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Flow regime and turbulence characteristics in a hypolimnion of Lake Ontario 
are determined using time series current measurements from a vertical string of 
moored current meters and a bottom mounted Acoustic Doppler Current Profil- 
er (ADCP). The diffusion and turbulent structures of the water column are para- 
meterised in terms of horizontal exchange coefficients for momentum (K, and 
Ky) during these deployments. The analysis suggests that the structure of the tur- 
bulent fluctuations is isotropic. The kinetic energy and horizontal exchange co- 
efficients decrease with depth. The mean flow at all moorings appears to be 
strongly correlated with the zonal surface wind stress. Fifteen to twenty metres 
above the bottom, the flow is marked by an increase in kinetic energy, turbu- 
lence intensities, and eddy viscosity coefficients. Strong episodic wind impulse 
decreases horizontal exchange coefficients through the water column but proba- 
bly enhances the vertical mixing due to increase in current shear. It is suggested 
that the associated current-induced sediment resuspension may contribute to the 
establishment and maintenance of a Nepheloid layer in Lake Ontario. 

Introduction 

Horizontal exchange of heat, energy, and momentum occur at  scales generally much 
larger than vertical exchanges, given the large horizontal lengths of natural basins 
compared to their depths. This has prompted many researchers to de-couple hori- 
zontal transfers from vertical ones, considered small scale turbulent processes, even 
though horizontal and vertical processes interact. Numerous dye studies and tracer 
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experiments conducted to determine the diffusion characteristics of the water col- 
umn also show that the vertical exchange coefficient is much smaller than the hori- 
zontal counterparts (Greg 1980). These studies also indicate that, despite the spread 
in values of these exchange coefficients over several orders of magnitude, the hori- 
zontal coefficients generally decrease as one goes from the epilimnion to the hy- 
polimnion (Okubo 197 1). The circulation in lakes and oceans is composed of com- 
plex eddy motions of varying scales, superimposed on the mean flow. These differ- 
ing scales of motion are responsible for the variability in measured values of ex- 
change coefficients. 

Vertical mixing in the hypolimnion is believed to be weak (Boyce et al. 1991 ; Im- 
berger and Ivey 1991) but plays an important role in lake ecosystems. Imberger and 
Ivey (1991) stipulated that the energy source for sporadic vertical mixing in this lay- 
er is due to breaking of internal waves which convert wave kinetic energy into po- 
tential energy. A direct indication of mixing in the hypolimnion of deep lakes is the 
existence of the Nepheloid layer. Nepheloid layers are ubiquitous to many oceans 
and deep lakes. They are layers above the bottom where light scattering is maxi- 
mum. Suspended particles in these layers originate from river plumes, continental 
shelf, or primary production (Sandilands and Mudroch 1983). Mixing and breaking 
internal waves contribute to putting and keeping these particles in suspension and 
thus, to sustaining the Nepheloid layer. In Lake Ontario and other Great Lakes 
basins, Mirex, PCBs and other hydrophobic organic contaminants have for years 
been known to accumulate in the biota and the foodchain (Allen et al. 1983; Sandi- 
lands and Mudroch 1983). For this reason, resuspension of toxic bottom sediments 
is an environmental concern and its mechanisms warrant attention. 

Omstedt and Murthy (1994) studied the vertical mixing in Lake Ontario during 
summer using a string of current meters. They observed that current shear in the hy- 
polimnion was strong and responsible for sufficient turbulence to keep particles in 
suspension in the whole Nepheloid layer. However, they have not attempted to study 
the horizontal exchange characteristics in the lake. The purpose of the present work 
is then to investigate the horizontal and vertical turbulent characteristics in deeper 
parts of Lake Ontario during summer stratification with the aid of two different pro- 
filing methods. We further discuss the effect of strong winds in the variability of 
mean and turbulent exchange characteristics in the hypolimnion of Lake Ontario. 
The vertical profiles of horizontal velocities obtained from two different profiling 
methods along with percent transmission measurements, and surface wind data from 
a meteorological buoy have been used for this purpose. The first time series consists 
of half-hour interval Eulerian measurements of in situ water temperature and cur- 
rents (North and East components of velocity) recorded from a vertical string of 9 
moored Niel-Brown current meters deployed from April 15 to October 15, 1992. 
The second data set consists of a time series of Eulerian currents recorded from a 
bottom mounted RD Instrument's broadband Acoustic Doppler Current Profiler 
(ADCP) from September 20 to October 16, 1991. The sampling rate for ADCP ob- 
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Fig. 1. a) Map of Lake Ontario showing the location of the vertical chain and met buoy and 
ADCP and b) mean vertical temperature profiles in spring and summer 

