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MANAGEMENT PERSPECTIVE 
The western Lake Ontario shore is rapidly becoming one - 

continuous urban community and heavily depends on the lake for 
drinking water and discharge Municipal Waste Water Effluents 
(MWWE). Characterising the properties of the nearshore receiving 
waters to which MWWE is discharged is the first step to assess the 
non—deleterious nature of the pollutants and thus develop 
sustainable strategies for the protection, restoration and 
conservation of the western Lake Ontario coastal ecosystem. 
Climate induced episodic events are largely responsible for 
dispersing and.excha_nging MWWE discharged into the nearshore 
areas of western lake Ontario. When the lake is thermally stratified 
during the summer months upwellingldownwelling of coastal waters 
generate intense mixing of nearshorewater masses with the 
offshore of the lake. This paper systematically parametrizes the 
nearshore currents and turbulent mixing processes for developing 
coastal outfall transport models for MWWE originating from 
townships in the Halton, Hamilton and Oakville regions. The results 
are based on sound physical limnological principles and therefore 
general to be applied to manage MWWE in other coastal areas of 
the great Lakes



Courants littoraux et processus d’échange turbulent au cours de 
la remontée et de la plongée des eaux dans Ie lac Ontario 
Y.R~. Rao et C.R. Murthy

E 

PERSPECTIVES DE GESTION 

La rive occidentale du lac Ontario est en trai_n de se transformer rapidement en 
’ une vaste communauté urbaine qui dépend principalement du lac pour 
s’approvision,ner en eau potable et pour‘ déverser ses effluents d’eau résiduelle 

urbaine. La caractérisation des propriétésdes eaux réceptrices du littoral dans 

lesquelles sont déversés ces effluents constitue la premiere étape permettant 
‘ 

d’évaluer la nature non délétere de ces polluants et d’élabo'rer des stratégies 

durables pour la protection, la. remise en état et la conservation de Pécosysterne 
du littoral du lac Ontario. Les événements épisodiques générés par le climat sont 

en grande partie responsable de la dispersion et de l"échange des effluents d’eau 

résiduelle urbaine déversés dans les zones littorales de la part_ie occidentale du 

lac Ontario. Lorsque le lac est thermiquement stratifié durant les mois d’été, la 

remontée et la plongée des eaux littorales font que les masses d’eau du littorale 
sont intensément mélangées avec l’eau extracotiere du lac. Le present document 
met systématiquement en parametres les courants d'u' littoral et les processus 
d’échange turbulent en vue d’éla_borer des modeles de transport des exutoires 
cétiers destinés aux effluents d’eau résiduelle urbai_ne provenant des cantons 
situés dans les régionsde Halton, de Hamilton et d’Oakville. Les résultats sont 

bases sur des principes limnologiques et physiq_ues solides et, par consequent,
A 

généraux, que |’on peut appliquer a la gestion des effluents d’eau résiduelle 
urbaine dans autres regions littorales des Grands Lacs;



RESUME 
La circulationlittorale et_ les processus d’échange au cours de la stratification 
estivale et certains événements épisodiques, tels que la‘ remontée et la plongée 
des eaux, ont été étudiés a l’aide de données chronologiques sur la vitesse 
horizontale et les profi_ls de la température collectées dans le lac Onta_rio. Le pic 
primaire de l’énergie spectrale des courants et de la température enregistré au 

cours de la saison estivale se situe dans un interval de 10 av 12 jours 
correspondant a une réaction a grande échelle du lac attribuable au forcage 
météorologique et a la propagation des ondes internes de Kelvin. Un pic 
seconfdaire del’énergie spectrale des courants littoraux se situe pres de la bande 
de fréquen/ces inertielle. Chaque épisodes de remontée et de plongée des eaux 
le long de la partie occidentale du lac durent environ de 4 a 6 jours sous 
l’influence des vents dominants. Les courants associés aux cycles de plongée 
sont légérement plus forts que ceux lies‘ aux cycles de remontée. Bien que 
l’énergie cinétique associée aux courants littoraux est généralernent plus élevée, 
le débit translittoral montre une énergie plus élevée aux niveaux moyens et 
inférieurs au cours de ces episodes.‘ Les coefficients d’échange horizontal le long 
du littoral sont généralement plus élevés que la composante translittorale. 
Cependant, durant Ies épisocles de remontée des eaux_,Jles coefficients 
d’échange horizontal sont moins élevés dans les couches superficielles et 
augmentent dans les couches basales. Les remontées sont caractérisées par 
une stabiité statique faible et un cisaillement du courant vertical réduit dans les 
couches superficielles. Les couches pres du fond du lac sont affectées d’une 

‘ turbulence intense qui est‘ associée ‘a un accroissernent du cisaillement du 
courant vertical. Au cours des plongées des eaux accompagnées de la migration 
et de l'intersection du thermocline avec le fond du lac, Ies coefficients d’échange 
vertical sont relativement petits en raison d"une faible turbulence.
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Nearshore currents and turbulent exchange processes during 
upwelling‘ and downwelling events in Lake Ontario 
Y. R. Rao and C. R. Murthy 
National Water Research institute. Canada Centre forlnland Waters. Burlington) Ontario.- Canada 

