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Abstract

In this study we compare turbulence parameters from field observations and model simulations specifically under the
influence of weak to moderate wind forcing and breaking short waves. The experiment was performed during 12 days
under very weak stratification at a fetch-limited lake in Switzerland. The near surface observations were obtained by
using a quasi-free rising profiler which measured small scale shear and temperature fluctuations. We used a two-
equation k—¢ turbulence model with an algebraic second-moment closure scheme. The one-dimensional numerical
model was extended to consider breaking waves by a shear-dependent parameterisation.

The agreement of observed and simulated turbulence quantities is very promising. Especially well simulated is the
enhanced turbulence level in the wave-affected-surface-layer (WASL) of a few dm thickness. The logarithmic slope
of the turbulent dissipation rate in this WASL was found to vary between —2.1 and —1.7. Below the WASL the classic
law-of-the-wall was well reproduced by the data and the model.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction gas and momentum exchange with the atmo-

sphere—especially under breaking waves—is fun-

The surface boundary layer (SBL) of natural damental for the physical and biogeochemical
waters is a corner stone of earth sciences. Under- processes in oceans, lakes and reservoirs.

standing and adequate parameterisation of heat, The early measurements in lakes (Thorpe, 1977;

Dillon et al., 1981) and oceans (Lombardo and

* *Corresponding author. Gregg, 1989) revealed regularly logarithmic velo-
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kinetic energy (TKE) increasing proportional to
the inverse of depth. Subsequently, the first
adopted SBL turbulence model was the concept
of the law-of-the-wall (LOW), which is a special
case of the Monin-Obukhov theory (Monin and
Obukhov, 1954; Businger et al., 1971) for zero
vertical buoyancy flux.

As experimental techniques improved and tur-
bulence could be measured with better spatial
and temporal resolution a more realistic and
consistent picture of the top 1m of the SBL
emerged. In the uppermost layer, Kitaigorodskii
et al. (1983) found turbulence levels to depend on
the surface wave energy with dissipation rates
being one or two orders of magnitude above
those predicted by LOW. It was shown extensively
in Lake Ontario that this extra turbulence is
injected by breaking waves (Agrawal et al., 1992;
Terray et al., 1996; Drennan et al., 1996; Donelan,
1998). Measurements in the ocean by up-
ward-operated microstructure profilers (Soloviev
et al., 1988; Anis and Moum, 1992,1995; Lass and
Prandke, 2003), profiling surface buoys by
Gemmrich and Farmer (1999) and by horizontally
manoeuvred vessels or submarines (Soloviev and
Lukas, 2003; Greenan et al., 2001; Osborn et al.,
1992; Thorpe et al., 2003) strengthened the view
that within several significant wave heights (typi-
cally < 2m) the dissipation rate is at least an order
of magnitude above LOW levels. Dissipation was
found specifically concentrated in bubble clouds
(Thorpe et al., 2003). This so-called wave-affected-
surface-layer (WASL) was found to consist of a
two-layer structure (Terray et al., 1996). Accord-
ing to their model, approximately half of the TKE
dissipation occurs in the very top, so-called wave-
turbulent sublayer (Benilov and Ly, 2002), where
TKE injection by wave breaking dominates,
production by shear is comparably negligible and
¢ is approximately constant. Below this depth,
there is a transition-turbulent sublayer, where the
vertical diffusion of TKE still exceeds the local
shear production. In this sublayer dissipation rates
scale with wind-wave parameters and the depth
dependence of ¢ has logarithmic slopes of
—2.34+0.4, depending on the wave height and
the wave age. Below, the transition-turbulent
sublayer merges with the LOW layer, where

turbulence production and dissipation are in
balance.

SBL modelling is thus challenged by this
complexity of the SBL structure (Zhang and
Chan, 2003). Craig and Banner (1994) and Craig
(1996) employed an improved level-2.5 closure
model to reproduce the observed SBL turbulence.
The effect of wave breaking was modelled by a
TKE flux into the surface. By prescribing the
macro (integral) length scale from LOW scaling,
they presented an analytical solution which
combines the WASL on top of the LOW including
the transition zone in between those two layers.
Recently, Burchard (2001a) incorporated those
ideas in an extended k—¢ turbulence model,
allowing to simulate the dynamics in the WASL
on top of the logarithmic layer, which is ade-
quately reproduced by unmodified k—¢ models.

Since it is empirically not proven that the macro
length scales the same way in the WASL and under
LOW conditions, Umlauf and Burchard (2003)
developed a generic two-equation model which
allows for different length scale slopes in both
regimes. This was motivated by observations in
grid-generated, shear-free turbulence, where the
length scale had slopes of L = 0.2 rather than the
von Karman parameter of k = 0.41 as under LOW
conditions. Recently, Kantha and Clayson (2004)
extended the k—k/ model by Mellor and Yamada
(1982) such that the effects of surface wave
breaking on near-surface turbulence is reproduced
by that model as well. Their model predicts a
length scale slope ratio of k/L = 1.8, a value which
is close to some laboratory data from grid stirring
experiments. However, due to the uncertainty of
whether grid stirring experiments are a good
approximation for surface wave breaking, we use
here the model by Burchard (2001a) with
k=L=04I1.

Apart from the near-surface length scale slope,
two other model parameterisations for surface
wave breaking are in the current scientific debate:
the height of the unresolved wave-turbulent
sublayer, zy, and the surface flux of TKE, F (k).
For the latter, usually Fy(k) o< |u,|> (with the
surface friction velocity wu,) is used, where the
parameter of proportionality may depend on wave
age (Terray et al., 1996, 1999). However, often a
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constant parameter of proportionality is chosen,
as in e.g. Craig and Banner (1994). This choice of
the surface TKE flux originally introduced by
Craig and Banner (1994) is not in agreement with
the physically correct definition F, = ¢,u? (with ¢,
is the effective phase speed of waves acquiring
energy from the wind) which is for instance given
by Gemmrich et al. (1994) and Phillips et al.
(2001). For practical applications the difference
between these formulations might be small, and is
determined by the choice of the corresponding
proportionality factor. Simultaneously with this
energy transfer, wave momentum will also be
transferred to the mean flow (Longuet-Higgins,
1953; Jenkins, 1987, 1989). The effect of waves on
the momentum flux through the air—sea interface is
discussed by Janssen (1989), Jenkins (1992) and
Jenkins (1993). This momentum flux will not be
directly assessed with the present simulation.
Depending on the observational technique for
near-surface turbulence, various parameterisations
have been suggested for zy. Based on observations
from fixed towers, where the surface reference is
the mean surface elevation, Terray et al. (1999)
suggest zo = H, with the significant wave height
H;. In contrast to that, Gemmrich and Farmer
(1999) find much smaller values for z; with an
instrument floating with the waves and thus having
the momentary sea surface as the reference. For
significant wave heights of about 5m, they found
zo ~ 0.2 m. Gemmrich and Farmer (2004) con-
firmed that result. As we use a freely rising profiler
equipped with a pressure sensor, referencing to the
momentary surface elevation, we expect zy to Hj
ratios similar to Gemmrich and Farmer (1999).
In this paper we address two main aspects of
this continuing debate: Firstly we present micro-
structure data of the SBL from a fetch-limited
wind-exposed lake, where significant turbulence
has been observed (Simon, 1997; Sander et al.,
2000; Lorke and Wiiest, 2002). It will be shown
that also for this special situation of short and
young breaking waves there exists a well-defined
WASL with enhanced dissipation. In addition, we
thereby demonstrate that the often -criticised
profiling method (Gibson, 1982) captures the
WASL despite the large intermittency. Until
now, practically only Soloviev et al. (1988) and

Anis and Moum (1995) used the vertical profiling
technique for this purpose. Secondly, we want to
test whether the improved model by Burchard
(2001a) is able at reproducing the turbulence
measurements taken under those specific condi-
tions of short and young waves. As an additional
test, we investigate specifically the lower range of
wind speeds and examine the vertical slope of
turbulent dissipation rate in the WASL. As the
unmodified k—& model has been many times tested
rigorously against different sets of measurements
(Burchard and Bolding, 2002; Stips et al., 2002;
Simpson et al., 2002), we refrain from any tuning
of parameters of the model.

