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Abstract

The interior of lakes is often quiescent and most of the mixing in a lake occurs at the sloping boundaries, where wind-induced

internal waves create turbulence (which leads to mixing) through interactions with the lakebed. To predict the occurrence

and strength of turbulence in terms of meteorological forcing and stratification, we investigated the dependence of internal

wave type, and their contribution to turbulence on the slope, on the Lake number, which compares the stabilizing tendency of

stratification to the destabilizing tendency of the wind. Three thermistor chains and a meteorological station were deployed in

West Okoboji Lake (length ˜ 9 km, max. depth ˜ 40 m) for two weeks. A wavelet analysis was conducted to determine time

periods when different wave frequencies were excited, with particular focus on the first vertical mode seiche, the critical frequency

with respect to the stratification and slope, and high frequency waves in the band of 1-10 times the buoyancy frequency. We

measured the velocities in the bottom boundary layer (BBL) with a high resolution acoustic current profiler (2 MHz Nortek

HR Aquadopp) and then computed the turbulent dissipation rate using the structure function method, which uses the spatial

correlations of velocity along a beam to estimate the dissipation. This generated a two week time series of turbulent dissipation

rate in the BBL which was then compared to the wavelet amplitudes. During the deployment, a strong daily wind forced

near constant internal wave activity. The theoretical period of the first vertical mode seiche was ˜17 hours, but the diurnal

wind forcing interfered with free oscillation of this mode. Although not an obvious natural frequency of the lake, waves of the

critical frequency (which had a period of ˜11 hours) were activated throughout the measurement period. High-frequency waves

were observed in the thermistor chain near the slope at the lowest Lake number wind events. The turbulence observed on the

boundary was highest during these events, implying that the low frequency seiching was less important than higher frequency

motions in driving turbulence on the slope.
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Methods

Summary

• Boundary turbulence processes in lakes are wind-driven and thus inherently intermittent.
• Other methods besides profiling are needed to capture the turbulent events that will drive most mixing in small and 

medium sized lakes.
• In WOL, the wind excites a broadband spectrum of internal waves, which can generate turbulence through several 

mechanisms, with both low frequency and high frequency waves present when there is high turbulence on the slope
• Need to properly look at three thermistor chains to characterize transfer of energy through scales
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1991]. Armi [1978], for example, found steplike struc- 
tures with fairly homogeneous temperature of •0 50 m 
vertical extent near seamounts. He interpreted these 
structures as water masses that first had been mixed at 
sloping bottom boundaries and subsequently were ad- 
vected into the ocean interior. He proposed a model for 
vertical diffusion in the ocean based on this mechanism. 
This model, however, was disputed by Garrett [1979], 
who argued that boundary mixing takes place in well- 
mixed water and therefore is inefficient. His argument 
is based on observations of the density structure in the 
deep ocean over a fiat (i.e., horizontal) bottom bound- 
ary that almost always show a well-mixed bottom layer 
with respect to temperature and salinity, with typical 
heights of 50-100 m. 

Temperature profiles measured over sloping bottom 
boundaries [ Wunsch, 1972; Caldwell, 1978; Armi, 1978; 
Thorpe, 1987, 1990] reveal additionally that the mixed 
layers there are much thinner than those observed over 
fiat bottoms and that they exhibit much more spatially 
variable and temporally intermittent structures; well- 
mixed bottom layers are found next to well-stratified 
bottom zones. These measurements, however, lack 
enough additional information, such as bottom cur- 
rents, to establish conclusive relationships between ob- 
served mixed layer dynamics and large-scale features of 
the flow. Furthermore, they are insufficient to prove 
the hypothesis that boundary mixing contributes sig- 
nificantly to vertical transport in the ocean interior. 

Microstructure profiles over a sloping bottom in the 
ocean are rare, and the results are controversial. Over 
a seamount in the northeast Pacific, temperature and 
shear microstructure data measured by Toole et al. 
[1994] show dissipation rates that are enhanced relative 
to the ocean interior. In contrast, Lueck et al. [1983] 
did not find higher energy dissipation over the continen- 
tal slope off Vancouver Island. The process of mixing at 
a sloping bottom boundary is not yet well understood, 
and consequently, its contribution to vertical mixing in 
the permanently stratified ocean interior is unclear. 