servations is 10 minutes at every 1 m bin. Water transparency measurements were 
made using SeaTech transmissometers (10 cm path length). The half-hourly interval 
time series of transmission in percentage was obtained at depths of 166 and 161 me- 
tres. In addition, a moored meteorological buoy provided 30-minute interval time 
series of wind speed and direction for the duration of the experiment. Fig. 1 a shows 
a map of Lake Ontario with locations of measurements. The mean temperature pro- 
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files during early spring (April) and summer (August) are shown in Fig. 1 b. Spring 
temperatures indicate well mixed nature of the lake. During the summer stratifica- 
tion a well-mixed surface layer extends below 12 m. Below the surface mixed layer, 
the stable thermocline region decreases the temperatures from 18'C to 4.5"C in 
about 25 m. In the hypolimnion layer of Lake Ontario the mean temperatures show 
little variations during summer stratification. 

Theoretical Considerations 

Generally, the diffusion of chemical and biological substances is modelled as if it is 
similar to molecular diffusion i.e., the diffusion rate is assumed to be the gradient of 
concentration multiplied by a factor referred to as eddy diffusivity or turbulent ex- 
change coefficient. Although this approach may yield model-dependent eddy diffu- 
sivity coefficients (Pollard 1975), it has the advantage of being generally simpler 
than self-contained turbulence models reviewed by Rodi (1987). In order to develop 
a relation between the horizontal turbulent exchange coefficient and current fluctua- 
tions, we follow Taylor's (1921) analysis. The dispersal tendencies of the flow are 
parameterised by relating Lagrangian current fluctuations to horizontal Eulerian 
(current meter) turbulence exchange parameters (Gbah and Murthy 1998). The East- 
West components of velocity u, and the North-South current v at time tare hourly av- 
eraged then split into low frequency or means (a and V and high frequency fluctua- 
tions (11 and v'). We used an 18 to 24-hour low-pass filter Graham (1963) to separate 
mean flow and fluctuating currents. 

In a stationary and homogeneous turbulence, the Lagrangian variance can be as- 
sumed to be equivalent to Eulerian variance (u':) (Lumley and Panofsky 1964). Hay 
and Pasquill (1959) also pointed out that the essential difference between Eulerian 
and Lagrangian velocities is that at a fixed point, velocity fluctuations appear rather 
change quickly, as turbulent eddies are advected past the instrument. They have 
shown that the Lagrangian correlation function RiiL(z) and the Eulerian counterpart 
R,(z) have similar shape and differ only by a factor P, where P is an empirical con- 
stant greater than unity. Re(z) = RiiL(Pz). Introducing these assumptions, the hori- 
zontal exchange coefficient in terms of Eulerian statistics can be written as 

Ke = s ( u : ~ ) T ,  (1) 

where Te is the Eulerian integral time scale given as Re(r)dc For oceanic cases, 
Schott and Quadfasel (1979) have determined values of P, a factor somewhat simi- 
lar to 1.4k0.4, based on simultaneous Lagrangian and Eulerian measurements in 
Baltic. We have set P =1 as an average value in our calculations based on previous 
computations in Lake Ontario. The east-west and north-south components of hori- 
zontal exchange coefficients are calculated as Kx and Ky, respectively. The integra- 
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tion is carried out only up to & because the turbulent eddies are assumed to have lost 
their origins beyond these times. As stated earlier, the above theoretical framework 
for calculating horizontal exchange coefficients is stiictly valid in a field of station- 
ary and homogeneous turbulence, which rarely exists in actual lake conditions. 
However, from a practical point of view, a climatology of horizontal exchange coef- 
ficients can be established from a long time series of current meter data in actual 
lake conditions. The analysis presented in this paper is aimed towards this goal. 

To complete the characterisation of the flow regime, we also calculate the mean 
currents during the summer (UV, the mean temperature 0, the total kinetic energy 8 
the mean flow kinetic energy e, and the turbulent kinetic energy, qgiven by 

[ E , B , ~ ]  =; 6 4 ~ 2 ,  (;12+ (;I2, (PI2+ (TP] ( 2 )  

The intensity of horizontal turbulence is calculated as the ratios 

which measure the magnitude of turbulent pulsations relative to the mean flow ve- 
locity. 

Wind and Current Climatology 

The zonal currents are higher than the meridional components, in accord with obser- 
vations in Lake Ontario (Murthy et al. 1986). The time variability of wind stresses 
and currents at various depths is shown in Fig. 2 by their 12-hour zonal averages. 
East-West wind and current variations tend to be strongly correlated at all mooring 
depths. This strong correlation indicates that currents at all depths respond directly 
to, and are affected by large scale variations of the zonal surface winds. Episodes of 
strong easterly wind generate a return flow and induce large bottom currents even 
near the bottom. 