The improved two-equation k—¢ turbulence
model by Burchard (2001a) is explained in Section
2, the measurement setup is described in Section 3,
whereas the data from the measurements and from
the simulations are presented in Section 4, before
they are finally discussed in Section 5.

2. Model description

The mathematical model on which the numer-
ical simulations are based, consists of six dynami-
cal equations for the two Reynolds averaged
velocity components u (eastward) and v (north-
ward), the averaged potential temperature 7', the
averaged salinity S, the turbulent kinetic energy &
and the turbulent dissipation rate e:

O — az((vt + v)@zu) :fv9
o — a:((vt + V)azv) = _fua

1
a,T — az((\); + V/)aZT) = Wazl,
PFO

3,8 — 0:((v, +v")3.S) = 0,
0,k — 0. <iazk> — Pg+ Py —z¢,
Ok

06— 0. (ﬁ 6;8) = E(C1Ps + c3Pp — 2¢), (1)
o, k

with gravitational acceleration g, averaged density

p and the Coriolis frequency f = 2wsin(¢) with

the earth’s angular velocity @ and latitude ¢. In

the potential temperature equation, further terms

are solar radiation 7 in the water column
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(generally calculated from the given surface radia-
tion as an exponentially decreasing function with
depth), the specific heat capacity of water C,, and
a reference density p,. The molecular diffusivities
for momentum, temperature and salinity are given
by v, v/ and v’, respectively. The coordinates are x
(eastward), y (northward), z (upward) and ¢ (time).
In addition to the system of Eqgs. (1), the
UNESCO equation of state for calculating the
potential density as functions of 7, S and
hydrostatic pressure is applied. Shear production
of turbulence is denoted as Ps = v,((0-u)*> + (0-v)?)
and buoyancy production as Pp = v,(gp,)0:p.
Eddy viscosity and eddy diffusivity are denoted
by v, and v}, respectively.

The first four equations of (1) for velocity
components and active tracers are the so-called
hydrostatic primitive equations with some further
simplifications. Horizontal homogeneity is as-
sumed with the consequence that all horizontal
gradients such as pressure gradients and advective
terms vanish. It will be discussed later that this
assumption is crude near the shore, but however
necessary due to lacking information on such
gradients.

The turbulence closure needed to calculate v,
and v, is obtained from applying a Reynolds
decomposition into a mean and a fluctuating part
of the flow and tracer fields and to construct
transport equations for the second-order correla-
tors of fluctuations. After assuming local equili-
brium for these correlators and closing the
remaining unknowns by empirical assumptions,
eddy viscosity and diffusivity result as (Burchard,
2002)

K K
V= s vé:c;?. )
Here, ¢, and CL are non-dimensional stability
functions, depending on shear frequency, Brunt—
Viisdld frequency and the turbulent time scale,
k/e. We use here the set of stability func-
tions which has recently been suggested by
Canuto et al. (2001) and validated against
mixed layer observations by Burchard et al.
(2000).

The equations for turbulent kinetic energy k
and its dissipation rate ¢ are needed for two

reasons: (1) calculating the vertical eddy viscosity
and diffusivity v, and v, by means of (2) and (ii)
reproducing the observed dissipation rate ¢. These
equations for k and ¢ result from the Reynolds
decomposition discussed above.

Starting from the standard prognostic equa-
tion for turbulent kinetic energy (fifth equation of
(1)), Craig and Banner (1994) suggested an
analytical solution for the wave enhanced layer
by assuming a positive surface flux of TKE due to
energy injection by breaking surface waves and a
balance of viscous dissipation with vertical TKE
transport (thus neglecting shear production of
TKE). Since this is realistic only very close to the
surface, Craig (1996) extended this study by
including shear production for which he found
an approximate analytical solution. When pre-
scribing the macro length scale as L = kd with
the non-dimensional distance d = (z9 — z)/zo
from below an unresolved surface layer of thick-
ness zo (with the vertical coordinate z point-
ing upwards) and prescribing the surface TKE
flux as Fy(k) = cy|us|* (with the empirical non-
dimensional parameter c¢,, which theoretically
depends on wave age and the surface friction
velocity u,) the analytical solution including the
WASL reads as

kwast = krow(l + ¢ - d™™)?*?

ewast = sLow(l +c¢-d™") (3)

with the empirical non-dimensional parameters m
and ¢ o ¢,. Here, kpow o «? and eLow o |uy|>d ™"
denote the LOW solutions. Since the vertical decay
of eLow is ocd™", the decay of ewasy near the
surface is given as o« d~""*V. The parameter m
depends on the Schmidt number for TKE, oy,
the von Karman parameter x and the ratio of
surface friction velocity squared to TKE, c,. Using
standard parameters for the TKE equation from
various sources (e.g. Mellor and Yamada, 1974;
Rodi, 1980), the vertical decay rate —(m + 1) falls
into the empirical range of —2.3 £0.4. For the
Canuto et al. (2001) stability functions however,
—(m = 1) = —3.2 (see Appendix A) which is out-
side the empirical range.

The flux of momentum from the atmosphere
into the sea is calculated by means of bulk
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formulae developed by Smith (1988):

(v.u), = cd% Uio(U3y + V22
0

(v,0.1), = cd’)—g Vio(Usy + Vi)'2, )

I
with the wind velocity vector at 10m height,
(Uio, V10), the air density, p,, the water density, p,
and the dimensionless drag coefficient ¢,, calcu-
lated by the bulk formula. It should be noted that
the direct flux of momentum (and consequently
mean kinetic energy) and TKE from the atmo-
sphere to the sea is a highly idealised view. In
reality, first energy is transferred to the surface
wave field which is then transferring simulta-
neously mean and turbulent kinetic energy into
the sea (Longuet-Higgins, 1953; Jenkins, 1987).
Thus, the drag coefficient ¢; and the parameter c,,
are strongly correlated and should consequently be
based on the same theoretical assumptions. How-
ever, such a unifying theory has not yet been
developed. Another simplification implicitely in-
cluded in the bulk formula approach is that
momentum is only transferred at the sea surface,
although momentum transfer from waves to the
mean flow occurs as a body force in the upper few
metres (scaled by the wave length). This is partially
parameterised in the present approach by calculat-
ing the near-surface eddy viscosity as function of
the injected TKE, such that momentum transfer
due to turbulent mixing is increased.

The parameters contained in the ¢ equation are
fitted to various empirical laws, see Umlauf and
Burchard (2003) for a review. One of them, the
Schmidt number g, is fitted such that the LOW is a
solution for steady-state constant stress condi-
tions. It could however also be fitted to pure
WASL conditions (no shear production), but then
the LOW conditions would be excluded. Since the
parameters ¢;—c3 are already used for reproducing
other flow properties, no degree of freedom is left

for including the WASL and LOW conditions in
one model. Since pure WASL conditions are
characterised by Ps/e¢ — 0 and pure LOW condi-
tions by Ps/e = 1, Burchard (2001a) suggested to
calculate the Schmidt number for ¢ as

P . P
o, = max{O, 1 - S}U&WASL + mm{ I,S}O'C,LOW
& &

(%)
and could show that the resulting numerical
solution approximated the Craig (1996) analytical
solution very well.

The present turbulence model uses the empirical
parameters given in Table 1. The turbulent
Schmidt number for the turbulent kinetic energy,
or = 1 is a rough estimate (e.g. Rodi, 1980), the
turbulent Schmidt numbers for the dissipation
rate, o,wasL and o, 0w depend on various other
parameters (Section 7), ¢; and ¢, result from
laboratory experiments with homogeneous shear
flow and grid turbulence, respectively. For stable
stratification, ¢3 results from fitting the steady-
state Richardson number to idealised experiments
(Burchard and Baumert, 1995; Burchard et al.,
2000), for instable stratification, ¢; needs to be
positive in order to retain a source of dissipation
rate also for free convection (Rodi, 1980). In order
to obtain positive definite solutions for the
stability functions ¢, and ¢, certain realisability
constraints have to be considered, see Burchard
and Deleersnijder (2001).

