipation of the primary wave

motion and results from temporal integrating: the

orbital tracks are no longer closed because of this

damping. The mean flow gains a weak residual-current

effect. The asymmetric component can be parameter-

ized by using shear M
wave

, as well as by employing the

relation between wave-energy dissipation and total

wave energy kAM
wave,

MAM
wave 5 kAM

waveMwave. (7)

Coefficient kAM
wave (which plays the role of the degree of

efficiency) can be derived as the ratio of wave energy

lost due to dissipation and total wave energy EW,

kAM
wave 5

E
diss

E
w

, (8)

where Ediss means the depth-integrated wave-energy

dissipation (wave models consider vertical integrated

water column and provide Ediss using dissipation sources;

Ew is the total wave energy before dissipation is

taken into account in wave model). This coefficient

is nondimensional: that is, a fraction of wave energy

passed to the wave-induced turbulence. The value

kAM
wave ; 1.5 3 1024 was obtained from measurements

in the water tank experiment by integrating [Eq. (3)]

vertically and using the exponential amplitude decay

as a function of water depth. This mean value relates

to wave steepness in the tank, which can then be re-

lated to the storm wave properties in the North Sea.

Currently, to present the method we use this value for

our calculations, but in the future it would need veri-

fications in the field. The interactive coupling of the

circulation, turbulence, and wave models by means

of wave-energy dissipation will allow us to obtain this

ratio with good accuracy [e.g., value of ratio in Eq. (8)

varies between 1 3 1023 and 1 3 1027, depending on

wave steepness and depth for the turbulent diffusion

dissipation term in the K wave model].

As noticed, the possibility to include the asymmetry of

the wave-induced water-particle motion into mean flow

has been considered before. The presented approach

summarizes both effects (SM and AM).

First, we enlarge the TKE production by the wave

source

Pwave 5 y
t
(MAM

wave)2 (9)
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(the asymmetric part of the wave motion that only

connects to and influences the mean flow U directly),

P
s
5 P

CURR
1 P

wave
5 y

t
[M2

CURR 1 (MAM
wave)2]. (10)

To account for the effect of the symmetric component,

the resulting eddy viscosity must be modified by viscosity

from the wave action ywave because of the subscale

effects,

y
t
5 y

CURR
1 y

wave
. (11)

We apply the standard classical approach (e.g., Kapitza

2002; Casulli and Stelling 1998) and express ywave as

follows:

y
wave

5 l2
waveMSM

wave, (12)

where lwave is the length scale for the wave-induced

turbulence. The value of lwave is assumed to be propor-

tional to the wave amplitude, as a control characteristic

of the wave motion,

l
wave

5 a(z) 5
H

2

cosh[k(z 1 d)]

sinh(kd)
. (13)

This assumption is confirmed by numerical modeling

of Qiao et al. (2004), the experimental argument of

Babanin (2006), and the model tests presented in the

next section. Now, the TKE production Ps can be re-

written by taking into account the wave effects of both

components,

P
s
5 (y

CURR
1 y

wave
)[M2

CURR 1 (MAM
wave)2]. (14)

This version of TKE production Ps describes the mean

flow and includes the wave effects. The symmetric part

of the wave motion (local effects) modifies the turbulent

viscous term (influences the mean velocity U in terms of

dt . T, through the eddy viscosity). The asymmetric part

of the wave motion, due to dissipation of the wave energy,

impacts the mean current directly and appears explicitly

in the term for shear frequency.

To complete the approach, the Reynolds number and

critical Reynolds number Rewave
crit 5 3000 for wave mo-

tion were implemented from Babanin (2006),

Rewave(z) 5
a(z)2

v

y
w

, (15)

where v 5 2p/T is wave angular frequency. To meet

this condition, we set laminar motion for Rewave ,

Rewave
crit [the transition from laminar to turbulent motion

can be indicated by maximal horizontal component of wave

orbital velocity uorb(z) on the order of 10–20 cm s21, de-

pending on wave properties].

4. Results of numerical simulations

In this section, the experiments in the water tank were

reproduced using the General Ocean Turbulence Model

(GOTM) (Umlauf and Burchard 2003) first. Further

down, we apply the method to simulations of the SPM

mixing in the North Sea to compare the results with the

satellite-derived data described in section 1.

a. Turbulent mixing of dissolved matter in a
wave tank

1) EXPERIMENT

It has been confirmed experimentally that the wave-

induced motion can be laminar and also turbulent, re-

gardless of the presence of currents due to wind or tide.