Abstract, The nearshore circulation and exchange processes during summer suatification 
and certain episodic events like upwelling and downwelling have been exam§i_I.1¢d. Using ‘<1 

time series data of horizontal velocity and temperature profiles in Lake Ontario. The primary 
peak of spectral energy of currents and temperature for the summer season is located at a 
period of 10-12. days corresponding to the large-scale response of the lake due to 
meteorological forcingand the propagation of interngl Kelvin waves. A secondary peak of 
spectral energy of coastal currents is situated near the inertial fiequency band. Each 
upwelling and downwelling episode along the western Lake Ontario has lasted for nearly 4-6 
days under the influence of prevailing winds. Currents associated with downwelling cycles 
are slightly stronger than currents associated with upwelling events. Although the kinetic 
energy associated with alongshore currents is generally higher, cross:-‘shore flow exhibited 
higher energy at middle and lower levels during these episodes. The alongshore horizontal 
exchange coefficients are generally higher than the cross-shore component. However, during 
upwelling’ episodes, horizontal exchange coefficients are reduced in the surface layers and 
increased in the bottom layers. Full upwelling events are characterized with weak static 
stability and reduced vertical current shear in surface layers. Near bottom layers are affected 
by iirjitensxe turbulence associated with increased vertical current shear. During downwelling 
events with migration and intersection of the thermocline with the bottom, vertical exchange 
coefficients are relatively small due to weak turbulent activity. 

1. Introduction 
The coastal zones of large lakes and occans are the areas of 

most immediate concern to the general public. Understanding 
the circulation and mixing in the nearshore region is very 
important for the loading, pathways, and fate of pollutants in 
lakes and for locating water intakes and waste water treatment 
plants. The nearshore area of lakes can be characterized from 
the shore to ~10 offshore as a boundary layer within 

‘ 
which the midlalce motions adjust to the presence of the 
shores‘ [Csanady, I972]. Many field experiments conducted 
on the Great Lakes have shown a variety of ci_rcul_ation 
features associated with meteorological forcing, stratification, 
and topography [Boyce et al., 1989]. Upwelling or 
downwelling of the thermocline in coastal waters affects the 
mixing and transport of contaminated waters in the nearshore 
zone and brings nutrient-.ri_ch subsurface waters to surface 
levels. During changeovers from upwelling to downwelling, 
there may be appreciable m_ass of inshore water exch_anged 
with offshore water. 

_n 

The theory of wind-induced upwelling in large lakes 
contains two basic elements. The first element concerns with 
the forcing of coastal upwelling by local winds, which causes 
the surface layer to‘move to the right of the wind due to the 
Coriolis force. The second aspect deals with the pattern of 
upwelling and downwelling of isotherms, once established by 
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due to the complications introduced by basin shape and 

the wind, that propagates around the lake. The wind-‘induced 
the:-mocline excursions display a wa_ve-like variation along 
the shore. A thennocline wave of this type is confined to a 
narrow strip of the coast and is known as an internal Kelvin 
wave. They usually" propagate at the speed of gravity waves 
near density interfaces, but owing to the Coriolis force they 
are trapped near the shore. The alongshore propagation of 
warm and cold water alter a major upwelling event has been 
observed many times in the Great Lakes [Mortimer, 1977; 
Simon: ar‘r'd.Sc}rertze‘r", 1989]. 

The nature of the dynamics of nearshore currents during 
upwelling and downwelling situations is studied in the Great 
Lakes using both field observations and theoretical models 
[Csanady and Scott, I974; Blanrofi, 1975; Simons and 
Schertzei-, 1989; Belestky er al., 1997]. However, the role of 
upwelling and downwelling events in the dispersion of 
coastal effluents is not studied in great detail mainly because 
of the lack of detailed measurements. There are a few studies 
describing the role of these events in the transport of fine- 
grained material, particularly in the bottom neph_loid layer 
[I-Iawley and Murthy, 1995; Leeand Hawley, 1.998]. 

The westem Lake Ontario shore is rapidly becoming one 
continuous urban community that heavily depends on the lake 
for drinking water and discharge of wastewater. Although 
substantial advances have been made in the regulation of 
outfall location and permissible effluent quality, the ever 
increasing total volumes of waste water heighten the need to 
understand coastal physical processes in much more detail 

bathymetry at the western end of the lake. I-_l_is_torica_l current 
and temperature data show periods of current stagnation, high
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Figure 1. Map of the westem Lake Ontario basin showing locations of the measurement sites. 

variability oi‘ currents, and frequent episodes of u'pw’e1liiig_a‘nd 
downwelling during the summer. '

' 

The main objectives of’ this paper are then to study the 
variability and dynamics of nearsh_ore currents and to 
calcula_t_e horizontal and vertical mixing characteristics of 
western Lake Ontario during surnrner_str_atifiAed season in 

particular during upwelling and downwelling events. 

2. Experimental Data 

During 1996 and i997 an extensive field measurement 
program was ““d°“3k°“ by the National Water Research 
Institute (NWR1) i“ the Wéstcrn part of Lake Ontario in the 
nearshore area off Burlington and Hamilton (western Lake 
Ontario basin. Figufc l)- A5 a part of this field program, two
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Table l.: Mooring 'De'plo‘y1nen‘t Periods. Types of 
Measurements and Water Depths at Moonng Stations From 
June 24 to September 2, I997 - 

lnstrurnenvt Type Station / Angle of Bbtiotri“ 
lnstmment Rotation Depth . 