Compared to the ocean, enclosed water bodies like 
lakes allow the study of the phenomenology and dy- 
namics of mixed layers on a fiat as well as on a sloping 
bottom boundary under much more controlled condi- 
tions. It is, in particular, much easier to balance quan- 
tities like heat. For this reason several experiments have 
been undertaken since 1989 in Lake Alpnach to study 
the role of boundary mixing in overall vertical trans- 
port [Miinnich et al., 1992; Gloor et al., 1994; Wiiest 
et al., 1996; Goudsmit et al., 1997]. These experiments 
revealed two further characteristics of Lake Alpnach 
that are favorable for the purpose of studying bound- 
ary mixing. First, Lake Alpnach sustains markedly reg- 

lake's pycnocline. Gradient Richardson numbers for se- 
iche oscillations of the observed intensity are too small 
to permit the occurrence of Kelvin-Helmholtz instabil- 
ities [Miinnich et al., 1992]. Furthermore, the summer 
resonance phenomenon described below insures seiche 
oscillations stay in phase with the diurnal wind forcing 
and thus largely prevents the generation of turbulence 
by out of phase wind forcing. 

The regular excitation of the 1H2V mode with a pe- 
riod of the order of a day was first observed and an- 
alyzed in great detail by Miinnich et al. [1992]. A 
schematic of this oscillatory mode is displayed in Figure 
1. Its regular excitation is due to a resonant interplay 
of the diurnal wind forcing, the lake geometry, and the 
mean summer stratification. The most notable feature 
of this mode is the 180 ø phase difference between the 
vertical motion of the isopycnal surface that separates 
above-thermocline water from intermediate water and 
the isopycnal surface that separates intermediate water 
from bottom water. This oscillatory motion contrasts, 
for example, with the more familiar first horizontal first 
vertical seiche mode 1HIV (Figure 1). 

The importance of boundary mixing for diapycnal 
transport in Lake Alpnach was observed with two meth- 
ods: First, three tracer studies from three different 
years [Goudsmit et al., 1997] were used to distinguish 
between diapycnal mixing of the interior (excluding the 
near bottom boundary region) and mixing of the entire 
water body. Goudsmit et al. monitored carefully the 
vertical and horizontal spread of a pointlike injection of 
uranin in (1) the stratified deep waters of the lake and 
(2) the boundary layer of the lake. The experiments 

nion 

•, • _/' Metalimnion 
• ;• • Hypolimnion 

b) 

Figure 1. (a) First horizontal first vertical seiche mode 
(1HIV). The arrows indicate the direction of flow. Dur- 
ing summer in Lake Alpnach the period of this mode is 

ular internal basin-wide oscillations (internal seiches); typically -•8-12 hours. (b) First horizontal second ver- 
typically the so-called second vertical first horizontal tical seiche mode (1H2V). An intermediate layer out of three layers is squeezed back and forth. During summer (1H2V) mode is excited. Second, boundary mixing is the period of this mode (which is persistently present known to be the main agent for diapycnal transport and during summer) is typically -•1 day. Adapted from 
the dissipation of turbulent kinetic energy below the Miinnich et al. [1992]. 

Gloor et al. (2000)
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Fig. 3. Observations from station T3 in Lake Kinneret in 1998.
(a) Ten-minute average wind speed correct from 1.5 to 10 m, (b)
28C isotherms for a 4-d observation period, (c) magnified view of
shaded region c in panel b showing 18C isotherms, (d) magnified
view of shaded region d in panel b showing 18C isotherms, (e)
magnified view of shaded region e in panel b showing 18C isotherm,
(f) magnified view of shaded region f in panel b showing 18C iso-
therms. Wind and temperature data were collected at 10-s intervals,
with isotherms calculated through linear interpolation. The bottom
isotherm in panel b is 178C.

i is the complex wavefunction, c 5 cr 1 ici is the complexĉi

phase speed, and vi 5 kci . 0 represents the growth rate of
an unstable perturbation.
Mean flow profiles of N(z) and U(z) were obtained by

depth averaging observed water column profiles obtained
over a finite time interval Dt (Table 1). Sensitivity analysis
revealed that depth- and isopycnal-averaged profiles were
insignificantly variant as a result of smoothing associated
with transforming isopycnal-averaged quantities to the ver-
tical depth coordinate of our stability model. Furthermore,
isopycnals are nearly horizontal because Dt is much less that
the basin-scale wave period. To reduce the computational
demand, the time-averaged profiles were averaged into ver-
tical bins ranging between 5 and 15 cm (Table 1). A matrix
eigenvalue method modified after Hogg et al. (2001) was
used to solve the sixth order viscous stability equation. As
opposed to the methods used by Antenucci and Imberger
(2001) or Hogg et al. (2001), in our development we have
not assumed inviscid and nondiffusive fluid or made the long
wave assumption, respectively. This stability equation is,
therefore, a generalization of the Taylor–Goldstein equation
that includes viscosity and diffusivity (Koppel 1964).