The numerical discretisation of the model is
described in detail by Burchard et al. (1999) and
Umlauf et al. (2005). In order to obtain numeri-
cally stable results for this mainly wind driven
scenario, a time step of Az = 10s has been used.
The vertical resolution was not equidistant, as we
used slight zooming to the surface. The mean
vertical step size was about Az =0.15m. The
model was initialised on March 9 1996 at 00:00 h
with the first observed profiles of temperature and

Table 1

Empirical constants for the extended k—¢ model by Burchard (2001a) with the Canuto et al. (2001) second-moment closure
Ok 0 LOW 0 WASL c &) &) (N2 >0) [ (N2 <0) K Cy
1.0 1.2 2.01 1.44 1.92 —0.629 1.0 0.4 100
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salinity (Section 3), zero velocities and k and ¢ set
to minimum values. The model simulation termi-
nates on March 20 at 13:00 h when the last vertical
profile was observed.

The height of the unresolved wave-turbulent
sublayer zj (also called surface roughness length)
has to be prescribed as additional external model
parameter. Burchard (2001a) has shown that an
adaptation of the Charnok (1955) formula

Zo = ocui /g (6)
with the dimensionless parameter « = 1400, Craig
and Banner (1994), resulted in a satisfactory
simulation of available observations. Therefore
we used Eq. (6) as a starting point for the
simulations and investigated further the sensitivity
of the model to the roughness length z,, by using
different values for the parameter o (e.g. 5600,
14,000, 56,000).

3. Observations
3.1. Study site and experimental setup

The measurements were carried out in Lake
Neuchatel, located in the western part of the Swiss
Plateau. The lake is approximately rectangular,
with its longest axis directed SW-NE. It has a
volume of 13.8km?, a surface of 214km” and a
maximum depth of 153m. The experiment took
place during 12 days from March 9-20, 1996. We
have chosen a measurement place located at the
shore of Chez le Bart (46°53,883'N, 6°47,383'E,
Fig. 1). The particular location for the experiment
was selected for its wind exposure, the absence of
major river inlets and a steep shore line to
allow the safe mooring of the instrumentation
(Simon, 1997).

In order to measure the atmospheric forcing,
wave heights and turbulence, we operated a
meteorological station on a buoy ~ 2 km off-shore
and a moored pressure gauge and two micro-
structure profilers =~ 300 m off-shore, see Fig. 1.
Meteorological data (wind speed, wind direction,
buoy orientation, air temperature, relative humid-
ity, solar radiation and global radiation) were
measured by an autonomous meteorological sta-

!

20 40
10 km

50
Surfacearea 214km2 Me
Length 38.3kin
Mean width 5.7km
Maximal depth 153 m
Mean depth 64.2m otl
Volume 13.8km3
Residencetime  8years Joom_

Fig. 1. Lake Neuchatel, Switzerland. The measurement loca-
tion was at the shore of Chez le Bart. The meaning of the
abbreviations for the different used instruments is given in
Table 2.

tion AMS 2700 (Aanderaa Instruments, Bergen,
Norway) at 2.8 m height above lake surface every
2min. Near to the location of the microstructure
probes an additional anemometer was placed at
0.95m above lake surface (Fig. 1). For general
background information thermistor strings and
current meters were moored.

Microstructure profiles were collected by using
two completely different probes, sensing small-
scale temperature and current shear (see below).
This allowed to estimate and compare dissipation
of TKE from two independent systems (Kocsis et
al., 1999). These probes were connected via special
winches to data acquisition and control computers
at the shore base. The locations of the respective
instruments, as well as their abbreviations used in
Fig. 1 is detailed in Table 2.

3.2. Microstructure measurement technique

Two profilers were operated in quasi freely-
rising mode, to infer TKE dissipation rates: The
MST profiler of the Joint Research Centre (Ispra,
Italy) (predecessor of the MSS profiler as pro-
duced by Sea & Sun Technology and ISW
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Table 2
Location and respective abbreviation of the moorings in Fig. 1
during the Lake Neuchatel field experiment 1996

Sensor Longitude  Latitude Abbreviation
Currentmeter 5m  6° 47'26.7 46°53'51.6" st
Currentmeter 6° 47'19.0"  46°53/48.5” sp
profiling

Currentmeter 6° 47'17.0"  46°53'55.9” so
surface

Microstructure 6° 47'23.2"  46°53'54.2" sw
temperature

Microstructure 6° 47'23.0"  46°53'53.1" mi
shear

Wave gauge 6° 47'23.2"  46°53'56.4" Wb
Wind buoy 6° 47'19.0"  46°53/58.6" Wi
Meteo buoy 6° 47'38.4"  46°53'32.6" Me

Thermistors string  6° 47'48.5”  46°53'22.2" 1l

Wassermesstechnik, Germany) and a tempera-
ture microstructure profiler based on SeaBird
(Bellevue, USA) sensors and electronic boards,
owned by EAWAG.

The MST profiler was equipped with micro-
structure temperature and current shear sensors,
as well as conventional CTD-sensors. The micro-
structure temperature sensor is based on a micro-
thermistor FP0O7 (Thermometrics, USA) with a
nominal response time of about 7ms. For the
microstructure shear measurements, the profiler
was equipped with a PNS shear sensor (Prandke
and Stips, 1998). The standard temperature sensor
is of the Pt100 type and has an accuracy of
40.01 °C. For the electrical conductivity measure-
ments a 7-pole cell with an accuracy of
+0.01mScm~! is used. The piezo-resistive pres-
sure sensor has an accuracy of £10cm. The
resolution for all sensors is determined by the
used 16 bit analog digital converter. The sampling
rate for all sensors was 1024Hz. The system
enables the measurement of small-scale current
shear with a vertical resolution down to about
S5mm. The mechanical construction, the electro-
nics and the basic signal processing are described
in detail by Prandke and Stips (1998) and in the
references cited therein.

The temperature microstructure profiler is an
adapted SeaBird SBE-9 CTD profiler. It was
equipped with a pair of such FP07 thermistors.

The sampling frequency was 96 Hz. Details of the
profiler construction as well as the processing and
analysis of the temperature microstructure data
are described in Simon (1997), Kocsis et al. (1999)
and Lorke and Wiiest (2002).

For the rising measurements the winch was
placed at the shore and a guide pulley was used
about 300 m away from the shore at a water depth
of 38 m. To reduce the influence of cable vibrations
on the profiler, the cable of the MST profiler was
pulled by an additional buoyancy ball equipped
with a pressure sensor, at about 6 m below the
profiler. Data were recorded between 30 and O m
depth. One single cast was done every 15min,
resulting in a total of more than 1100 casts.

Dissipation rates from both profilers were found
to agree satisfactorily (Kocsis et al., 1999). There
from it can be concluded that the temperature
microstructure method using standard thermis-
tors, is suitable for resolving low dissipation rates
(smaller 107°m?s%), but seems to underesti-
mate dissipation rates above 107" m?s3. As the
focus of this work is the very near surface region
having higher dissipation rates, we decided to use
here the dissipation rate data from the MST
profiler alone.

3.3. MST data processing and reduction

The shear data processing followed the com-
monly used procedure for shear calculation as
described by Stips and Prandke (2000). Spiky data
were detected and removed by a filter which
determines the local variance of the signal. Low
frequency disturbances as well as high frequency
noise was removed by a bandpass filter. Over-
lapping depth segments of 0.3 m length were used
to calculate the shear variance and to estimate the
dissipation rate . The length of the uppermost bin
is reduced to 15cm, which will provide a dissipa-
tion rate estimate at 0.075 m depth. The second bin
is located at 0.15m. For the spectrum integration
the lower wavenumber bound k; is 2 cpm, which is
set by the 1 m length of the profiler. The upper
wave number bound ky is determined by an
iterative procedure (Prandke and Stips, 1998).
Assuming isotropy of the small-scale turbulence
the dissipation rate ¢ [m?s~] was then estimated
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through
&= 7.5v(63u’)2. (7

Here, 0.4/ is the vertical profile of the current shear
fluctuations. Finally, the dissipation rate is cor-
rected for the lost variance below and above the
used integration interval and for the limited spatial
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response of the sensor. The overbar denotes
ensemble averaging, which is here replaced by
spatial/temporal averaging. A detailed discussion
of the errors involved in the estimation of ¢ is
found in Moum and Lueck (1985). The error
estimate for the present application is, that ¢ was
determined within a factor of 2, when above

Wind speed
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Days, March 1996

Fig. 2. Wind speed at the small buoy (upper panel), East wind stress (middle panel) and North wind stress (lower panel) as measured at
Lake Neuchatel. The six classified wind events with wind speeds exceeding 3ms~' are marked by bold lines and the corresponding
event number. The two major events (1,2) at 10 and 12 of March can be clearly identified. The long tick marks correspond to the

beginning (midnight) of the indicated day.
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107" m2s~3. The short cable between profiler and
buoyancy body, hanging below the profiler gener-
ated vibrations. Because these vibrations contami-
nated the spectra, the noise threshold was
3x 107 m?s73,

To avoid calculating unrealistic dissipation rates
when the shear sensor is already in air, the
determination of the exact surface point is
important. This transition point was automatically
determined from the signal of a fast conductivity
sensor, the fast thermistor and the abrupt change
within the shear signal. After manual inspection of
the respective sensor signals, each profile was cut
at that point. The uncertainty of the surface point,
is better than +1cm. The pressure signal was used
to calculate the profiler velocity. As this signal is
influenced by waves near the surface, a linear least
square fit of the pressure data was done. By
allowing only linear changes of the pressure in the
uppermost 5m, the wave signal was effectively
removed.