A simple experiment in a water tank (no wind and no

currents) shows that wave-induced motions have tur-

bulent fluctuations. As a result, the injected ink marker

is diffused completely after the critical Reynolds num-

ber for wave motion (Babanin 2006) is exceeded [see

Eq. (15)]. For this experiment, a single set of measure-

ments was carried out for waves of 0.667-Hz frequency.

The wave amplitude a changes gradually from 2 cm up

to 4 cm and then down to 2 cm again. The water depth in

the tank is approximately d 5 1 m. Ink was injected into

the water in the center of the tank:

At a 5 0.02 m, the motion is clearly laminar, with pat-
terns of injected ink, while moving along the orbits, stayed
unchanged for minutes. At a 5 0.03 m, some vortexes
became visible which eroded the upper parts of ink pat-
terns. At a 5 0.04 m, the motion was obviously turbulent,
with the ink being completely dissolved within seconds
after injection. When the amplitude was reduced down
to a 5 0.02 m again, laminar behavior of the traces was
immediately restored as the source of turbulence was
apparently removed. On the return way up to a 5 0.04 m,
onset of turbulence was observed at approximately the
same wave amplitude as previously (Babanin 2006).

(See the photos in Fig. 6, left.) The observed effect is

important for mixing in the ocean, too, and can be seen,

in particular, through suspension of eroded sediment.

Numerical simulations presented below reproduce

this experiment. For this test, the GOTM was used, with

wave-induced mixing according to the above-presented

method implemented.

2) SETUP

For the test, the wave amplitude a was being raised

continuously from 0 to a 5 10 cm during model time of

1 h (T 5 1.5 s and depth d 5 1 m). The turbulent Schmidt
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number was set as STSN 5 1 (nondimensional). Passive

tracer is injected initially at depths of 20.2, 20.4, 20.6, and

20.8 m and an initial concentration of 1.0 kg m23.

3) RESULTS

Figure 6, right, presents the results of this numerical

experiment. The four panels are (from top to bottom)

wave amplitude a in centimeters (the control parame-

ter), corresponding wave maximal horizontal velocity,

wave-induced diffusivity, and concentration of the markers.

In the beginning (a , 2.5 cm), only the tracer dissolution

mediated by molecular diffusion is visible. Turbulent

mixing, however, plays a key role when the orbital velocity

exceeds the value of about 15 cm s21 (thus exceeding

Rewave
crit ). With the wave amplitude reaching value of about

3 cm, the tracer initially starts to mix in the upper layers

and later at a ; 5 cm all the way down to the lowermost

water layers (dt 5 0.1 s and dz 5 1 cm in the presented

numerical experiment). Experiments with different dt

(0.05–5 s) and dz (0.01–0.25 m) were carried out with

identical results. Such outcomes reproduce the labora-

tory experiments of Babanin (2006) precisely.

b. Wave-induced mixing during a storm event
in the North Sea

The SPMT model was incorporated into GOTM. Mixing

and settling processes in the water column are simulated

directly with GOTM. The implemented SPM block simu-

lates the exchange processes between a water column and

the sea bottom (sedimentation, resuspension, and erosion)

and the processes in four layers of the uppermost 20 cm

of the seabed (molecular diffusion and bioturbation).

Erosion and sedimentation processes are driven by bed

shear-stress velocity due to current and waves. For more

FIG. 6. Experiment in the water tank: (left) Ink is injected (no wind, no currents) for different wave amplitude and

(right) reproducing of the experiment by numerical simulation.
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details, see appendix D and Gayer et al. (2006), Stanev

et al. (2009), and Dobrynin et al. (2010).

Dynamics of the process is shown on Fig. 7. At the top

right, two MERIS scenes present the SPM concentra-

tion at the surface on 3 April 2003 (1040 UTC, about 6 h

after storm peak) and 3 days later.

1) FORCING DATA

For the numerical experiment, currents were simulated

by the circulation model HAMSOM and waves by WAM

(see appendix D). To study the erosion–turbulence pro-

cesses, we use three locations (A, B, and C in Fig. 7a, top

left; see also appendix C). The first line in Fig. 7b presents

the control parameters [wave height Hs, mean wave period

Tm1, wind speed W and surface currents (unnamed line)];

the SPM concentration derived from satellite (shown by

red–yellow circles); and the modeled SPM concentration

at the surface (red line) in A, B, and C.