2 2 2 2 2 2 2 22c [] 2 k ]ĉ 1 c[2iK (] 2 k ) 1 2U(] 2 k ) 2 U ]ĉc zz

2 2 2 3 2 2 2 2 21 [K (] 2 k ) 2 2iUK (] 2 k ) 2 2iU K ](] 2 k )c c z c

2 2 22 U (] 2 k ) 1 2iU K ] 1 UUzzz c zz

21 iU K 2 N ]ĉ 5 0 (2)zzzz c

Kc 5 K/k and both ] and the z subscripts represent the partial
derivative with respect to z. Here, K has been defined as
‘‘eddy viscosity’’ or ‘‘eddy diffusivity’’ parameterization,
and a Prandtl number of unity has been assumed.
For the various N and U profiles, vi, and c were de-ĉ,

termined over a range of k. Vertical mode 1–3 solutions were
evaluated for wavelengths at 2-m intervals between 1 and
149 m. Along each axis, only the solutions at each wave-
number with the highest growth rate were kept for further
analysis. Our results, which involve the determination of the
stability of a time-variant flow over a finite time-averaged
interval, can be considered exact for vi k 1/Dt (Smyth and
Peltier 1994).

Korteweg–de Vries model—Internal solitary waves can be
modeled to first order by the weakly nonlinear KdV equation
(Eq. 3).

ht 1 cohx 1 ahhx 1 bhxxx 5 0 (3)
z(x, z, t) ¯ h(x, t) is the wave amplitude, co is the linearĉ(z)
long-wave speed, and subscripts denote differentiation. A
balance between nonlinear steepening hhx and dispersion
hxxx results in waves of permanent form.
The coefficients a and b are known in terms of the water

column properties r(z) and U(z) and the modal function
(Eq. 4; Benny 1966).ĉ(z)

H
2 33 r(c 2 U) ĉ dzE o z

0
a 5 H

2 22 r(c 2 U) ĉ dzE o z
0

H
2 2r(c 2 U) ĉ dzE o

0
b 5 (4)H

2 22 r(c 2 U) ĉ dzE o z
0

H is the height of the water column and is determinedĉ
from the numerical solution of Eq. 2 with k 5 0. Note that
in setting k 5 0, it was also necessary to specify K 5 0 in
order to maintain a finite Kc; otherwise, Eq. 2 will represent
modes in an infinitely viscous fluid.
From Eq. 3, the solitary wave solution is Eq. 5 (Benny

1966).

Boegman et al. (2005)

Low Frequency Seiches High Frequency Waves

Internal waves in lakes generally originate from 
wind stresses on the surface, which drive basin 
scale seiches (most commonly vertical mode 1 
and 2 waves) which can then degenerate into 
high frequency waves.

cold water bore observed in Figure 5b–d can then be estimated
from the temperature difference across the thermocline and the
thickness over which the temperature inversions occur. For
instance, during upwelling the temperature step at the sites T1–
T3 (Figures 3e to 3f) is about dT = 24uC 214uC = 10uC, so that
g9 = 0.019 m s22. A reasonable estimate of the height is h = 1.4 m
as observed as the thickness of the layer over which temperature
inversions occur (Figure 4). This yields an average speed of
Ud = 0.16 m s21 for upslope flow of cold water which agrees well
with the estimate obtained from the onset of inversions at adjacent
thermistor chains. Other internal bores can be observed during the
other strong upwellings of the thermocline, such as around DOY
235 and 242. Not all of these events propagate all the way from T3
to T1 as the vertical movements of the thermocline were smaller in
these cases. For those events the average speed is slightly less at
0.10 m s21.

Estimated Turbulence Near the Lake Bed
The time variation of the vertical eddy diffusivity can be

estimated from the observed temperature inversions at the benthic
thermistors. Similar turbulent mixing events were observed at all
benthic thermistor chains but for simplicity we only show data for
the T3 mooring. Figure 7 compares the observed thermal
stratification (Figure 7a), the buoyancy frequency (Figure 7b)

and derived overturning scales (Figure 7c) along with the estimated
values of Kz (Figure 7d) at T3. There is a significant correlation
between the upwelling phases of the internal seiche and strong
increases in Kz. This means that most of the strong mixing events
at the boundary of the lake are associated with the upward
movements of the thermocline past the measurement location, for
instance at DOY 225, 335 and 242. During upwelling these
overturns can reach up to 1 m in vertical scale and consequently
increase values of Kz throughout the BBL. The mean diffusivity at
T3 is Kz = 1.4861026 m2 s21 and maximum values reach
Kz = 161024 m2 s21. Generally, these values of diffusivities are
consistent with vertical diffusivities near boundaries found by
many observations in oceans and lakes (e.g. [1,2,46,47]).

