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Topographically Controlled Circulation and Mixing 
in a Lake 
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Oceanography Department, National University of Ireland, Galway 

Abstract. It is well known that the wind-driven circulation in a wide lake may 
be controlled by its topography. Wind stress acting on the smaller mass of the 
water column in the shallows results in downwind flow there and return flow in the 

deeper water. In lakes with large areas of shallow water this circulation may cause 
rapid mixing in weakly stratified conditions. In more strongly stratified conditions, 
topographically induced horizontal wind driven circulation may influence the 
vertical stratification of the lake. Lough Mask is about 10 km long and has a 
maximum width of about 8 km. The lake may be divided into shallow eastern 
and deeper western portions with mean depths of 10 and 35 m respectively. In 
late Autumn, water at depth in the deep part of the lake moves upwind at speeds 
of up to 50 cm s -1 in response to axial winds of up to 15 m s -x. At the same 
location a weaker upwind flow is observed in the near surface water. This return 
flow is topographically driven. Temperature differences between near surface and 
near bottom meters were small ((0.5øC) and inversely correlated with the deep 
current. In a cool, windy summer, temperature time series in the deep part of 
the lake indicate a deep (• 20m) surface mixed layer and a cooler layer at depth 
whose temperature fluctuates in response to wind stress along the axis of the lake. 
Modelling results, supported by drogue measurements, indicate that the return flow 
associated with axial winds in these summer conditions is confined to the surface 

mixed layer. If this layer is thin, shear between the surface layer and the underlying 
water can be sufficient to cause mixing and a thickening of the surface layer until 
the Richardson number is • 1. Thus the vertical temperature structure of the deep 
part of the lake can be influenced by flows driven by the lake topography. 

In the shallow part of the lake, there is evidence of thermally driven motion in 
periods of calm weather in summer. 

1. Introduction 

There is a tendency for water to flow downwind in the 
shallow areas of a lake and for return flow in the deeper 
regions. This "topographic gyre" described by Csanady 
[1982], results from higher wind stress per unit mass in 
shallow water than in deep water. The wind stress per 
unit mass is given by 7'/ph, where •- (Pa) is the wind 
stress, h(m) is the depth and p(Kg m -s) is the water 
density. The wind raises the water level at the down- 
wind end of the lakeand and lowers it at the upwind 
end. The upwind force per unit mass associated with 
this surface slope, -gO½/Oy, (where g is the acceler- 
ation due to gravity and O½/Oy is the surface slope) 
exceeds the windstress per unit mass in the deep wa- 
ter, giving a net upwind force; in the shallow part of 
the lake, on the other hand, the net force is downwind. 
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For short wind impulses the current pattern depends on 
the wind impulse and can rotate around the basin as a 
topographic wave. For more steady winds the currents 
may be limited by bottom friction. This flow pattern is 
essentially barotropic. 

The vertical current structure in narrow lakes and 
straits is characterised by downwind surface flow and 
return flow at depth [e.g. Officer, 1976]. In the case 
of constant eddy diffusivity a parabolic velocity profile 
may be Calculated. 

Baroclinic flows have also been described. Mortimer 
[1952] has described motion in stratified, steep-sided 
lakes (e.g., Windermere, Lake District, United King- 
dom), in which downwind movement occurs at the sur- 
face with return flow in the lower part of the sur- 
face layer, which then drives flow in the deeper wa- 
ter. George [1981] has described how the Coriolis force 
causes a deflection of the surface flow to the right of the 
wind in the same lake. 

Monismith [1985] describes an experimental simula- 
tion of upwelling in a stratified lake. He described the 
upwelling in terms of the aspect ratio of the basin (L/h), 
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Figure 1. Lough Mask. D denotes the site of the deep (1995) mooring and S the site 
of the shallow (1996) mooring. The 'along-lake' direction is defined as 34øeast of north. Numbers 
of the right of the Figure indicate the E-W model sections referred to in the text. 

where h is the thickness of the layer of interest (usually 
the surface layer) and L is the length of the basin, and 
W, the Wedderburn number (g'h2/u2. L)where g' is the 
reduced gravity between the two layers (i.e. gdp/pwhere 
p is the mean density and 5p is the difference in den- 
sity between the two layers) and u.is the friction veloc- 
ity [see, e.g. Imberger and Patterson, 1989]. Broadly 
speaking, when W< 1, the thermocline in a two-layer 
situation surfaces at the upwind end of the basin. 

Monismith et al. [1990] describe circulation driven 
by differential heating of shallow water in a sidearm of 
a reservoir where warmer water formed in the shallows 

spreads out at the surface as a thin layer in the after- 
noon and cooler water formed at night spreads out as 
a thicker layer at the bottom. Rhines [1998] describes 
flow patterns produced by the interaction of topography 
and convection. This paper deals mainly with wind- 
driven flows and treats stratification as an essentially 
independent but interacting phenomenon. 