Depth‘ , m From North in 
' 

to Shoreline. 
. den 
SACM-3 current ll 9 0.0 |5.7 
and t_erript:r'ntt;t're 5/12 167 l 2.5 

4/25‘ 0.0 23.4 
3/3 43.5 l2.7 
9/‘) -82.5 l0.2 

ADC? -1200 l_<Hz 2/ (2-15) 0.0 l6.2 
(bottom-mounted) 3/ (33-47) 0.0 48. I 

vertical profile of 
horizontal currents 
thermistor string 4 / 20 - 28,-: 

8 /'40 - 48.1 
Winds (‘+4 ml 8/ ($4) ,, 0.0 -'l8.l 

‘Depth ranges froim A'DCP'rntfas'uret'riénis at I in interval. 
and winds 4 m above the surface. 

1200-kl-lzv broadband acoustic Doppler current profiler 
(ADCPs) by RD Instruments were deployed and continuous 
velocity profiles from June 24 to September 2, 1997 have 
been gathercjd. At station 2, velocity profiles were ob_t_ained at 
l m intervals from 14.3 to 2.3 in, while at station 3 the ADCP 
velocities were obtained from 46.4 to 33.4 m. The ADCP uses 
a pair of broadband encoded pulses to measure velocity 
throughout the water column. The data collected in each 
depth cell were hourly averaged for this analysis. The data 
screening ensures data quality and utilizes a broadband 
processing parameter in which the error velocity" is <l cm s‘ 
prior to temporal averaging. The long-term accuracy of 
velocity profiles obtained from broadband ADCP are of the 
order of :0.2%. In addition to two ADCPS seven Smart. 
Acoustic Current Meters (SACM-3) were also deployed 
during this period to record current velocities and water 
temperatures at other locations. Five of them have returned 
good quality data for the whole period. SACMS have been 
extensively used in Lake Ontario studies, whose speeds are 
aclcurate to 0.5 cm s" with a lower threshold value of 0.2 cm 
s . 

Temperature profiles were obtainejd from two thcnngsmr 
strings located at stations 4 and 8. Data were recorded at 20. 
and 30-min intervals at stations and 8, respectively; The 
temperature data are accurate to the order of 0.l°C. Further, 
we have used ship-based temperature measurements obtained 
from three transects during certain periods. Owing m the 
complicated nature oflocal topography, the orientation of the 
local shorc_l_inc differs at each current meter location. 
Accordingly the alongshore and cross-shore cornpo’ne'nt"s of 
cu_rrcnt velocity at SACM stations were resolved after taking 
local shore line i_nt_o consideration. Table l shows the 
tlcploymcnt locations and depths, the angle of rotation from 
north, and the type ofmeasurcrnents at the study site. 

The variability of nearshore currents is determined by 
prevailing winds ovcr Lake Ontario [Csqrrady and Scott, 
I980]. During this experimental program a meteorological 
buoy was deployed near the offshore ADCP station. 
Therefore the wind measurements at station 8 have been taken 
as a representative meteorological forcing during‘ this period. 
The wind stress was obtained from the quadratic law given as 
1- ’=¢paCd l Wl W, where pa = 1.2 kg m'3 is air density and W 
is wind velocity. In general, drag coefficient Cd increases * 

with the wind speed and is estimated as C4 = (0.8 + 0,065 
W)xl0‘3 for lV‘>l in 5-‘ [Wu, 1980]. Figure 2 shows the east- 
wcst (cross-shore) and north-south (alongshore) wind stress 
components (in dyn cm‘2) obtained from hourly wind 
measurements. Here the direction of wind stress points toward 
the reference. 

3. Nearshore Currents and Thermal Structure 
Mean circulation during certain episodic events such as 

thermal bar-, current reversals and upwelling were discussed in 
earlier contributions [B1anron, Gbah and Mu)-thy, 
1998]. However, these studies were based on limited data 
with coarse vertical resolution. In this section, by using a time 
series of horizontal velocity and temperature profiles, we 
describe the variability of coastal circulat‘ion during upwelling 
and downwelling episodes in comparison to the 
circu_la_tion characteristics obtained from June 24 to 
September 2. 1997, data in the coastal zone of western Lake 
Ontario. 
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Table 2':' Upwel_ling and Downwelling Events Alongwithv. Predominant Wind 
Directions During These Episodes 

‘ Dates Julian Episode Predominant Range of i ‘ 

Days Wind Direction Mean Wind 
' 

_ * (Toward) speed, m s" 
July 3- 8, 1997 184-189 upwelling northeast 

’ ' 436 
July’ 23-29, 1997 204-210 downwelling south, southwest 34 

/ Ju_ly 30 to 21 1-215 
V 

upwelling northwest 3-S 
Aug 3. I997 
Aug 4-6, lg9_9_7 2_l6-2l8 downwelling wcsl 3-4 
Aug 8-l2 1997 .219-224 upwelling north-east 3-3.5 
Aug I8-23 1997 2,30-23,5 downwelling west _ 

4-5 
Aug24-28 1997 216-240 _.upv/telling ._north-east 2-3 

The positions of 10-13°C isotherms were used to define 
upwelling and downwelling events in Lake Ontario [Simona 
and Schertz_e_r, 1989]. By taking the position of l0°C isothenn 
its the depth of the therrnoeline we identified upwelling 
(downwelling) events when th_e therrnocline sharply moved 
upward (downward) coinciding with favorable wind 
direction. Table 2 shows approx-i_ma_te start and end of‘ 
upwelling and downwelling events, predominant wind 
direction, and the range of wind speeds during these episodes. 
Figures 3a and 3b show the daily averaged temperature (°C) 
obtained at stations 4'and 8 located at depths of 23.4 and 
46.7 m, respectively. The mean temperature decreases as we 
go to deeper layers. The time series of temperature profiles 

show a variability at a period of 10-13 days. Comparison of 
temperature and wind stress time series reveals that upwelling 
and dpwnwclling events correspond to northeeastward and 
westward winds. Except during strong upwelling and 
downwelling episodes the temperature profiles show a stable 
stratification. 