There is a strong asymmetry in the frequency distribution of
estimated turbulent diffusivities Kz averaged during the up- and
downwelling phase of the internal seiche (Figure 8). The up- and
downwelling phases were identified by monitoring the bottom
thermistor at T3. Upwelling of cold water is characterized by a
period of decreasing temperatures. The time between a cooling
event and when the temperature started to rise and exceed a
certain threshold (12uC) was identified as an upwelling phase. On
the other hand, downwelling of warm water was identified by the
time when the temperature was above this threshold (12uC). The
mean values of Kz during upwelling are at the order of O(1026) m2

Figure 6. A schematic diagram describing the asymmetry in stratification between up and downwelling events. The position of
isotherms is shown at both the deep mooring and the benthic mooring. a) During downwelling events there is a stable stratification in the water
column. b) During upwelling events the isotherms resemble a ‘bore-like’ structure due to cold water that advances fast from deeper parts of the lake
along the shallow slope.
doi:10.1371/journal.pone.0057444.g006

Interaction of a Seiche with a Sloping Lakebed

PLOS ONE | www.plosone.org 9 March 2013 | Volume 8 | Issue 3 | e57444

Cossu and Wells (2013)

Seiching Currents
Turbulent Bores Shear Induced Convection

Lorke et al. (2005)

LN and the Horn et al. (2001) regime boundaries (from Eqs.
7 and 8) separating damped basin-scale waves (Horn et al.
2001 Regime 1), midbasin seiche-induced hydraulic jump
(e.g., Fig. 5g,h; Horn et al. 2001 Regime 3) and solitary
wave formation due to nonlinear steepening (Horn et al.
2001 Regime 2). There is good agreement between WN and
the strength and duration of major wind events of W1, W2,
W3, and W4, which are in line with the main axis of the
lake, lying in a northwest to southeast direction. Calm
conditions before the onset of W1 and after the cessation of
W1, W2, W3, and W4 wind events are characterized by
high WN. Conversely, during the strong W1, W2, and W3

wind events, winds persisted above 7 m s21 on average for
more than T1/4 and caused strong seiching and significant
upwelling of the thermocline (Figs. 4, 7b), corresponding to
low WN (i.e., WN 5 1, 1.2, and 0.6, respectively). The
computed LN shows a similar response as WN to the
applied wind forcing, and its magnitude is 1.2 WN

throughout the period. W3 is the strongest wind event,
with average wind velocities of , 10 m s21 and gusts
exceeding 14 m s21, resulting in the lowest WN, # 0.8
during days 273.6–274.2, reaching the bore zone in Horn
et al. (2001) regime theory. Thus, the analytical model
predicts the relaxation of upwelling fluid from the W2

Fig. 8. Distribution of vertical eddy diffusivities computed by the KPP scheme overlaid by temperature isotherm displacements
along the thalweg for (a, c) side basin at day of year 272.08 and 277.33, respectively (b, d) main basin at day of year 272.75 and 274.25,
respectively. Isotherms are 2uC contour intervals and the first contour from bottom indicates the 6uC isotherm.

Internal hydraulic jumps 163

Dorostkar et al. (2013)

Critical reflection

Forward reflection

Internal Hydraulic Jumps

When these low and high frequency waves 
interact with the sloping boundary of 
lakes, a variety of mechanisms can then 
lead to turbulence and mixing, including 
friction from seiching currents, turbulent 
bores in different phases of the seiche, 
shear-induced convection, internal 
hydraulics, and critical reflection and 
forward upslope reflection of wave energy.

Typically, turbulence is measured with microstructure profilers. 
While profiles give us good spatial resolution of turbulence, 
profiles are only a snapshot in time. Moored acoustic 
instruments provide a time series to better diagnose turbulence 
generating processes.

OBJECTIVE: Utilize advances in measuring turbulence using 

acoustic methods to determine which processes are dominant 

in creating boundary turbulence in lakes.

9 
km

Pulse Coherent ADCP

Thermistor Chain

Met Station/
Thermistor Chain
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2 Methods110

2.1 Experiment111

A thermistor chains and a Lake Diagnostic System (LDS) manufactured by Precision Mea-112

surements Engineering were deployed in West Okoboji Lake, near Arnold’s Park, Iowa (USA).113

A Nortek HR Aquadopp, a high resolution pulse coherent acoustic Doppler current profiler,114

was placed on a slope in the metalimnion of the lake at 9.0 m depth from 26 June - 3 July115

2009. West Okoboji Lake 1 has a surface area of 15.6 km2, a length of 9 km, a mean depth116

of 12 m, and a maximum depth of 41 m. The lake consists of a main, long, deep basin, with117

three shallow embayments on the south side of the lake; the measurements were all made in118

the main deep basin. The main basin is aligned with the primary wind direction, with a steep119

slope (10%) on the south end and a mild slope (0.5%) on the north end (where the Aquadopp120

was placed). There are of 61 km2. The outflow occurs through a 3 m deep channel in the bay121

on the east side.122
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Figure 1. Bathymetric map of West Okoboji Lake with contour intervals in 5-m increments and the loca-
tions of the instrumentation.