3.4. Wind forcing

In order to get meteorological data which reflect
the atmospheric conditions of the open water, the
meteorological station was moored ~ 2km from
the shore (Fig. 1). Wind velocities measured at
2.8 m above the water surface, were rescaled to the
standard height of 10 m. During the microstruc-
ture data collection, the mean wind speed was
3.2ms~! at the meteorological buoy. This constant
low velocity was interrupted on two occasions,
lasting for approximately one day, when the wind
speed exceeded 6ms~! (Fig. 2). The first occasion
was on March 10/11 and the second occasion on
March 12/13, when the maximum wind gusts,
recorded reached 14.6ms~! around midnight.

Until March 14, NNE-winds prevailed (~73%
of all wind direction measurements) indicating that
the wind was parallel to the lake. Especially during
the two main events, wind blew almost parallel to
the main axis of the lake and had subsequently a
long fetch. After March 14, winds exceeding
4ms~! occurred as short gusts of less than one
hour duration. Their directions were mainly from
NNW and subsequently had short fetches. There-
fore the most interesting period will be the four

days episode of March 10-13, when wind was high
as well as variable and the fetch was long.

Wind speed was additionally measured by a
small buoy about 90 m away from the microstruc-
ture probe locations with an anemometer at a
height of 95cm above the water surface. The
accuracy of this anemometer is +0.1 ms~'. This
additional measurement allowed us to access the
wind speed directly at the place of the dissipation
rate sampling. By comparing near shore and off
shore wind velocities we got evidence for the
importance of frictional effects at the topography,
which led to a reduction of wind speed by 40%
near the shore compared to the open lake values.
Therefore we used this near-shore wind speed for
simulating the dissipation rate. Wind stress was
calculated from wind speed measured at the small
buoy using the Smith (1988) bulk formula (Fig. 2).
In this iterative procedure the scaling to 10m
reference height and the calculation of the drag
coefficient are included.

Further, individual wind events, with wind speed
exceeding 3ms~! have been identified in Fig. 2 and
Table 3. The critical wind speed of 3ms~! was
used, as above this wind speed first whitecaps have
been observed. For later reference each of these
events is given a number which is listed together
with duration, mean wind stress and mean wind
speed in Table 3. The duration of the identified
event 6 was rather short (<60 min), but wind
speeds between 2 and 3ms~! prevailed for several
hours prior to reaching the threshold of 3ms™!.

Table 3
Table of identified events, having wind speeds above 3.0ms~
at the small meteorological buoy

1

Event Start End Duration Stress Speed
— UTC UTC h Nm=2  ms™!
1 10.347 11.047 16.80 0.039 3.81
2 12.207 13.013 19.33 0.065 4.97
3 13.324 13.460 3.27 0.029 3.41
4 11.800 11.932 3.17 0.031 3.47
5 16.729 16.785 1.33 0.027 3.29
6 17.801 17.839 0.90 0.024 3.11

Start time and end time are days of March 1996. Events 1 and 2
are classified as major wind events, the others (3—6) are minor
wind events.
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3.5. Surface waves

Surface waves were measured with a pressure
transducer located 1.0m below the surface and
anchored at 40 m depth. Pressure was recorded at
4Hz and with 1.5cm resolution within a distance
of about 100m from the two microstructure
profilers, see Fig. 1. From the time series of
pressure, wave height spectra were calculated
for ~8 min long records and, after correcting for
the installation depth of the sensor (Bishop and
Donelan, 1987), the significant wave height Hg [m]
and the peak frequency f, [s~'] was calculated
(Simon, 1997).

According to the wind direction, the maximum
fetch was nearly half of the lake length and was
therefore long enough to induce considerable
wave height, see Fig. 3. Recorded wave heights
reached a maximum of 66cm on March 10,
shortly after wind speed had its maximum.
Two major wave events during March 10 and
March 12 with Hg¢>20cm can be identified
from the wave measurements, see lower bold lines
in Fig. 3.

During the second half of the experiment, the
fetch and the duration were too short to build up
waves with a significant wave height of more than
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Fig. 3. Significant waveheight Hg measured at about 50m
distance from the turbulence profiling equipment during the
Lake Neuchatel experiment. The six classified wind events are
marked by the upper bold lines. Two time periods having a
significant waveheight Hg of greater than 20 cm are marked by
the lower bold lines.

0.08m (Fig. 3). The peak frequency f, varied
between about 0.55 Hz for weak wind and 0.2 Hz
for strong wind. These frequencies correspond to
wave phase velocities between ¢, = g/(2nf,) ~ 3
and 8ms~!. The corresponding wave numbers
k,= (27rfp)2/g and wavelength 4, =2n/k, were
between 1m~! and 0.14m~' and between 5 and
40 m, respectively.

The depth dependence of the wave orbital
motion leads to a Lagrangian velocity, which is
named after its first investigator Stokes drift u; (see
Stokes, 1847). For monochromatic waves the
Stokes drift decreases with depth as given by
Skyllingstad and Denbo (1995):

us = (kHs/2\/g/ke <. ®)
Typical values for the stokes drift during the wind
events at about 7.5cm depth (which is the mean
depth of the uppermost bin for which a dissipation
rate value is calculated) are between 2 and
7ems~!, see Table 4.

3.6. Heat flux and temperature structure

Heat flux H,. was calculated from stan-
dard bulk formula (Henderson-Sellers, 1986) and
using the available shortwave measurements. H
varied during the experiment between —340 and
600 W m~2 with a mean heat input of ~48 Wm™2,
see Fig. 4. Surface heat flux in Fig. 4 is the sum
of sensible, latent and net longwave radiative
heat flux.

Until March 14, the mean temperature of the
lake decreased during the nights with negative heat
fluxes between —340 and —30 W m~2. Afterwards,
with one exception at March 16 the net heat flux
remained positive. Initially the experimental site
was thermally stratified, but after the second wind
event March 14 the water column was practically
homogeneous. Thermal stratification reestablished
after March 15, see Fig. 5. The stability of the
water column expressed as buoyancy frequency
squared N? = —(g/p)dp/dz ~ 107> s~2 was gener-
ally low as both the temperature gradients and
thermal expansivity o were small. Only in the top
3m, N? exceeded 107*s2. Below, the stability was
less than 2 x 107 s72 until March 14. Afterwards,
when wind generally ceased and the heat flux
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Table 4

Table of wave parameters for the previously identified wind events, having wind speeds above 3.0ms™!

Event Height Peak frequency Wavenumber Stokes drift Energy

— Hy [m] fp [Hz] k [m~'] us [ms] Ey [Tm™2]
1 0.43 0.42 0.72 0.070 111.7

2 0.40 0.35 0.50 0.039 95.7

3 0.22 0.45 0.80 0.024 30.2

4 0.022 0.44 0.79 0.000 0.3

5 0.01 0.45 0.83 0.000 0.1

Height H is used for significant wave height. Stokes drift is estimated at a depth of 7.5 cm. There are no wave measurements for wind
event 6 available. Only the first 3 wind events have significant waveheights above 20 cm.