The kinetic energy spectra averaged over the depth for the 
summer season at ADCP stations 2 and 8 exhibit oscil_lations 
at several frequencies (Figure 4). Both locations show a 
prominent peak corresponding to a period of l0-l2 days. This ' 

was also \observed in other previous studies along the north 
shore [BIanton, 1975] and in the middle of‘ the lake [0m.rtea'_! 
and Mm‘-thy, 1994] and attrib_uted to the large-scale 
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Figure 4. Depth-averaged spectra of cross-shore and alongshore current components atstatiofis 2 and 3. 

meteorological forcing. Also, it has been theoretically shown 
that during stratification the Great Lakes have a 
predominantly baroclinic response in the form of a rotating 
Kelvin wave with an approximate period of 10 days 
[C.ranady, 1972]. The other pronounced peak was located 
close to the inertial period (~17 hours) and dominates the 
higher-fi-cquency band (0.05 to 0.1 cph) at both stations. At 
this frequency band we observe weak oscillations at 14- and 
ll-hour periods due to internal baroclinic seiches. The 
energy falls quite rapidly at offshore location in the high- 
fi"equency band. The spectral minimum observed at 24-30 
hours can be used as a transition between mean flow and 
flujctuations [Mm-thy and Dunbar! 1981]. Hence "we use a 
low-pass filter [Graha_m, 1963] with a cut-off periodicity of 
18-24.hours, which will damp out all inertial and high- 
frequency oscillations from the mean flow. 

Time series of low-pfiass-filtered east-west and north—south 
currents show the flow reversals due to upwelling and 
downwelling events" (Figure 5). During a full upwelling event 
from Julian day (ID) 184 to JD l89, the strong northeastward 
wind stress (l_-1.5 dyn crn'2) raised the thermocline to the 
surface. The "near-sur/face temperatures dropped by nearly 10- 
ll°C from 18°C within a period of 12 hours. During this 
period. surface currents were predominantly eastward. The 
net alongshore currents were relatively small coinciding with 
weak Stratification. Allen et al. [1995] also noticed in their 
numerical experiments that in the absence of stratification, 
coastal jet was absent and the magnitude of alongshore 
currents was markedly decreased. The absence of coastal j ets_ 
during the full upwelling event could also be attributed to 
cross-shore heat and momentum advection in the coastal zone 
[Cranady and Scan, 1980]. The mean cross-shore currents 
show onshore flow from just below the surface mixed layer. 
The onshore flow from deeper parts of the lake appears to be 
responsible for the drop in "water temperature. In the surface 
Ekman layer the strong northeastward winds would hive 

caused an offshore transport, whi_ch was compensated by an 
onshore adjustment drifi current below the surface fn'ct_i,o.n 

layer. Another upwelling event from JD 219 to 224 occurred 
under the influence of moderate north-eastward wind stress 
(0.5—O._8 dyn cm'7-). The thennocline moved up to 8-10 m 
below’ the surface. The alongshore currents were toward north 
with a maximum of l4 cm s’! at the surface on JD 220. The 
cross‘-‘shore flow was weak during this episode; however, 
onshore flow developed in the middle and lower levels. 

The downwelling of thethermocline was rnainly caused by 
westward winds. The thcrmoclinc intersected the bottom at 
the offshore station on two Occasions (ID 204-209 and JD 
230-235‘) during this period (Figure 3). The surface 
temperatures increased considerably to 18-20°C because of 
the arrival of warm waters from the north. Strong southward 
currents were observed all through the depths. Although the 
cross-shore currents were toward the shore in the surface 
layer, they were almost in opposite direction in the rn_idd_le ‘ 

and lower levels. The duration of the downwelling events 
were slightly longer (5-6 days) than upwelling events. On 
some occasions it was observed that although the prevailing 
winds were weak, the downwelling was quite strong. 
Csariddy and Scott [l974] observed coastal jets with strong 
alongshore currents and attributed them to the propagation of 
internal Kelvin Waves. 

4. Exchange Processes . 

In section 3 we di_scusse_d nearshore currents and thermal 
structure during upwelling and downwelling episodes in 

western Lake Ontario. It has been illustrated that the 
circulation is highly variable in intensity, scale, and duration. 
Blantong [1975] noted the predominance of short-perioid (near- 
inertial), oscillations during upwelling and downwelling. 
However, the role of these oscillations has not been explored 
in detail in terms of coastal exchange processes. Although
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inertial. oscillations are organized flow, characteristic of" 
summer conditions. because of their oscillatory nature they 
can be viewed as large-scale fluctuations and as such 
contribute to dispersal processes. In addition to near—inertial 
os‘c’illatio'ns being generated during upwelling, the effect of 
offshore Ekman transport and turbulent entrainment in the 
surface mixed layer, and the offshore transport. of the 
upwelling front will also lead to increased rhixing [S}1afl'er, 
1984]. These processes would mix heat downward and 
enhance flow in the themiocline. In this section, the time 
series description as well as means and statistics of turbulent