123

124

The LDS is a meteorological station with an attached thermistor chain that was moored in125

the lake in a water depth of 30 m for the entire summer. The LDS measures wind speed and126

direction, solar radiation, net radiation, relative humidity, and air temperature. To determine127

the wind forcing on the lake, the wind speed and direction were measured approximately 2.5128

m above the water surface by a propeller anemometer and a wind vane, respectively, both by129

–4–

Surface Area = 15.6 km2

Mean Depth = 12 m
Max Depth = 41 m 

Met Station/Thermistor Chain

• Moored in 30 m water depth
• Measures wind speed and direction 

(2.5 m above water), solar and net 
radiation, relative humidity, air 
temperature

• Thermistor chain with nodes every 
1m

• All sensors sampled every 15 s

WEST OKOBOJI LAKE

To quantify the strength of the wind:

Confidential manuscript submitted to JGR-Oceans

Met One Instruments, Inc. All the sensors on the LDS were sampled every 15 s. The ther-130

mistor chain has 29 nodes starting approximately 1 m below the surface, equally spaced be-131

low that at 1-m intervals. One thermistor chain (T52) manufactured by Precision Measure-132

ments Engineering was deployed in the lake at 20 m water depth. This thermistor chain also133

had 29 nodes, with the first node located at approximately 3 m below the surface, 1-m in-134

terval spacing to 10 m, and approximately 0.5-m spacing to the bottom. A third thermistor135

chain from PME (T53) was located on the side slope at 18 m depth near the LDS; this ther-136

mistor chain was of similar configuration to T52, with 1-m spacing down to 7 m and 0.5-m137

spacing to the bottom (29 nodes in total). The thermistors were sampled at 15 s intervals and138

data stored in a submersible data logger. The temperature time series that result from these139

measurements were used to examine the internal wave field in the lake.140

The high resolution 2 MHz Aquadopp Profiler manufactured by Nortek AS has three beams;141

each acoustic beam is slanted at 25 degrees from the vertical. The instrument was configured142

to measure and report beam velocity measurements. The Aquadopp has an internal tilt and143

compass sensor to measure the current direction within 0.2o and 2o respectively. The high144

resolution system allows greater accuracy of measurements at smaller cell sizes and greater145

sampling rates (over a short range). The Aquadopp was set to sample in burst mode, in which146

1024 samples were collected at 8 Hz every ten minutes.147

The Aquadopp measured velocity profiles in the bottom boundary layer of West Okoboji148

Lake. The Aquadopp measured in uplooking mode and was mounted on a weighted PVC149

frame that was designed to have a low profile (7.5 cm) and lie flat on the lake bottom. The150

frame may have sunk into the bottom sediments, but the strong amplitude of the Aquadopp151

signal suggested that the instrument sensors were not buried. The Aquadopp was config-152

ured to measure up to 1.5 m above the bottom. To study turbulence generated on the slop-153

ing boundary, the Aquadopp was placed on the slope indicated in Figure 1. The Aquadopp154

also has a temperature sensor on it, which can show the temperature oscillations right at the155

boundary.156

2.2 Stratification and wind157

The Lake number LN can indicate whether boundary mixing from seiching and breaking158

internal waves should be present in West Okoboji Lake. The Lake number compares the159

strengths of the stratification and the wind, which can cause the stable density structure to160

overturn. The Lake number extends the concept of the Wedderburn number to account for161

arbitrary stratification and bathymetry [Imberger and Patterson, 1989]:162

LN =
gSt (1 � zT /zS )

⇢su2⇤A3/2
s (1 � zV/zS )

(1)

where g is the acceleration of gravity, zT is the center of the metalimnion, zS is the height of163

the water surface, ⇢s is the density at the surface, u⇤ is the wind shear velocity, As is the area164

of the surface, zV is the height of the center of volume, and St is the stability of the water165

body defined as166

St =

zSZ

0

(zV � z)⇢(z)A(z)dz (2)

where A(z) is the surface area as a function of depth. The shear velocity of the wind is de-167

fined as168

u⇤ =
 
CDw

⇢a
⇢1

!1/2
uw (3)
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Lake number: Stability

Wind Stresses

Stratification and Wind

Internal Waves

• Stratification is evolving over short 
time scales

• Power spectra not ideal for non 
stationary signal

• Use wavelet analysis to determine 
evolution of frequencies of interest

Pulse Coherent Aquadopp

• In the thermocline (9m) on shallow slope (0.5o)
• 2 MHz HR Aquadopp
• Along-beam in 4 cm bins
• 1024 samples at 8 Hz every 10 minutes
• Upward looking, range ~1.5 above bed

Structure Function 
Method for turbulence, 
following Wiles et al. 
(2006)