2) INITIAL CONDITION

We assume that all SPM lies on the ground (see Fig.

2a). This assumption is coarse; but SPM, if available in

the water column, should definitely be in the lowest

water layer before the storm, which is not far from our

approximation: the shear stresses at the seabed corre-

spond to sinking and sedimentation for the depths d .

30 m under calm weather condition in A, B, and C.

3) RESULTS

The last three lines in Fig. 7b provide details of the

model results: the corresponding maximum of horizontal

component of the wave orbital velocity, diffusivity and

SPM concentration (three fractions of the SPM with dif-

ferent properties are simulated independently and then

added up as the resulting concentration; see appendix D

for details). The maximum of SPM erosion in the model

corresponds to the storm peak. Eroded SPM are strongly

mixed vertically, and the concentration at the surface rises

rapidly during a very short interval (about 6 h) and re-

produces, with a good quality, the process visible in the

MERIS scene (Fig. 7a). Such an effect is practically not

possible to be caused by currents for the water depth at the

location (;43 m). Reaction time of the currents on the

storm signal at the surface is too long, and the mean value

of the currents and their shear at such a depth is not strong

enough (about 0.1 m s21). The model test shows that the

approach basically reproduces the processes correctly.

5. Conclusions

Water motion within an individual nonbreaking wave

includes turbulent fluctuations, independent from pres-

ence of currents due to wind or tide, if the critical Reynolds

number for wave motion is exceeded. These fluctuations

can produce a high diffusivity and strongly influence

mixing in the upper-ocean layer. If compared with the

mean-flow processes simulated by circulation models,

this motion occurs at the micro time and spatial scale.

Therefore, although such motion can produce strong

turbulent diffusivity, it cannot be seen by the standard

mean-flow approach directly, using equations that de-

scribe the coarse-scales processes. Exact simulation of

the diffusivity due to nonbreaking wave motion can be

obtained by numerical hydrodynamic modeling, but it

is necessary to take into account the fluid motion at all

scales, including wave oscillations with temporal reso-

lution dt�T (wave period) and spatial resolution dx�
L (wavelength).

In the paper, we presented a parameterization method

to include the nonbreaking wave effect on turbulence

into a TKE equation, in the frame of the mean-flow con-

cept. The method was then applied it in the turbulence

model (to assimilate it into standard circulation models

such as HAMSOM or the BSH circulation model).

According to this method, the wave motion can be

separated into two parts. The symmetric motion is due

to orbital velocity, which reaches values of 5–7 m s21 and,

if integrated over time, results in zero mean current but

strong local turbulence (Reynolds decomposition). The

asymmetric motion relates to the ratio between dissipated

and total wave energy and can be used to describe the in-

fluence of wave damping on mean flow. Currently, we ob-

tain this ratio by using measurements or simulations of the

wave dissipation. Interactive coupling of the circulation

and wave models through the wave-energy dissipation will

allow obtaining this dynamic ratio between wave dissipa-

tion and the total wave energy.

Implementation of satellite data from MERIS pro-

vides a new perspective because it yields the knowledge

about SPM distribution during different weather con-

ditions over extended sea surfaces. Data derived from

MERIS (2003) confirm the earlier suggestions based on

MOS single images that the vertical mixing of the upper

ocean significantly depends on the waves. The MERIS

images during and after storm reveal that the SPM con-

centration at the surface in the locations where sediment

bottom deposits are presented grows immediately after

the storm peak and reduces rapidly after the wave height

drops down. The presented method of implementation

of the wave impact on turbulent mixing reproduces

these observed effects very well.
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FIG. 7. The storm period 1–7 Apr 2003 in the southern North Sea. (a) MERIS scenes, presenting the SPM concentration at sea surface and

locations of sites A, B, and C. The plume-shaped structure is visible during the storm but then disappears after the wave height sinks.
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APPENDIX A

Suspended Particulate Matter

Suspended particulate matter (SPM) is defined as fine

solid inorganic particles suspended in water (definition

by data processing from satellite information). SPM in

seawater mostly originates from the fine sediment (mud)

in the bottom and fluvial inflow. It is classified by grain

sizes (Wentworth 1922; Krumbein and Sloss 1963) referred

to as fine-sediment fractions. The most abundant are silt

(4–63 mm) and clay (,4 mm). There are also larger (and

heavier) fractions (.63 mm), such as sand or gravel.