Radiation and heatflux
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Days, March 1996

Fig. 4. Short wave radiation (upper solid curve) and surface
heat flux (lower dotted curve) as respectively measured and
calculated during the Lake Neuchatel field experiment. The
surface heat flux is the sum of sensible, latent and net longwave
radiative flux.

became positive (into the lake), stability increased
throughout the SBL and N’ reached ~3 x
107572 for the bulk of the SBL.

In the bulk of the water column the tempera-
ture was all the time between 5 and 6°C (Fig. 5).
Only during short periods of sun shine the near
surface layer reached temperatures above 6°C,
see the red spots in Fig. 5. Initial tempera-
ture stratification was destroyed after wind event
1 on March 10, reestablished March 11, but was

Temperature field

10 12 14 16 18 20
Time, March 1996

Fig. 5. Contour plot of measured temperature field during the
Lake Neuchatel field experiment. Contours span the range from
5.0°C (blue) to 6.2°C (red).

destroyed during wind event 2, March 12. Even
the contribution to mixing of the minor wind
events 5 and 6 can be seen in Fig. 5. After March
15 the temperature stratification increased gradu-
ally until the end of the experiment. Following
the storm during March 12/13 colder water of
about 5.2°C entered the measuring site. As
this colder water was not produced by the local
heat loss, it must have been advected to the
measurement place.
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3.7. Dissipation of turbulent kinetic energy

During the course of the experiment, turbulence
was dominated by wind, as the surface buoyancy
flux was small. During the two periods of strong
cooling March 10 and 12, wind was especially
heavy and therefore wind generated turbulence
exceeded the surface buoyancy flux which aver-
aged at ~1 x 107* m?s~3 that night. In Section 5 it
is shown that production of TKE due to wind/
wave forcing during the strong wind events was up
to about 3 orders of magnitude larger than TKE
production due to the surface buoyancy flux. The
measured dissipation values varied over 5 orders
of magnitudes from ¢~107'% to e~107>m?s~? and
averaged at 2 x 105m?s™> over the top 30m.
Within the usual scatter due to intermittency,
dissipation followed the wind forcing, see Section
4. Further, as a function of depth, dissipation
resembled LOW scaling, which implies e~z~!. This
will be discussed in more detail below.

4. Comparison of measured and simulated data

In this section we will compare the results from
the observations with the performed simulations.

In order to assess the importance of advection
and wave breaking for the experiment, different
runs were performed. Run rl applied the unmo-
dified k—¢ model forced by surface heatflux and
wind stress, without wave breaking parameterisa-
tion and without relaxation of temperature. As
advection was important during the experiment,
the run rl did not provide a realistic simulation,
and results from this run will not be considered
further. As our aim is not to reproduce the
dynamics of the temperature field, but to focus
on the near surface turbulence, we decided to relax
the simulated temperature field to the measured
temperature profiles. Therefore we used for run r2
again the unmodified k—¢ model, but in this case
with relaxation. In run r3 the Craig and Banner
(1994) wave parameterisation was activated. Ad-
ditionally for run r4 the surface roughness length
zo was increased by a factor of 10. Different
sensitivity tests were done, which will be only
briefly mentioned, when necessary.

4.1. Dissipation rate field

Observed and simulated dissipation rates (run
r2) in the depth interval 30 to Om are shown in
Fig. 6. We find that all the major and minor wind
events during the experiment lead to enhanced
near surface dissipation rates in the measurements,
as well as in the simulated e. During the major
wind events increased dissipation rates can be
found down to the maximal depth at which mea-
surements were made (30 m), but even the minor
wind events show higher dissipation rates down to
about 20m. Run r2 shows an acceptable simula-
tion, as the higher dissipation rates produced
during the major wind events are extending down
to 30m in accordance with the measurements.
More over, especially during the minor wind

Dissipation rate (obs)

Depth [m]
A
”n

10 12 14 18 18 20
Days, March 1986

Dissipation rate (r2)

Depth [m]
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Days, March 1986

Fig. 6. Contour plots of decadal logarithm of dissipation rate
fields, measured (upper panel) and simulated with relaxation
run r2 (lower panel). The range is from log(e) = —6 (red) to
log(¢) = —10.6 (dark blue) and the wind events are indicated by
the bold lines.
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events the increased levels of observed dissipation
rates reach deeper than in the simulations.
Further, the model needs much more time to
increase dissipation at about 30m. This is likely
due to the additional effect of vertical convection
during the nocturnal cooling, which results in a
downgradient flux of TKE. This convective flux is
only to first order parameterised within GOTM
(Stips et al., 2002) and is not well reproduced. Also
the small-scale variability in the measurements is
higher than in the simulation. This is caused by the
intermittency in the measurements, which is
excluded in the used type of turbulence model.
Run r3 and run r4 would not show evident
differences to run r2 in this overview plot and
are not shown. Therefore we are forced to look
into the details at the near surface to see possible
effects of wave breaking.

4.2. Time series of dissipation rate

The time series of the averaged near surface
dissipation in the uppermost meter is shown in
Fig. 7. The simulated near surface dissipation
rates, without consideration of wave breaking (run
r2), underestimates the measured ones during most
of time quite considerable. Applying the wave
breaking parameterisation (run r3), most of the
wind events are adequately reproduced.

Rather well reproduced are the major wind
event 2 and the minor wind events 3, 5 and 6. The
performed simulation of the wind events 1 and 4
match less well with the data. Wind event 1 has
rather specific characteristics as the wind is
increasing and changing direction from NW to
NE. Wind event 4 is a gust, which did not lead to
any significant wave development (3). This is the
only case, were simulated dissipation rates exceed
the observed ones. A interesting case occurred at
March 15, when wind was only ~ 2ms~!, but
wave heights reached nearly 10cm. In this case
observed dissipation rates were similar to event 5
and 6. This opposite behaviour cannot be ex-
plained from the available data. During March 13,
when the wind was decaying, observed dissipation
rate exceeds all simulations nearly at all times. On
most other occasions observed ¢ responded with a
quick decrease to decaying wind, as e.g. on March

Dissipation rate {(top 1m)

z sﬂs]

Dissipation [

10 12 14 16 18 20
Days, March 1996

Fig. 7. Mean dissipation rate in the uppermost 1 m, measured
(blue solid line), run r2 (dotted line), run r3 (dashed line) and
run r4 (red dash—dot line). Except during the strongest winds of
event 1 and 2, the results from run r3 and r4 cannot be
distinguished. The two major wave events with wave height
greater than 20 cm are marked bold black. The respective wind
events are marked by the smaller bold blue lines.

11, 14, 15, 17 and 19. The major difference
between these events is, that waves were existing
during March 13, but not on the other occasions.
Therefore it looks like an existing wave field would
maintain larger dissipation rates.

Considering only the selected wind events, we
can suspect, that the well simulated wind events
are characterised by wind having rather constant
magnitude and direction. The improvement due to
an increased surface roughness length (run r4), can
be hardly seen on the scale of this plot. Only
during very limited time periods, the black line
from run r3 can be identified at lower levels
compared to run r4 (red line). The influence of the
duration of the wind seems not so clear, as e.g.
wind events 4 and 5 have similar duration, the
wind is coming from the same direction, both
show no significant wave development, but only
event 5 is well reproduced.

Analysing the correlation between the logarithm
of the measured and simulated surface dissipation
rates (Table 5), we find a slightly better correlation
for runs r4 and r3 compared to run r2. Further the
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linear regression curve approaches more closely 4.3. Near surface slope of dissipation rate
the ideal slope of 1.