Aquadopp© Profi ler
The Aquadopp® Profi ler measures water column current profi les using acoustic Doppler 
technology. Designed for a wide range of applications from coasts to rivers, the Aqudopp® 
Profi ler is a small, lightweight, and cost-eff ective solution for shallow water (<100 m) 
deployments. It can be deployed on the bottom, on a buoy, or on a mooring line. The profi ler 
is a complete system and includes all parts required for a self contained deployment with 
internal batteries and a data logger. Additional confi gurations are available for online data 
communication.

www.nortek-as.com
True innovation makes a difference

Nortek AS

Vangkroken 2

1351 Rud, Norway

Tel: +47 6717 4500

Fax: +47 6713 6770

E-mail: inquiry@nortek.no

CURRENT AND WAVE MEASUREMENTS IN  THE OCEAN,  LAKE AND LABORATORY

• Surface to bottom velocity profi les• Profi ling ranges from 0.5 to 90 m• Online data communications• Small, light, easy to deploy• Great value

Nortek
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Second order structure function:
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where ⇢a is the air density, CDw is the wind drag coe�cient, and uw is wind speed. The169

drag coe�cient was computed with the formulas from Wüest and Lorke [2003]. The wind170

speed is typically taken as the velocity 10 m above the water. A Lake number of 1 implies171

upwelling conditions. Low Lake numbers (LN < 10) indicate that the wind stress is su�-172

cient to generate wind setup throughout the water column [Imberger and Patterson, 1989].173

A 4-hr moving average of the meteorological and thermistor chain data from the LDS were174

used to compute the Lake number, which corresponds to approximately 1/4 of the average175

theoretical period for the V1H1 seiche during the course of the measurements (16 - 17 hours)176

and is the theoretical amount of time required for wind setup to occur. The temperature pro-177

file was interpolated onto a 1 m grid to match the hypsograph. Given the thick metalimnion178

with a non-constant buoyancy frequency, finding the depth of the thermocline to use in the179

Lake number formulation is not obvious. The region of highest temperature gradient is di-180

rectly below the well-mixed surface layer; computing the Lake number using this depth will181

most likely underestimate the Lake number. Instead, the depth of the thermocline was deter-182

mined by finding the depth of the maximum amplitude of the first vertical mode seiche. as183

this would be the depth around which the lake will oscillate.184

2.3 Internal waves185

2.4 Turbulence186

The time series of the rate of dissipation of turbulent kinetic energy was computed using the187

structure function method developed by Wiles et al. (2006). This method uses the spatial188

correlations of velocity along a beam to estimate the dissipation as189

"(z) =
(D(z, r) � N (z))3/2

C3
⌫r

(4)

where D (z, r) = (v0 (z) � v0(z + r))2 where the overbar denotes a temporal average, z is190

the normal distance from the boundary, r is the separation between the two points in the tur-191

bulent field, where N (z) is the noise variance, C⌫ is a constant approximately equal to 2.1,192

and v0 is the turbulent velocity fluctuation. Two other methods were initially investigated: fit-193

ting a logarithmic velocity profile to the measurements to estimate dissipation and using the194

inertial subrange of the spectrum of the turbulent velocity fluctuations. A clear logarithmic195

boundary layer was not apparent in many of the profiles, so that method proved to be un-196

sound. The weakness of the inertial subrange fitting method is that using the beam velocities197

for spectral analysis is limited because no direction is defined as streamwise and the theoret-198

ical turbulent spectrum has a di�erent constant for the streamwise direction. As Lorke and199

Wüest(2005) noted, the directional uncertainty leads to uncertainty of up to a factor of 0.65200

in their estimates of the dissipation rate, but Lorke (2007) compared the inertial subrange fit-201

ting method and the structure function method and found good agreement between the two.202

As the structure function method has successfully been used in the oscillatory bottom bound-203

ary of a lake (Lorke 2007, Lorke et al. 2008), we use that method here.204

As in Wiles et al. (2006), D was computed from a central di�erence over three bins; thus205

with 5 cm bins, along the beam r was approximately equal to 11 cm. The values of D in a206

bin were squared and averaged over each burst for each beam. Because the noise variance207

has been shown to be a function of depth (Gordon et al. 1999), the noise variance for each208

bin in each beam for each data set was determined. Following Gordon et al. (1999), the noise209

level was determined by visual inspection of the spectra of the fluctuating velocity. Given the210

large number of individual spectra (approximately 100,000), each spectrum was not evalu-211

ated. Instead five arbitrary bursts from each data set were chosen, and the noise level in each212

bin of each beam was chosen manually. The log of the five noise estimates for each bin were213

then averaged and a mean noise level of 10 raised to this mean was determined. The noise214

level was then multiplied by the bandwidth of the spectra (4 Hz) to determine the noise vari-215
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D is related to dissipation rate:
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where ⇢a is the air density, CDw is the wind drag coe�cient, and uw is wind speed. The169

drag coe�cient was computed with the formulas from Wüest and Lorke [2003]. The wind170

speed is typically taken as the velocity 10 m above the water. A Lake number of 1 implies171

upwelling conditions. Low Lake numbers (LN < 10) indicate that the wind stress is su�-172

cient to generate wind setup throughout the water column [Imberger and Patterson, 1989].173