\ 

‘exchanges of momentum are considered as an approach for 
studying mixing characteristics dun'ng upwelling and 
downwelling events and their variability in comparison to 
mean summer conditions. ' 

4.] Horizontal Mixing 

In s_mall- and medium-sized lakes, horizontal mixing is fast 
compared to vertical mixing so that major concentration 
gradients develop along the vertical axis. However, in large 
lakes and oceans, horizontal mixing is a consequence of. both



fluctuations of the velocity field and the shear in the 
In order to estimate horizontal exchange 

coefficients in western Lake Ontario we use current velocity 
data obtained from both ADC? and SACM stations. The time 

advective fields. 
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series of low-‘fi_'eque_nu_c_y (filtered, >24 hours) flow values in 
section 3 u(t) and v(t) are subtracted from the observed 
hourly values r_4(t) and v(t) to obtain the fluctuatiouns u’(1) 

and v’(t). The variance ( 01'?) and (v'2) ) is used as a 
measure of the m_agnitude of velocity fluctuations. Here (.) 

indicates the time averaging from JD l75 to ID 245 for mean 
summer conditions. JD I84-I89 for upwelling and JD 230- 
235 for downwelling. Turbulence intensity levels in coastal 
waters can be characterized by root-mean-square (rms) 
values as W/(z/2') and ‘/(i/1). The mean flow'l<'inctic energy 
(MKE) and the fluctuating currents kinetic energy (FKE) are 
then simply given as 

(Mics, FKE} = {%{1:;+:),—;-((u'2)+(v’2>) ;. 

By followi_ng Taylor's [I921]? analysis a rel_at_ion_shi.phas been 
developed between the horizontal exchange coefficient and 
the Eulerian current fluctuations in Lake Ontario [Gbalz and 
Murthy, 1998]. In their study the horizontal exchange 
coefficient in ten-ns of Eulerian statistics was written as 

K =,5l_l'ZI' 
, where 

1' =33 (ad: 

is the Eule__ria_n integral timescale and R(1:) is the Eu1e_ri_an 
auto-correlation coefficient. Schatt and Quadfasel [1979] 
have determined values of B to the order of 1.4 i 0.4 based on 
simu_1t_an_eou_s Lagrangian and Eulerian measurements in the 
Baltic Sea. We have chosen [5 = l.4 as a mean value for the 
present study to estimate the horizontal exchange coefficient. 
Nevertheless, this is a reasonable esti_mate as our‘ primary 
goal is not the precise quantification of the exchange 
coefficient but the general analysis of various turbulence 
exchange parameters. Also, from a practical point of view, a 
seasonal elirriatological characteristic of horizontal exchange 
coefficients during summer and its variability during 
upwelling and downwelling episodes can be established from
3 long time series of _current profiles under actual 
meteorological conditions. Hence, in this paper the cross- 
shore (K4,) and alongshore (Ky) exchange coefficients are 
described along with other parameters. 

The rms values that are plotted against depth at ADCP 
stations 2 and 8 in Figure 6 show near-isotropic conditions in 
the middle and lower levels and non_isotropic nature of 
horizontal turbulence ‘with alongshore variance dominating in 
surface layer. The ‘full upwelling episode shows less 
horizontal turbulence intensity, with substantial decrease in 
alongshore variance. The maximum turbulence intensity was 
located at a slightly shallower depth (4 m) indicating the Shift 
of the thermocline and turbulence activity toward the surface 
levels. The cross-shore variance increased below the mixed 
layer indicating theonshore flow during upwelling. During 
the downwelling, both alongshore and cross-shore vari,3nC=S 
increased compared to mean summer values. At the offshore
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Figure 6. Root-mean-sq'u‘a'r‘e (rms) values of u‘ and v‘ at 

stations (a) 2 and (b) 8. 

station t_he turbulence intensity h_as increased at 3:5 m above 
the bottom. 

Figure '7 shows that mean flow kinetic energy was 
generally higher than fluctuating flow kinetic energy during
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Table 3: Horizontal Turbulent Exchange Statistics Obtained From SACM Current Meters 
in the Western Lake Ontario 
Current Meterl mts u’ rrns v' MKE. 

A 

FKE. Ks-21°‘: Krzlo: 
Dcgth.m cmz s'2. cm’ s’2 Cm 5' °'“ 5' 

1/9 -1.90 2.29 17.40 ' 

4.68 2.21 3-70 
5/ 12 1.39 1.49 4.12 2.14 1.03 1.45 
4/ 25 1.59 1.50 6.05 2.66 I-77 1-4! 
3 I 8 2.11 1.79 10.43 4.04 3.16 2-68 
9/9 

___. 1.5’: 
g 

1.5/o_g_ . 