The near surface slope of the dissipation rate,
averaged over the duration of the different
identified wind events, is shown in Fig. 8. The

Table 5 . ; .
Results of the linear regression analysis between logarithm of bl.aCk circles are the results fr(?m the Slmlﬂatl‘on
measured and simulated dissipation rates of the uppermost without (r2), black dots are with wave breaking
meter (runs 12, r3 and r4) (r3) and the red dots are from run r4 with

) increased surface roughness length. The blue dots
Run ag aj r o x

are mean values calculated from the measured

2 —2.02 0.84 0.85 0.016 2778 data. In all 6 cases there is a clear improvement
13 —0.97 0.94 0.87 0.016 2978 of the simulated dissipation rate using the wave
r4 —0.65 0.98 0.87 0.017 336.3

breaking parameterisation (r3) compared to the
unmodified k—¢ model (r2). The major wind events

Here ay denotes the constant, a; the slope, r the correlation

coefficient, ¢ the standard error of the fit and y* is the value for 1 and 2 are even better repYOdUCGd, when using an
y-square-goodness-of-fit test. increased surface roughness length, as done for
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Fig. 8. Near surface profiles of dissipation rate for the selected 6 different wind events. Shown are the results from the simulation
without wave breaking (run r2—black circles), simulation with wave breaking (run r3—black dots), simulation with increased z, (run
r4—red dots) and the observed data (blue dots).
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run r4. The influence of this increased z, on the
minor wind events is minimal. As a side effect,
the influence of the different window length on the
average of the measured data becomes evident
from Fig. 8. The decreasing averaging time from
event 1 and 2 (around 18h) to event 3 and 4
(around 3h) and down to finally event 5 and 6
(around 1 h) leads to a much higher variability in
the depth range below 1 m. Further it is demon-
strated that already at such rather low wind speeds
a clear signal from sporadic breaking events is
evident.

In the depth range above about 1 to 0.5m the
simulated values from run r3 as well as the
measured data deviate from the classical LOW
slope of z~!, which is represented by the open
circles from run r2. The slope of ¢ in the uppermost
1 m was calculated using a least square fit for the
decadal logarithm of ¢ with depth. The respective
values found for the wind events are given in
Table 6. Of course the unmodified k—¢ model (run
12) leads to the expected slope of about z='. The
improved model, including wave-breaking (run
13), provides near surface slopes of around z~!7,
where as the measured longer wind events have a
slope of about z~!. The correlation coefficient is
in all investigated cases around 0.99 (not shown).
The depth of the WASL is likely to be depending
on the wind speed and wave height. The depth of
significantly increased ¢ is 1.3m, 1.5m and 0.6 m
for wind event 1, 2 and 3, respectively (Fig. 8).
This could be explained to be either about 3 x Hg

Table 6
Table of mean slope of dissipation rate logarithm versus depth
in the uppermost meter for the 6 identified wind events

Event Run r2 Run r3 Run r4 Data
1 —0.97 —1.69 —1.94 —1.85
2 —0.99 —1.71 —1.96 —1.83
3 —0.97 —1.69 —1.83 —2.07
4 —0.96 —1.68 —1.85 —1.81
S —0.97 —1.69 -1.79 —1.76
6 —1.06 -1.79 —1.87 -1.97

The slopes for the unmodified k—¢ model are found under run
r2, the results from the run r3 are with wave breaking
parameterisation, results from run r4 are with wave breaking
parameterisation using an increased surface roughness length
and the measurements are under ‘data’.

or could be calculated from a product of wind
speed and wave height (to be scaled in order to get
the correct dimension), but we have not enough
points for an extended analysis.

In the case of the two major wind events the
measured uppermost ¢ value could fall in the depth
of the wave-turbulent sublayer and would there-
fore scale different. There is indeed some indica-
tion that the measured uppermost ¢ does not
continue the slope of the deeper values.

In case of the major wind events 1 and 2 we
find also in the depth range below 1.5m slightly
increased dissipation rates. This is likely to be
caused by higher order transport processes,
which are not parameterised in the second order
k—e scheme. Only a model which also considers
the third-order moments, like that described in
Canuto et al. (1994) could be capable of reprodu-
cing such features. This finding is consistent with
recent observations within Langmuir convergence
zones, where vertical displacement of turbulence
or vortex stretching result in slightly enhanced
dissipation (Thorpe et al., 2003).

5. Discussion
5.1. General features of the simulations

In early March, the temperature stratification
was very weak and temporal changes were
dominated by advection of lateral inhomogene-
ities. It is clearly beyond the scope of the present
paper to perform a 3D simulation on the
investigated lake. Therefore the applied relaxation
of the simulated temperature field to the measured
temperatures represents a compromise between the
sufficient accurate reproduction of the experimen-
tal data and the required effort. Only after
applying relaxation of temperature (run r2) the
simulated dissipation rate showed a similar dy-
namics as the measured, see Fig. 6. Moreover,
during most of the time the unmodified k— model,
especially near the surface (within the uppermost
1 m) underestimates the dissipation rates by up to
one order of magnitude, see Fig. 7. Considering
the prevailing light to moderate wind conditions
which peak at 8 ms~! at the profiler site, this might
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come as a surprise. Through visual observations
we considered first occurrence of white caps as an
indication for wave breaking, which already
started at around 3ms~!. Using the wave breaking
parameterisation as proposed by Craig and
Banner (1994) and incorporated in the k—& model
by Burchard (2001b) certainly improved the
simulation, as can be seen in Fig. 7. We however,
found that the near surface & values are still
underestimated, especially in the case of the major
wind events, but sometimes even during periods of
low wind speeds.

5.2. Scaling of near surface dissipation rate

Applying appropriate scaling, near surface
dissipation rates under breaking waves should
collapse almost into one curve, see Terray et al.
(1999). In the non-breaking case the near surface
dissipation rate is usually made non-dimensional
by applying the factor 1/(u2/zy) according to the
LOW Lombardo and Gregg (1989), whereas the
non-dimensional depth Z will become (zyp — z)/zo.
Here we are using a surface roughness length
calculated according to the Charnok formula, see
Eq. (6). When wave-breaking is important the
depth will be scaled by the significant wave height
Hg instead, so that Z=(zp —z)/Hs. The non-
dimensional dissipation rate € will be defined as
e/(cwtil/Hs), with ¢, =100 for all considered
wind events. We can use a constant wave breaking
parameter c¢,, as the increasing probability of wave
breaking with increasing wind speed is indirectly
already accounted for by u} in the scaling law.

In Fig. 9 data and model results from this study
are compared to published observations in the
WASL by Terray et al. (1999), Drennan et al.
(1996) and Anis and Moum (1995). The slope in
our data is about —2.6 and therefore slightly lower
than that from the other measurements. The
applied scaling works for most of the data from
events 1, 2 and 3 rather well, as the points fall
practically on one line. An exception is the
uppermost point for both major events, which
does not follow that line. There is some specula-
tion about the existence of a thin wave-turbulent
layer of constant ¢ with thickness z directly at the
surface (Benilov and Ly, 2002; Burchard, 2001b).
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Fig. 9. Non-dimensional plot of observations and simulations
of dissipation rate in the WASL. All observations are normal-
ised by the surface TKE flux (C,fui) and the significant wave
height Hg. The simulations of run r2 (short dashed lines)
coincide with the classical LOW. The pure wave breaking case
(no shear production) is shown by the dotted line. Simulations
with wave breaking (run r3) are represented by the full lines,
whereas the simulation with increased surface roughness length
(run r4) is displayed by the longer dashed line. Experimental
data are represented by the different symbols and colours.
Black lines represent event 1 and green lines event 2.

This uppermost layer is directly mixed by wave
breaking and turbulence production by the mean
shear flow can be neglected. Therefore it will be
relatively shear-free and this will result in a
constant dissipation rate in that layer. This is
further supported by the existence of this point,
which appears to be scaled too small. For weaker
wind and waves such a near surface outlier is not
existing, a fact which is further supporting this
speculation. The three sets of near surface dissipa-
tion rates from the literature, were scaled by
Terray et al. (1999) using the significant wave
height Hg. The ratio of zy/Hg for these data is
0.85. Using zy values derived from the Charnok
(1955) formula (Eq. (6)) as for run r2 we find
z9/H s ratios of 0.012 and 0.022 for events 1 and 2,
respectively. With such a low ratio the model
underestimates the measured data. By far better is
10 x z9/Hs, the ratio used for run r4, being 0.12
and 0.22 for events 1 and 2. Therefore, in
accordance with Gemmrich and Farmer (1999),
we would reject the assumption of a fixed zo/Hg
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ratio as done by Terray et al. (1999) and in this
context their value of 0.85 seems far too large.