A 4-hr moving average of the meteorological and thermistor chain data from the LDS were174

used to compute the Lake number, which corresponds to approximately 1/4 of the average175

theoretical period for the V1H1 seiche during the course of the measurements (16 - 17 hours)176

and is the theoretical amount of time required for wind setup to occur. The temperature pro-177

file was interpolated onto a 1 m grid to match the hypsograph. Given the thick metalimnion178

with a non-constant buoyancy frequency, finding the depth of the thermocline to use in the179

Lake number formulation is not obvious. The region of highest temperature gradient is di-180

rectly below the well-mixed surface layer; computing the Lake number using this depth will181

most likely underestimate the Lake number. Instead, the depth of the thermocline was deter-182

mined by finding the depth of the maximum amplitude of the first vertical mode seiche. as183

this would be the depth around which the lake will oscillate.184

2.3 Internal waves185

2.4 Turbulence186

The time series of the rate of dissipation of turbulent kinetic energy was computed using the187

structure function method developed by Wiles et al. (2006). This method uses the spatial188

correlations of velocity along a beam to estimate the dissipation as189

"(z) =
(D(z, r) � N (z))3/2

C3
⌫r

(4)

where D (z, r) = (v0 (z) � v0(z + r))2 where the overbar denotes a temporal average, z is190

the normal distance from the boundary, r is the separation between the two points in the tur-191

bulent field, where N (z) is the noise variance, C⌫ is a constant approximately equal to 2.1,192
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boundary layer was not apparent in many of the profiles, so that method proved to be un-196

sound. The weakness of the inertial subrange fitting method is that using the beam velocities197

for spectral analysis is limited because no direction is defined as streamwise and the theoret-198

ical turbulent spectrum has a di�erent constant for the streamwise direction. As Lorke and199

Wüest(2005) noted, the directional uncertainty leads to uncertainty of up to a factor of 0.65200

in their estimates of the dissipation rate, but Lorke (2007) compared the inertial subrange fit-201

ting method and the structure function method and found good agreement between the two.202

As the structure function method has successfully been used in the oscillatory bottom bound-203
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with 5 cm bins, along the beam r was approximately equal to 11 cm. The values of D in a206

bin were squared and averaged over each burst for each beam. Because the noise variance207
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bin in each beam for each data set was determined. Following Gordon et al. (1999), the noise209

level was determined by visual inspection of the spectra of the fluctuating velocity. Given the210

large number of individual spectra (approximately 100,000), each spectrum was not evalu-211
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Constant = 2.1

rate e of the turbulent regime containing the turbulent eddies
as [Gargett, 1999]

e ! s03

r
ð3Þ

i.e.

D z; rð Þ ¼ C2
v e

2=3r2=3 ð4Þ

where Cv
2 is a constant, which in atmospheric studies has

been found to be between 2.0 and 2.2 [Sauvageot, 1992].
[8] Equation 4 will hold for values of r within the inertial

sub-range, i.e. lK% r% lOwhere lK is the scale of dissipation
(Kolmogorov microscale) and lO is the vertical scale of the
largest energy containing eddies (Ozmidov scale in stratified
flow).

2.2. Data Processing

[9] For each acoustic beam the along beam component of
the water velocity is estimated from the Doppler shift in the
return signal for a series of heights above the transducer. The
water column is divided into depth bins and the along beam
velocity is calculated for each bin from a 1 or 2 second
ensemble average (depending on the dataset). The time series
for each bin is then averaged over a period long enough to
give statistical reliability but short enough that the time
series can be assumed stationary. For the instrument setup
and semidiurnal tidal conditions at the locations of interest, a
10 minute averaging period is selected. The temporal mean
is then subtracted for each bin, leaving the turbulent velocity
fluctuations, v0.
[10] A ‘centered difference’ technique is then used to

obtain the turbulent velocity difference for each height bin
of each acoustic beam. The turbulent velocity differences are
squared and then averaged over 10 minutes to obtain D(z, r)
(from Equation 1). Differences between adjacent bins are
discarded as the velocities are not totally independent as a
consequence of the weighted average used in the RDI ADCP
signal processing software [RDInstruments, 1996]. The fun-

damental limitations on r at the lower end is the Kolmogorov
microscale (i.e. for a low limit of dissipation of 10&6 W m&3,
the Kolmogorov dissipation scale is '5 ( 10&3 m, i.e. more
than an order of magnitude smaller than the smallest possible
bin size using current coherent Doppler technology). At the
upper end the limitation is the Ozmidov scale (in a stratified
environment) and theminimum distance to the boundary (in a
homogeneous environment). The value of r