_ 

6.43 2.62 1.34 L62 

the summer. The a_l_ongs_hore exchange coefficients were 
higher in surface layer (9 x 104 cm2 s") in comparison to 
c'ross—shore exchange coefficients (3.5 x 104 cm: s"). 
However, at the offshore station the magnitudes of both the 
components are comparable. During upwell_ing, the FKE was 
comparable to the MKE in surface mixed layer because of the 
decrease of mean flow currents due to near homogeneous 
conditions. This is consistent with the numerical experiments 
of Allen er al. [l.995]. In the bottom layers at the offshore 
station the FKE dominated‘ over the MKE m_a_inly because of 
the increase in near-inertial oscillations. The alongshore 
exchange coefficient, though still dominant in surface layers, 
was somewhat reduced to 5.4 x [04 crnz s" and increased at 
the offshore station. The other important feature during this 
episode was the slight increase in cross-shore exchange 
coefficient just below the mixed layer, indicating onshore 
momentum exchange at those ‘ depths. During the 
downwelling episode the magnitude of the FKE slightly 
increased in surface levels under the influence of westward 
winds, Although the MKE was less in su'rfac‘e layers 
compared to mean summer conditions, it has increased 
considerably in th_e rest of the water column. At the offshore 
station the FKE was comparatively higher than the MKE at 5 
m above the bottom. This is because of the increase of near- 
inertial. oscillations in the thermoeline. The dow'n'wel'ling 
events were characterized with 16-hour oscillsations in the 
surface layer and 14-hour oscillations in the hyploninion. 
These short-period oscillations are becau_se of the presence of 
baroclinic seiches due to the thermocline movements. The 
cross-shore exchanges dominated_ over the al_ongs_hore 
coefficients below the mixed layer, indicating that the 
offshore transport was mainly due to turbulent currents. 

Table 3 presents properties of velocity fluctuations 
recorded from five SACM current meters during the whole 
summer period. These turbulence statistics will supplement 
the ADC? data in western Lake Ontario. The magnitudes of 

, the turbulence parameters obtained here were comparable to 
the values obtained from ADCP station 2 at respective depths. 
The alongshore turbulent variances and exchange coefficients 
were generally higher than cross-shore components, except at 
station 4 which was at .25 in depth. This probably indicates 
some cross—shore exchanges taking place in the deeper layers 
in the comer of the lake. 

4,2 Vertical Mixing 

Several mechanisms such as current shear, breaking of 
internal waves, or convective overturns contribute to the 
generation of vertical turbulence in lakes and coastal oceans. 
The strong influence that the vertical shear and stability have

_ 

on turbulence can be estimated from the gradient Richardson 

number, R1" = N2/.5712. Here N is the Brunt-Vaisala frequency 
given as N2=—g/po(fip’c?:) and the vertical current shear 
5;,2s(gt,/§_r)3+(a1:/6:)’, where z is the vertical coordinate 
positive upward, u and v are hourly cross-shore and 
alongshorc currents, respectively, g is the acceleration due to 
gravity-, and po is reference density. Some implications of

_ 

Richardson number can be st_t_rd_ied from the conservation 
equation of turbulence kinetic energy (q)', which under the 
assumption of horizontal homogeneity and neglecting 
horizontal advcc_tion_ can be written in a simple form as 
[Omstedt and Murthy, l 994] 

i. 

5" =§.[§a—;—-J+;i,(1—:7'—.terj—1.r . (1) E-c'aa',,cz
, 

Here ck and cr, are Schmidt and Prandtl numbers, 5 is the 
dissipation rate, P, is turbulence production due mean current 
shear, and K, is vertical eddy viscosity. It can be readily 
noticed .‘r'om (I) that by assuming the vertical diffusion term 
as negligible, the Prandtl and Schmidt numbers equal to one, 
and is constant, the turbulence is damped if ‘gradient 
Richardson number becomes greater than zero. On the other 
hand, when Rt‘ < O, turbulence production due to mean current 
shear increases the turbulence kinetic energy. 

The turbulent mixing" can be calculated on the basis of 
different models. However, in this study, instead of applying 
a more advanced turbulence closure model we employ a 
simple empirical formula. Pacanowski and Phrlarider [1981] 
related the eddy viscosity to the Richardson number and 
studied the modeling of temperature structure in the tropical 
'occan which is given as 

K. ——°——— K. (2) ‘ (1+5Rr)‘+ ” 

where K., =I0'2 m2 s‘1 is an adjustable parameter and Ki‘, is 
the background eddy viscosity which is equal to lO'5 m2 s“. 
In this study, Kb i_s red_uced by a factor of 100 corresponding 
to molecular values to account for low eddy ’viscosi_ty values 
observed in Lake Ontario [Ornstedt and Murthy, 1994]. The 
density of the lake water was estirnatcd, from the temperature 
data from the fixed thermistor string moorings and SACM 
current meters and calculated according to Chen and Millero 
[I986]. The temperature data at different levels were 
smoothly interpolated using a cubic spli_n_c technique to match 
with ADCP current measurement ‘ 

levels. Since our main 
interest was not studying diurnal variations of different 
paramgtgs, we calculated daily averages of Brunt-Vaisala 
frequency (N), Vertical Shcar (5722), Richardson number (R175
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Figure 8. Daily averaged Brunt—Vai_sala frequency (N), Richardson Number (Rx), Shear (x 1.0"‘) and vertical eddy viscosity (K1) at station 2. 

and eddy viscosity (K2) obtained by (2). These are presented 
in Figures 8 and 9 for ADCP stations 2 and 8, respectively. 