5.3. Surface roughness length

The determination of an appropriate surface
roughness length seems to be the major problem
for applying the new theory, as this input
parameter must be provided a priori (from the
measurements). Several authors (see Craig and
Banner (1994), Terray et al. (1996), Drennan et al.
(1996), Gemmrich and Farmer (1999)) had pro-
posed that the relevant length scale at the surface
in the case of wave-breaking will not be the surface
roughness length of a classical LOW. Terray et al.
(1996) and Drennan et al. (1996) proposed the
significant wave height as the relevant length scale,
but this was contradicted by Gemmrich and
Farmer (1999).

We investigated the influence of different chosen
zop on the simulations, especially on the fit in the
WASL. When using GOTM, the simplest imple-
mentation is to change the coefficient o of the
Charnok (1955) formula. Instead of the standard
o = 1400 (Craig and Banner, 1994) we tested
values of 5600, 14,000 and 56,000, see also Stacey
(1999). Then the resulting maximal z, for a wind
speed of 5ms~! will be about 0.02, 0.05 and 0.2 m,
respectively instead of 0.005m for the standard
value. Only when using « = 14,000 the simulations
agree rather well with the observations. The value
of 5600 gives similar results as run r3 using the
standard value and the largest value (56,000) leads
to an unrealistic overestimation of the near surface
dissipation. Enhanced dissipation rates extend to
much greater depth then observed ones. Therefore
we must conclude that at least for such small wind
speeds as persisted during our experiment zy is
larger than usually assumed, but still much smaller
than the significant wave height Hg. This finding
seems to contradict Terray et al. (1996), as they
found that an appropriate zo would be in the order
of Hg (Terray et al., 1996; Drennan et al., 1996;
Craig, 1996; Stacey, 1999). Field measurements by
Gemmrich and Farmer (1999) showed a much
smaller zy and a different relation between
significant wave height and surface roughness
length. Gemmrich and Farmer (1999) found a z,

of about 0.2m for wind speeds of Ujp = 15ms™'.
Applying this increased coefficient in the Charnok
formulation (Eq. (9)), would result in zy & 0.165m
for a wind speed of 15ms~!. A wind speed of
Ujp=25ms~! would give a zy of 0.29 m. There-
fore our results support the view of a smaller
surface roughness length, whilst still larger than
the conventionally assumed, would be defined in
the following way:

20 = 1400022 /g. )

The uppermost point from the wind events 1 and 2
fall outside the applied scaling, see Fig. 9. This is
indicative of the proposed layer of constant
dissipation rate, as these values are representative
for a depth of 0.075m and therefore fall within in
the depth range of the postulated breaking zone as
found by Terray et al. (1996) z;, ~ 0.6H 5. The next
deeper value at about 0.015 m depth would still fall
within this depth range, but in our data it follows
the proposed scaling with wind and wave forcing.
Therefore this would also seem to support the view
of a much shallower breaking zone in the order of
zp only. The transition to the classical wall layer
seems to appear at about a depth of 2-3 times the
significant wave height.

5.4. TKE budget

An interesting question of relevance to the
current analysis is, what are the contributions to
the TKE production from shear, buoyancy and
wave breaking during the identified wind events?
Therefore we integrated dissipation rate, shear
production Pg and buoyancy production Py over
the uppermost meter for the 6 identified wind
events. The first obvious result is, that the
contribution from buoyancy production Pp is
negligible, as can be seen from the results
presented in Table 7. We therefore do not consider
further buoyancy production in this discussion.
For run r2 the TKE production is not shown, as
the unmodified k—¢ model is based on the balance
between TKE production and its dissipation, and
therefore the respective values will be nearly
identical to the dissipation rates. Simulated ¢
increased in run r3 by a factor of 2.5 compared
to run r2, whereas Pg increased by a factor of 2.
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Table 7

Table of depth integrated dissipation rate, shear production Pg
and buoyancy production Py of the uppermost meter for the 6
identified wind events

Event ¢ (12) ¢ (r3) Ps (r3) Pp (r3) & (r4) Ps (r4) ¢ (data)

1 14 35 28 2.7e-3 64 13 11.4
2 30 76 6.1 7.3e-3 18.1 1.9 19.7
3 09 24 19 5.1e-3 3.0 1.3 59
4 06 16 12 1.2e—=3 2.0 038 1.1
5 09 22 1.8 —7.0e-3 28 1.2 3.5
6 07 16 13 —22e-3 19 1.0 1.2

Results are shown from run r2 without wave breaking, run r3
with wave breaking parameterisation and from run r4 with
increased roughness length zy. The measured ¢ is found under
‘data’. The units for all quantities is 107> Wm=2.

For run r3 shear production Pg is for all wind
events about 80% of the respective dissipation
rate. The simulated ¢ is again increased for run r4,
now by a varying factor between 3 to 6 compared
to run r2. The opposite effect is observed for Pg,
which is now smaller than the values for run r3
and in the case of wind event 2 even smaller than
that from run r2. This is related to the fact, that in
this case TKE production in the near surface zone
is mainly caused by wave breaking instead of shear
production. The event 2, which had the strongest
wind seems to be best simulated, as ¢ from run r4
and from the data agree rather well. In the case of
the other two events with larger waves (1,3) the
measured dissipation exceeds the simulated dis-
sipation by approximately a factor of 2. Only in
the case of the minor wind events 4 and 6,
simulated dissipation is larger than the measured
one. From these results it is obvious that near
surface ¢ will be only simulated in the correct order
of magnitude, when the TKE production due to
breaking waves is taken into account.

We would like to further quantify the contribu-
tions to TKE production from the energy of
breaking waves by using a simple linear model and
from Stokes drift in order to estimate the
importance of these processes. The linear model
assumes that the rate of TKE production due to
breaking waves Pyave [Wm™2] is proportional to
the wave energy content Ey [J m~2] multiplied by
some inverse dissipation time scale of the wave

energy (Longuet-Higgins, 1969):
Pyave = 1600C3> %prW, (10)

where £, is the peak frequency from Table 4. The
resulting values from this linear model Pyaye
(Table 8) are always much smaller than the
measured dissipation rate. For event 1 Py,
exceeds the simulated ¢ from run r3, but is lower
than that from run r4. For the other two events
with waves 2 and 3 this linear estimate is below ¢
from run r3. Therefore it is evident, that the linear
wave breaking model alone cannot explain the
measured near surface .

A different estimation for the surface flux of
TKE due to breaking waves was proposed in
Terray et al. (1996) and in Gemmrich and Farmer
(1999)

Pbreaking = ﬁpui, (11)

where u, is the friction velocity in water and ¢p is
the effective phase speed of waves acquiring energy
from the wind (Gemmrich et al., 1994). Using
cp ~ 0.1cp (Terray et al., 1996, Table 4) we will
get values between 10 to 29 x 107 Wm™2, see
Table 8. These estimates exceed all other estimates
and the measured turbulent dissipation rates. For
the events 1, 2 and 3 Ppreaking 13 between 20 and
70% above the measured ¢, but they are in the
same order of magnitude. Taking into account
that the waves at lake Neuchatel are young waves,
then ¢p should be even larger, which would result
in even larger estimates. Eq. (11) assumes that
there is no wave energy flux divergence, this likely

Table 8

Estimated TKE production due to wave breaking from the
linear model and according to Eq. (11) are found under Py,
and Ppreaking, Tespectively

Event e— Pg (r4) Pyave Pbreaking Psiokes
1 5.1 4.7 14 2.9

2 16.3 2.4 29 2.5

3 1.7 1.6 10 0.7

4 1.2 0.02 11 0.01

5 1.6 0.003 9 0.001

Production because of interaction between Stokes drift and
Langmuir circulation is under Pgpkes. The units for all
quantities is 107> Wm™2.
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is not to be the case for young waves and therefore
Eq. (11) overestimates the surface TKE flux in case
of young waves.

The interaction of the vortex force associated
with the Stokes drift u, (see Stokes, 1847) and the
mean current shear could be another potential
source of TKE production (Skyllingstad and
Denbo, 1995). This interaction can generate
Langmuir circulations, that could potentially be
a dominant mixing process in the SML. The
production Psokes 18 then defined by

Psiokes = Tlls (12)

with ug as defined in Eq. (8). Because of the
exponential decay with depth of the Stokes drift,
this related production will be confined to thin
near surface layer, which scales with the inverse of
the wavenumber k. In Table 8 it can be seen, that
in the case of existing waves the related TKE
production Pgkes 18 of similar importance as the
shear production or the production due to wave
breaking estimated from the linear model. The
contribution from wave breaking as simulated by
the k—¢ model is given in column 2 of Table 8
(¢ — Pg). For events 1 and 3 this is similar to Pyaye,
but for event 2 it is a factor of 7 larger.
Considering that this is opposite to the ¢ simula-
tion, it seems that TKE production due to wave
breaking is not well quantified yet.