2=3 fitted to the data
is limited to a length comparable to the largest eddies in the
inertial subrange. To examine the sensitivity of the technique
to the maximum value of r, the data was tested with a number
of maximum values for r, ranging from 4 to 12 m (in the
vertical). The results of this sensitivity analysis show a small
increase in estimates of ewith increased r by!10% per metre
for the up and downstream beams, and by!4% for the beams
oriented transverse to the mean flow. In a stratified environ-
ment, estimates of e would be expected to decrease as r
approaches the Ozmidov scale. However, in a well mixed
environment such as those studied here, the greater vertical
averaging increases the accuracy of estimates of e.
[11] The mean squared velocity difference D(z, r) is then

fitted to an equation of the form,

D z; rð Þ ¼ N þ Ar2=3 ð5Þ

(see Figure 1) in order to find a value for A. N is an offset
which represents an uncertainty due largely to inherent
Doppler noise and other errors in the ADCP velocity
estimates (or due to non-turbulent velocity fluctuations, e.g.
waves). Assuming that the uncertainties in the along beam
velocities can be accounted for by a variance, sN2 , which is
independent of height, then the noise will be independent of
the range r and the offset will be N = 2sN2 . The uncertainty in
the ADCP estimates will be dependent on the system
frequency, number of pings, bin size and other system
variables.
[12] Defining coefficient A as;

A ¼ C2
v e

2=3 ð6Þ

(where Cv
2 = 2.1, a value used in radar meteorology

[Sauvageot, 1992]) from which e is readily obtained, thus
providing estimates of e and the uncertainty in the along
beam velocity estimate (N = 2sN2 ).

3. Results

[13] The first data set was collected from Red Wharf Bay
off the north coast of Anglesey at a site (53!22.80N,
4!12.50W), where the water depth ranged from 19 m at low
water to 25m at highwater, and there is a rectilinear tidal flow
and maximum currents of order 1 m s&1. The water column
was homogeneous throughout most of the observational
period with weak stratification in the upper part of the water
column around low water. The location was selected as
having a flat bottom and being far from any major topo-
graphic features so that, to a first order, a local equilibrium
between the rates of production and dissipation of TKE can
be assumed (i.e. e ' P).
[14] A self contained 1200 kHz RDI workhorse ADCP

deployed on a rigid bed frame was set up with a 1 m vertical
bin size and ‘pinged’ at a rate of 2Hz. The data were ensemble

Figure 1. The r2/3 fit on along beamADCP data. The dotted
lines are the polynomials from equation 5 fitted to along
beam velocity data from a 2s ensemble (bold lines). The
x-intercept relates to the variable N from Equation 5, which
accounts for the inherent Doppler noise in the velocity
measurement. The upper line has a greater slope than the
bottom line and therefore gives a higher dissipation estimate.
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2 Methods110

2.1 Experiment111

A thermistor chains and a Lake Diagnostic System (LDS) manufactured by Precision Mea-112

surements Engineering were deployed in West Okoboji Lake, near Arnold’s Park, Iowa (USA).113

A Nortek HR Aquadopp, a high resolution pulse coherent acoustic Doppler current profiler,114

was placed on a slope in the metalimnion of the lake at 9.0 m depth from 26 June - 3 July115

2009. West Okoboji Lake 1 has a surface area of 15.6 km2, a length of 9 km, a mean depth116

of 12 m, and a maximum depth of 41 m. The lake consists of a main, long, deep basin, with117

three shallow embayments on the south side of the lake; the measurements were all made in118

the main deep basin. The main basin is aligned with the primary wind direction, with a steep119

slope (10%) on the south end and a mild slope (0.5%) on the north end (where the Aquadopp120

was placed). There are of 61 km2. The outflow occurs through a 3 m deep channel in the bay121

on the east side.122
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Figure 1. Bathymetric map of West Okoboji Lake with contour intervals in 5-m increments and the loca-
tions of the instrumentation.

123

124

The LDS is a meteorological station with an attached thermistor chain that was moored in125

the lake in a water depth of 30 m for the entire summer. The LDS measures wind speed and126

direction, solar radiation, net radiation, relative humidity, and air temperature. To determine127

the wind forcing on the lake, the wind speed and direction were measured approximately 2.5128

m above the water surface by a propeller anemometer and a wind vane, respectively, both by129
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Average thermocline power spectrum of 

whole time series reveals strong daily forcing, 

which masks V1H1 frequency.

There is a peak in the critical frequency at the 
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