Figs. 3 and 4 show typical kinetic energy spectral density plots of surface winds 
and currents at selected mooring depths. The spectral maximum of winds (Fig. 3) is 
around 12.5 days and corresponds to lake wide meteorological forcing. Low fre- 
quency winds (time scales longer than one day) in the direction parallel to the main 
axis of the lake (East-West) account for most of the kinetic energy in the spectra. 
The energy spectra of currents (Figs. 4a to 4d) show several peaks and valleys 
among which, there is a maximum at about 10-12 days, associated with lake wide 
wind forcing, a smaller dominant peak near 16-1 8 hours, corresponding to the local 
theoretical inertial period of 17.3 hours, a minimum around 30 hours, and several 
smaller high frequency peaks associated with lake breeze. The inertial peak, around 
17 hours, is inherent to all mooring depths and its peak is progressively damped ap- 
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Fig. 2. 12-hour average zonal wind stress and currents from the vertical chain. The vertical 
dashed lines delineate the time period of easterly wind episode. 
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Fig. 3. Kinetic energy spectra of wind stress 

proaching the bottom. The 12-day spectral maximum becomes dominant below the 
mixed layer where it is responsible for the predominant currents. The mixed layer is 
predominantly driven by wind and inertial forces while the hypolimnion derives its 
energy from large scale wind forcing. 

Horizontal Turbulent Characteristics 

The circulation in lakes is composed of complex eddy motions, of varying scales, 
superimposed on the mean flow. An analysis of the entire temperature and current 
time series will reveal an average flow regime for the duration of the whole record, 
in response to the associated synoptic wind forcing. The characteristics of the mean 
flow and fluctuations are presented in Table 1 and Table 2 as a function of depth. 
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Fig. 4. Kinetic energy spectra currents at selected depths. Here, f denotes the inertial fre- 
quency. 

The synoptic mean flow direction is towards the south-west except in the near bot- 
tom where there is a large velocity shear. Csanady (1982) predicts coastal flows par- 
allel to the wind and a return flow in the central basin. The velocity variances and 
turbulence intensities are direction insensitive and suggests near-isotropy of hori- 
zontal turbulence in both type of measurements. The root mean square (rms) values 
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Table 1 - Summary of flow characteristics measured from the vertical current meter chain. 

Depth U V rms u' rms v' 9 
m c d s  c d s  c d s  c d s  ("C) 

Table 2 - Summary of flow characteristics measured from the ADCP. 

Depth U V rms u' mv' 
m crn/s c d s  c d s  anS 

of velocity fluctuations are highest near the surface due to wind and inertial motions, 
and decrease with depth. 

Graphs of the components of kinetic energy for the current meter data as a func- 
tion of depth are shown in Fig. 5a. The kinetic energy is maximum in the upper 
mixed layer, owing to the direct effect of surface wind forcing, then decreases with 
depth and reaches a local maximum at 15 to 20 metres above the bottom. As a result, 
32% of the total kinetic Energy, E is in the upper layers whereas, only 2-3% in the 
bottom layer. The existence of this local maximum could be due to large horizontal 
velocities associated with a return flow in the central part of the basin (Csanady 
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Kx, Ky (1 E4 cmYs) 

Fig. 5. Various components of a) kinetic energy and b) horizontal exchange coefficients of 
the current meter chain. 
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1982). These large current speeds in the bottom layers generates shear induced ver- 
tical mixing in the hypolminion layer. Epilimnion mixing due to the influence of sur- 
face winds and breaking internal waves may also contribute to this maximum 
through vertical turbulent mixing processes. Plots of the horizontal exchange coeffi- 
cients, Kxand Ky as a function of depth are shown in Fig. 5b. It is clear from this fig- 
ure that the horizontal exchange coefficients are direction insensitive, Kx= Ky = & 
because of turbulence isotropy. The current meter data shows the horizontal ex- 
change coefficients are one order of magnitude larger near the surface and decrease 
rapidly with depth. In the hypolimnion, they continue to decrease slowly with depth, 
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Fig. 6. Various components of a) kinetic energy and b) horizontal exchange coefficients for 
ADCP data. 
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except in the last 10 metres above the bottom where they drop rapidly. 
A finer spacing between depths, as given by an Acoustic Doppler Current Profil- 

er data would considerably improve these estimates. Figs. 6a and 6b shows the com- 
ponents of kinetic energy and horizontal exchange coefficients as a function of depth 
for ADCP data. Although energy levels obtained from ADCP data are similar to cur- 
rent meter data, the local maximum above 20 m from bottom is not observed in 199 l 
data. The magnitude of the components of kinetic energy levels and exchange coef- 
ficients are approxitnately in the same range of current meter measurements. 
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Fig. 7. a) Exchange coefficients Kx, and Ky during the strong easterly wind episode and b) 
vertical current shear (11 s) in the bottom layer for synoptic conditions and easterly 
wind episode 