APPENDIX B

MERIS

MERIS operates in the solar reflective spectral range

(15 spectral bands in the 390–1040 Nm). SPM surface

concentrations obtained from level-1b MERIS data are

used. The data cover the southern North Sea in the year

2003 with a resolution of 1040 m 3 1160 m (ESA 2008)

and are processed by the MERIS Case-2 Regional Pro-

cessor (Doerffer et al. 2006). The data are interpolated

to the wave model grid with a resolution of 1.59 in the

southward direction and 2.59 in the eastward direction.

APPENDIX C

Time Series of SPM (MERIS), Waves, and
Circulation Currents

See Table A1 and Fig. A1: The SPM surface concen-

tration is about 2–5 mg l21 during calm and it rises up to

15–25 mg l21 during a storm periods. Note that the

currents (Fig. A1, subplots) do not change visibly under

storm conditions, but oscillations of wave height corre-

late significantly with the SPM concentration (some points

reflecting high concentration during calm weather can be

explained by data processing errors because data pro-

cessing cannot definitely distinguish SPM around clouds

edge).

APPENDIX D

Models Used

The circulation currents are simulated by the Hamburg

Shelf Ocean Model (HAMSOM) and waves estimated

with the ocean-wave spectrum Wave Model (WAM).

The region of interest is the southern North Sea from

50.878 to 57.178N and from 3.408W to 9.108E. Both

models are integrated on the same grid with the hori-

zontal resolution of 1.59 in the north–south direction

and 2.59 in the east–west direction (corresponding

to 2.5–3 km). Meteorological forcing for the models

HAMSOM and WAM is based on hourly data provided

by the Regional Model of Atmosphere (REMO; Feser

et al. 2001). It includes the two wind components, at-

mospheric pressure, air temperature, relative humidity,

and cloudiness. The model runs were performed for the

year 2003.

HAMSOM model is a baroclinic, primitive equation

3D ocean-circulation z-coordinate model (Backhaus

1985; Pohlmann 1996).

WAM is a third-generation wave spectral model,

which solves the wave transport equation explicitly

without any a priori assumptions on the shape of the

wave-energy spectrum (Günther et al. 1992; Komen

et al. 1994). WAM is a state-of-the-art spectral wave

model specifically designed for global and shelf sea

applications.

The SPMT model simulates the processes of sedimen-

tation, resuspension, and the exchange between water

column and bottom. At the bottom, the model takes into

account erosion, diffusion, and bioturbation. The forcing

of erosion and sedimentation processes result from the

TABLE A1. Overview of sites A, B, and C used for the time series analysis (2003) and numerical simulations.

Location A B C

Geographical position 53.908N, 4.858E 54.528N, 5.908E 55.98N, 6.238E

Depth (m; mean sea level) 37 41 43

Fine-sediment content in seabed (%) 15.4 8.7 8.5

Mean/max of wave height Hs (m) 1.4/8.7 1.4/9.4 1.6/10.4

Mean/max of surface currents (m s21) 0.27/0.96 0.24/0.79 0.15/0.45
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local shear-stress velocity derived in time and space un-

der consideration of currents and waves according to

Soulsby (1997). To reconstruct the reality for simulation

of the seabed stress the significant wave height, Hs is

temporally distributed according to Kokkinowrachos

(1980), HN 5 HsSQRT(lnN/2) [e.g., H500 5 1.76Hs]. The

model runs actually with three fractions of SPM (grain

size , 63 mm) with different settling velocities. For cal-

culations, the bottom sediment distribution data from

Gayer et al. (2006) were used.

GOTM model (version 4.0) is a one-dimensional

water column model for the most important hydrody-

namic and thermodynamic processes related to vertical

mixing in natural waters (for details, see documentation

online at http://www.gotm.net). The standard test case

‘‘wave-breaking scenario’’ as background was used with

‘‘switch off’’ of the wind effects and ‘‘switch on’’ of the

wave-induced turbulence: Eq. (14). Input of time series

of the wave parameters was carried out correspondingly.
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