Comparison of the time series of wind stress (Figure 2) and 
vertical current shear (Figures 8 and 9) shows that current 
shear in the upper mixed layer was closely related to the east- 
west component of wind stress. During the full upwelling 
episode from ID 185 to ID l89 when the therrnocline 
surfaced, N dropped to small ‘values (<2 x l0'2) and the 
vertical -shezirwas weak all through the water column because 
of nearly homogeneous conditions. Because of low values of N this weak current shear was sufficient to reduce Richardson 
numbers to near c‘ritic'al Values (<0.25') in the upper mixed 

layer thus enhancing the turbulence. Pan of t_his enhanced 
turbulence has resulted in increasing the vertical eddy 
viscosity coefficients (30-40 cm: 5") during this episode. in 
the bottom layers at station 8, Richardson _numbers were near 
critical values resulting in high vert_i_ca_l eddy coefficients. 
During the other upwelling events when the thermocline has 
not surfaced, the vertical current shear was considerably high 
in the surface mixed layer, increasing eddy coefficients to 60 
cm s . 

The downwelling episodes from JD 204-210 and JD 230- 
235 produced l0W IV in the upper mixed layer and higher 
values in the bottom layers. This was due to a deepening of
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Figure 9. Same as Figure 8 except for station 8. 

the mixed layer and the migration and intersection of 
thcrrnocline with the bottom. "Vertical current shears slightly 
increased at a depth of 8~9 m at the base of the mixed layer 
on JD 2lO. This slightly reduced the Richardson number and 
enhanced mixing at that level. Although the vertical current 
shear‘ was strong due to near-inertial internal waves at station 
8 in deep layers, it was not sufficient to overcome the stable 
stratification. Richardson numbers were large during these 
€PiS0d€S in deeper layers indicating low turbulence activity, 
which was reflected in low eddy viscosity‘ coefficients. The 
K; values were reduced in the therrnocline region of the 
bottom layers during downwelling due to stable stratificati_on_. 

5. Summary 
The Eulerian data during the summer of 1997 in the 

. western Lake Ontario show upwelling and downwelling of 
the therrn_ocli_ne associated with northward and southward 
flowing currents under the influence of prevailing winds. The 
mean currents are generalily directed offshore in the surface 
mixed layer, and onshore flow developed below the mixed 
layer during upwelling. Downwelling events are characterized 
with stronger alongshore currents and weak offshore flow in 
deeper depths. Each episode on average lasted for nearly 4-6 
days, indicating the typical period of upwelling and
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downwelling in the lake. The current an_d temperature spectra 
showed a prominent peak at around 10-12 days indicating the 
presence of rotating Kelvin waves. Although the peak energy 
at the high-fitequency end was located mainly at the near- 
inertial frequency band, significant energy was observed at 
‘much smaller scales, indicating the presence of different 
baroclinic seichles due to the therrnocline movements. 

The horizontal turbulent exchange parameters for the 
summer stratification show nonisotropic cond_itions in the 
surface layers and isotropic conditions in the middle and 
bottom layers. The alongshorc horizontal exchange 
coefficients were higher than cross-shore exchange 
coefficients. During an upwelling event when the thermocline 
surfaced, mean flow kinetic energy decreased, and kinetic 
energy of fluctuations played an important role in coastal 
exchange characteristics. However, in thc other Up‘~Vclliflg 
events when the therrnocl_inc was below 3-10 m. the MKE 
Was higher than the FKE in the surface mixed layer. 
Upwelling events show an i_n_crease in cross-shore exchange 
coefficients below the mixed layer because of onshore 
turbulent exchanges. Downwelling events are characterized 
by a significant increase in the MKE in the upper mixed layer. 
However. i_n the therrnocline region at the offshore station the FKE is high due to the presence of near—inertial internal 
waves.

V 

Vertical exchange coefficients closely relate to the 
dynamic stability of the water column. The general range of 
K,-_ varied from 0.1 to 60 cm2 5". The high values are usually 
noticed in the surface layers during upwelling events 
associated with enhanced vertical shear and reduced Brunt- 
Vaisala frequencies. Downwelling events did not show much 
variation in vertical eddy viscosities though they are slightly 
l_arger in upper layers. The eddy viscosity coefficient 
calculated by (2) is not quite complete, as K, becomes 
constant under homogeneous conditions. Also, (2) indicates 
turbulence even when Richardson number values are > I. 
Given the uncertainties, K, values obtained here are only an 
order of magnitu_de esti_rna_t_es,. The range of K, values of 1-5 
cm 5'1 during the average summer conditions ‘were 
comparable to the typical values obtained in Lake Ontario and 
Lake Baikal [Kulleizbefg et a!., 1974; Killworth é! al.. 1996]. 
While the observations presented here give a description of 
turbulent exchanges of momentum during upwelling and 
downwelling under varying meteorological conditions, the 
role of surface heat fluxes arid the advectiori of heat into the 
coastal zone are omitted. Future studies to characterize the 
vertical and horizontal exchanges of both heat and momentum 
are needed. 

Acknowledgements. We thank M. J. McCormick of the Great 
Lakes Environmental Research Laboratory for his careful review of 
the manuscript. The authors wish to thank both anonymous 
reviewers for their valuable comments and suggestions on the 
manuscript. Ken Miners and Fausto Chioccljiio helped us ».in 
organizing the western Lake Ontario data. One of the authors (Y.-R‘) 
is supported by the Natural Sci_ences" and Engineering Council of 
Canada Visiting Fellow Programme. 

References‘ 
.~\_l_len. .l.S., PA. Newberger. and .l. Fedcriuk. Upwclling circulation 

on the continental shelf. part 1: Response to idealized forcing, J. 
Phys. Oceanogn. .35, I843-I866. 1995. 