It can be concluded that in the case of wind
speeds above 3ms~!, but without corresponding
wave development all energy estimates only based
on wave parameters seem to fail. If similar wind
speeds are accompanied by waves with significant
wave heights of above 20 cm these equations give
some first order approximation of the TKE
production due to breaking waves, but linear
model and Stokes drift underestimate, whereas
Eq. (11) overestimates TKE production.

5.5. Intermittency

Wave breaking is a very intermittent process,
therefore also the related turbulence levels are
inferred to be intermittent. Phillips (1985) showed
theoretically that breaking frequency and whitecap
coverage should be proportional to u. It is
probable that the measured mean turbulence level

is orders of magnitude smaller than the level which
occurred directly after a breaking event. Rapp and
Melville (1990) estimated the temporal decay of
dissipation rate ¢ beneath breaking laboratory
waves, and found that ¢ o« r~>/2. Gemmrich (2000)
states that for timescales comparable to the period
of breaking waves, advection due to Langmuir
circulation can be neglected. The time between
successive breaking events at wind speeds
between 3 and 6ms~! is O(600s),

The duration of breaking events is in the order
of 0.5 to 3s (see Gemmrich, 2000; Eifler and
Donlon, 2001).

Considering this low breaking frequency, the
short duration of the breaking events and the fast
decay time of dissipation after the breaking event,
we must ask ourselves, can we measure enhanced
near surface dissipation rates due to wave breaking
using vertical profiler snap shots?

Following Baker and Gibson (1987) we can
estimate the intermittency factor of the measured
dissipation rate as alzn(g), which is the sample
variance of the natural logarithm of &. For the
major wind events these intermittency factors fall
in the range between 1.6 and 2.0 for the depth bins
in the uppermost metre. Further down the water
column they decrease and approach 1.0 at about
Sm depth. These values above 1.0 point to an
enhanced intermittency, likely due to breaking
events, but they are nevertheless much smaller
than values (above 3.0) cited in Baker and Gibson
(1987) for the thermocline or the equatorial
undercurrent. Therefore the estimated mean values
can be considered as representative.

The fact that we found enhanced near surface
dissipation, could be explained by two possible
factors, the first is that the decay time is much
longer than usually assumed or the second being
that we do not measure breaking events, but
enhanced turbulence due to the interaction of the
vortex force associated with surface waves and the
mean current shear. Gemmrich (2000) concludes
from his measurements that the decay time of
breaking events is very short (less than 20-305),
which would point to the second option. The only
moderately increased intermittency factor found in
the WASL also supports that short wave breaking
events could only play a minor role for the
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increased turbulence levels found. On the other
hand the energy budget (Section 5.4) gave far too
small values for the TKE production due to these
nonlinear processes. Therefore we are not able to
exclude one or the other possibility with certainty.

6. Summary and conclusions

Two major questions were examined in this
paper, the first being, do we measure enhanced
dissipation at the surface for wind speeds below
8ms~! using a vertical profiler and the second can
we simulate this wave affected surface layer
(WASL) with current days turbulence models.

As has been shown in the previous sections, we
find a layer of increased turbulence compared to
the law-of-the-wall near the surface. Therefore the
first question is answered positively, with vertical
profiling instruments the enhanced turbulence in
the WASL can be measured successfully. The
profiling method is especially beneficial for com-
pletely assessing the topmost 1 m layer. We found
the near surface slope of ¢ to be ~ —2.0 in the case
of wind speeds above 4ms~!. Further our high
resolution near surface measurements of dissipa-
tion rate show already at wind speeds above about
2ms~! clear evidence of a wave affected layer with
increased ¢ compared to the classical law-of-the-
wall, having a thickness between 0.1 and 1.2m. In
terms of the significant wave height Hg this wave
affected layer reached to a depth of about 2 to
3 x Hg. This indeed provokes an additional
question, of whether really only wave breaking
could be the cause of this enhanced dissipation, or
would there be other processes of importance, as
the interaction of the mean current shear with the
vortex force resulting form the Stokes drift.
Considering that we found enhanced dissipation
at rather low speeds, where breaking events are
unlikely to occur gives some evidence to the
assumption that these enhanced ¢ are not only
caused by wave breaking. This question cannot be
answered definitely in the frame of the present
work, but should be addressed with specific
measurement setups.

The other major issue addressed in the present
manuscript was, to test if this wave affected layer

can be reproduced by current day turbulence
models. Here we have demonstrated that TKE
dissipation rates in the near surface region were
realistically simulated using the ID k—e turbulence
closure (GOTM), when the effects of wave break-
ing on turbulence production are considered. This
is true with both, with regard to the magnitude of
the near surface dissipation, as well as the depth
range of the increased ¢ and the exponential decay
of ¢ away from the surface, showing a power law
of about z~'. Using non-dimensional dissipation
and depth, the power law will be 272°.

Obviously one of the major problems for
successful simulating near surface turbulence is
not directly related to the modelling itself, but how
to find proper values for the surface roughness
length, as the most critical model input parameter.
Only when increasing the surface roughness length
zo calculated from the Charnok formula by a
factor of 10, the dissipation rate in the wave
affected layer could be realistically simulated.
Therefore it seems also that we are still lacking
some basic physical understanding of the meaning
of the roughness length in the case of breaking
waves. We could not confirm that z, would scale
with the significant wave height as assumed by
Drennan et al. (1996). The best fit to our data, if
scaled to a wind of 15ms~!, would result in z,
values of similar magnitude (about 20% smaller)
as reported by Gemmrich and Farmer (1999).

In summary our results clearly support the view
of a smaller surface roughness length as proposed
by Craig and Banner (1994), Drennan et al. (1996)
or Stacey (1999), but still much larger than the
ones assumed conventionally. Care should be
taken that the wave affected layer showing
increased dissipation rates in the depth range of
order of 1 to 3 x Hg is not confused with the
surface roughness length. The measurements
further indicate, that an assumed wave breaking
zone having a constant dissipation rate would exist
only in the depth range of the increased zj
(1-20 cm).

Future work should be directed to measure-
ments, that would allow to separate shear-gener-
ated turbulence production from wave-breaking-
generated turbulence, in order to clarify the
contributions from each part to the near surface
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production. In order to get a more complete
picture of near-surface turbulence, different types
of measurements should be combined (e.g. fixed
and wave following sensors). But most impor-
tantly work must be carried out to determine the
surface roughness length (or surface mixing length
as proposed by Gemmrich and Farmer, 1999) as a
function of wind and wave parameters. This
analysis would also clarify if really a layer of
constant ¢ exists near to the surface.
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Appendix A

Here, it is briefly demonstrated how some of the
empirical parameters for the extended k—e model
are calculated. This extends the algebra contained
in Burchard (2001a) which was shown for the
standard k—e model with constant ¢,, only. Here,
the stability functions of Canuto et al. (2001) with
shear-dependence are used. The stability function
for LOW conditions is calculated by means of P +
B = ¢ which is equivalent to

culonrs on)oeyr — ¢ (ear, ooy = 1 (13)

with the stability functions ¢, and ¢, for momen-
tum and tracers, respectively, the shear and
buoyancy parameters, oy = M2k> /& and ay =
N2k? /&?, respectively, and the shear squared,
M? = (3.u)’ + (0.v)° and the Brunt-Viisild fre-
quency squared, N2 = —(g/p,)d.p. The numerical

solution of the implicit function for ay =0 is
¢, = 0.07715. For shear-free turbulence with
Pg/e=0 and thus oy = oy =0 we computed
directly from the definition of the Canuto et al.
(2001) stability functions that ¢, = 0.107. With the
other parameters given in Table 1, Egs. (14), (16)
and (17) in Burchard (2001a) compute directly
m = 2238, 0., LOW = 1.2 and O, WASL = 2.012.
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