Vertical Mixing Induced by the Nepheloid Layer 

Light intensity I(z) over a path length zis given by 

where a is the attenuation coefficient in m-1 and I(0) is the light intensity at the 
source. From Eq.(4), the attenuation coefficient is given as 

where Tis the percentage of I(0) transmitted over the path length z The attenuation 
coefficient a is directly proportional to the sediment concentration (Bartz et al. 
1978; Zaneveld et al. 1980; Spinrad 1986). An increase of mixing in the water col- 
umn should translate into an increase in a. We will use a as an indication of sedi- 
ment flux and mixing effects in the water column. 

As observed in Fig. 2, the hypolimnion layer clearly responds to the strong and 
persistent zonal wind impulse from Auylst 27 to September 7, 1992. But in the syn- 
optic analysis, effects due to such short time scale events are smoothed out and only 
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large scale flow features are inferred. To assess the diffusion characteristics of the 
water column and the flow regime during such persistent short term meteorological 
events, an episodic analysis was deemed necessary. This analysis stands to give an 
indication of the effects of the associated wind forcing. 

Fig. 7a shows the exchange coefficients as a function of depth during this easter- 
ly wind episode. The horizontal exchange coefficients are reduced in comparison to 
the synoptic wind conditions (Fig. 5b). The strong wind impulse seems to inhibit 
horizontal exchanges as fluctuating currents decreased. Omstedt and Murthy (1994) 
observed that under weak stratification in the hypolimnion the current shear can en- 
hance the vertical turbulence. During this episode although fluctuating currents de- 
creased, we observe an increase in zonal currents in the hypolimnion. Fig. 7b shows 
the profiles of vertical current shear in the bottom layers during synoptic conditions 
and the easterly wind episode. Close to the bottom the shear is significantly higher 
and decreased sharply within 10 m from the bottom during the whole period. This 
indicates bottom induced turbulence is confined to near bottom layers. However, 
during the easterly wind episode the current shear increased considerably till 20 m 
above the bottom, thus enhancing the vertical mixing. The transmissometer data for 
this period also indicates a steady increase in the light attenuation coefficients as 
seen in Fig. 8. As mentioned above, since the attenuation coefficient is linearly cor- 
related with sediment concentration, it is reasonable to expect an increase in sedi- 
ment concentration. The vertical current shear in horizontal velocities could be a 
possible mechanism for sediment resuspension, and will contribute to the formation 
and maintenance of a Nepheloid layer under such persistent easterly wind. 

Summary 

The analysis of Eulerian time series of temperature and currents from a vertical 
string of nine moored current meters and a bottom mounted ADCP in the centre of 
Lake Ontario provided the structure of the flow and horizontal turbulent exchanges. 
It has been observed that zonal currents are higher than meridional components sup- 
porting the earlier observations (Csanady 1982; Murthy et al. 1986). Further, this 
study shows that the currents in the hypolimnion are directly influenced by large 
scale wind forcing over the lake. 

The horizontal exchange characteristics of the water column are parameterised 
with two horizontal exchange coefficients for momentum (K, and 5). Owing to the 
direct effect of surface wind forcing, the kinetic energy is one order of magnitude 
higher in the epilimnion and decrease with depth supporting the earlier studies (Om- 
stedt and Murthy 1994). This study further confirms that the horizontal exchange co- 
efficients also decrease with depth, however, they are slightly increased to a maxi- 
mum at 20-30 metres above the bottom where internal vertical mixing becomes 
dominant. The horizontal velocity fluctuations and turbulence intensity coefficients 
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Fig. 8. Zonal wind stress and light attenuation coefficients associated with the easterly wind 
episode. 
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indicate near-isotropy of horizontal turbulence in the hypolimnion. A persistent east- 
erly wind impulse is shown to inhibit horizontal mixing and enhance the vertical 
mixing in the hypolimnion layer of Lake Ontario. These observations suggest that 
current-induced vertical mixing associated with significant wind events could be re- 
sponsible for the resuspension of toxic bottom sediments and may contribute to the 
formation and maintenance of a Nepheloid layer. 
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