Bclclsky, D" w.P. O'Connor. DJ. Schwab, and D.S. Dieinch. 
' Numerical simulation of internal Kelvin waves and coastal 
upwelling fronts. J. Phys. Oceanogr-.. 27, 1197-1215. I997. 

Blanion. 3.0.. Nearshore lake currenLs measured dun'_ng upwelling 
and downwelling of the therrnocline in Lake Ontario. .1. Phys. 
Ogganogn, 5, lll-124. I975. 

Boyce. F.M.». M.A. Donelan, P.F. Hamblin. C.R. Murthy, and T..l. 
simon'5_ Thermal structure and circulation i_n the Great. Lakes, 
,“mg_;_0cean, 27(4). 607-642. I989. 

Chen. C.T., and FJ. Millero. Precise thermodynamic properties of 
.1.-lguml waters cove_ri_r_rg only limnological range, Limnol. 
Oceanogn. 31. 657-662, I986. 

Csanady, G.T.-. The coastal bouii_t:l,ary layer in Lake Ontario. part 2: 
The summer-fall regime. J Phys. Oceanogrz. 2. 168476. 1972-. 

C'5';jr-lady, G_.T., and ‘.l.F. Scott. The baroclinic coastal jets in Lake 
Ontario during lF‘YCL,./. Phys. 0cea)ragr.. 4, 524-541. 1974. 

C_~;_;inajdy. G.T.. and .l.F. Scott. Mean summer circulation in Lake 
onmio witliin the coastal zone. J. Geophys. Re.r.. 85. 2797-ZSIZ. 
I 80. 

Gliali. M.8.. and CR. Murthy, Characteristics of turbulent cross and 
alongshore momentum exchanges during a thermal bar episode 
in Lake Ontario. Nord. Hydro/., 29. S7-72.1998.

n 

Graham, 'R.‘J.. Determination and analysis of numerical smoothing 
W¢lSh_ls. NASA Tech. rm. /79, I963. 

Hawley. N. and OR. Murthy, The response of benthic nephloid 
layer to a downwelling event. J. Great Lakes Res., 2!. 641-651. 
1 95. 

Kllltgqnh, P.D.. E.C. Carmack. R.F. Weiss. and R. Matear, 
Modgling deep water renewal in Lake Baikal. L_i,m/ral_. 

Oceanogn. 38. 1008-1019, l996. 
. _ . 

Kullenberg, ’G., C.R. Murthy, and H. Westerberg. Vertical 'fl’llXll'_lg 
characteristics in the therrriocline and hyplomnion regions of 
Lake Ontario (IFYGL), Prac. Con]? Great Lakes Re.r., l7"h, 42-5- 
434, i974.

_ 

Lee. C.H.. and N. Hawley, The response of suspended particulate 
material to upwelling and downwelling events in southern lake 
Michigan.J. Sediment. Re.r,. 68. 819-831. 1998. 

‘ ‘ 

lvlortimer, C-l._l'_‘l:, lntemal waves obscrvedin Lake Ontario during 
IFYGL 1972: Description survey and preliminary interpretation 
of near inertial oscillations, report, I22 pp Cent. for Great Lake 
Studies. Univ. of Wl.SC- Mi.lW=1l1.l_<_€¢. 1977- 

Murthy C.R., and D.S. Dunbar. Structure of flow within the coastal 
boundary layer of the Great Lakes. J. Phys. Ocerznyogr.-. [1, I567- 
l577. l98l. 

. _ _ _ 

omszedt, A.. and CR. Murthy, On currents and vertical mixing in 
lake Ontario during summer straiit'rc'aiion, Nord. Hydr-o1.. 25, 
213-232. I994. 

. _ _ , 

pacmowski, R.C.. and S.G.H. Philander. Parametenzation of 
vertical mixingvin numerical models of tropical oceans, J. Phys. 
Oceanogrt, //, l443-l45l, l98l.

‘ 

gchom F,, and D. Quadfasel, Lagrangian and Eulenan 
measurements of horizontal m_ixi_ng in the Baltic. Tellus. 3 I. l38- 
l44, l_979.

_ 

Shaffer, o.. On the ur>wcl|.i.ng ¢..iI'C.ul.a.tion over the wig: shelf off 
Peru 5 2. Vertical velocities, internal mixing and heat balance, ‘J. 
Man Res.-_ 44, 227-266. l984.

_ 

slmons, Tl. and WM. Schertzer. The circulation of Lake Ontario 
during summer of I982 and the winter of l982l83._ Sci’. Ser._, /7]. 
19] 'p'p_, Nat. Wat. Res. lnst.. Can. Cent. for ln_l_a_nd Waters. 
Burlington, Ont.. Canada. I989. 1 

Taylor G.l.;. Diffusion by continuous movements. Free. London 
Mazh. Sac.. 20, 196-212, l 921 . 

w.,._ 1,, Wind-stress coefficients over sea surface near neutral 
conditions-A revisit.J. Phys. 0Cet‘lIi0gI‘.. /0. 727-740. l980. 

C. R. Murthy and Y. R. Rao. National Water Research Institute. 
C;u-_l_a_d_a Centre for Inland Waters, 867 Lakcshorc Road, Burlington. 
Ovntnrio. Canada UK 4A6. (R_:ir_n.Yrao@cciw.ca) 

(Received July l3, 1999: revised August 28. 2000: 
accepted August 39-“ 3000)





lfil Ifii cE:2¥.L§%2'"°"‘ 52¥f£%2”°'“°“‘ Canada

~

~

,