The interaction of topographically driven flow and 
stratification is uncertain. In the case of stratified con- 
ditions the wind may be expected to cause a large tilt 
in the thermocline. In shallow areas, W is smaller, and 
the mixing may be expected to be greater. At the same 
time it is uncertain how downwind flow in shallow re- 
gions returns in the deeper parts of the lake. This paper 

represents a preliminary attempt to look at this ques- 
tion. 

Lough Mask is shown in Figure 1. The lake is situ- 
ated in County Mayo, in the west of Ireland. To the 
west of the lake the Partry mountains form a ridge ris- 
ing to a height of between 250 and 670 m about 6 km 
west of the western shore of the lake. To the east, the 
land is relatively fiat. The axis of the lake runs from 
SSW to NNE and the talweg is towards the west side 
of the Lake. In this paper, currents and wind vectors 
are usually transformed into "along lake" and "across 
lake" components: the along lake direction was defined 
as 34øE of north, and the across lake direction was de- 
fined as 34øS of east. Thus the along-lake direction 
runs more or less parallel to the division between the 
deep and shallow parts of the lake. For the usual mild 
winter conditions the lake may be classified as warm 
monomictic [Hutchinson, 1957]. There are a number of 
small islands in the shallow east side of the lake, and 
the bathymetry here is very uneven. 

In this study, time series of current velocity and tem- 
perature were obtained at different times in the deep 
and shallow parts of the lake by recording current me- 
ters. Temperature conditions in the deep lake at various 
depths were measured for a period in summer to look 
at the effect of wind on the stratification in the lake. A 
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three-dimensional model of the lake was run to simulate 

the wind-driven circulation in the winter and to address 

the question of the interaction of the wind-driven cir- 
culation and the thermal structure of the lake. A very 
limited drogue study gave some support to the model. 

recovery, for which a WTW LF197 temperature and 
conductivity meter (WTW measurement systems, 3170 
Metro Parkway, Ft. Myers, Florida 33916) or a YSI 
3800 meter (YSI Inc, P.O. Box 279, Yellow Springs, 
Ohio 45387) was used. (calibrated to 0.1øC). 

2. Apparatus 
2.1. Current Meter Measurements 

Aanderaa RCM7 current meters, equipped with tem- 
perature sensors, were used. These current meters sense 
the current by rotation of a paddle wheel and can mea- 
sure currents of > 2cm s -•. The temperature sensors 
were accurate to 0.1øC and were calibrated for temper- 
ature before each deployment in a stirred bath against a 
platinum resistance reference (accurate to 0.01øC). The 
moorings were simple 'T' moorings, with, from the bot- 
tom, anchor, acoustic release, meter(s) and subsurface 
buoyancy. In the 1995 deployment, two meters were 
used; in the 1996 deployment, only one was used. 

2.2. Drogue Measurements 

Simple windsock drogues were used. The drogues 
were held down by 15 kg weights and had an area of 
about 1.5 m 2 and were connected by light line to surface 
floats (fenders) of cross section 0.07m 2 and buoyancy 35 
kg. The floats were about half immersed in the water: 
their drag could therefore be expected to be about 2- 
3% of that of the drogues; a surface wind drift of 3% 
of the wind speed (taken to be 7 m s -•) was assumed 
in correcting the drogue speeds for surface effects.The 
direct effect of the wind was neglected. 

3. Data Collection 

The first current meter mooring was deployed on the 
west side of the lake ("D" in Figure 1) on October 1, 
1995, in water depth 45-50 m. The second current me- 
ter mooring was deployed on the east side of the lake 
(west of Castle Hag, "S" in Figure 1) in the summer of 
1996. A mooring carrying four temperature sensors at 
depths of 2, 8, 24 and 40 m was deployed at site D for 
4 weeks in the summer of 1998. Table I gives details 
of all deployments. The drogue surveys were carried 
out from an inflatable dinghy. Handheld GPS and a 
hand bearing compass were used to fix position. Two 
drogues were deployed for several periods of about 1 
hour, before recovery, adjustment of their line length 
and redeployment. 

3.1. Meteorological Data 

The data presented here are from the Irish Meteo- 
rological Office, for Belmullet, 100 km to the NW: lo- 
calised winds can be expected at the lake because of 
the effect of the mountains and local thermals on calm 

summer days; also, localised sea breezes, etc., can be 
expected at Belmullet during the summer. However, 
the general wind patterns are similar, especially during 
the winter. 

2.3. Temperature and Conductivity 
Measurement 

The self-recording temperature sensors consisted of a 
precision temperature sensing chip (LM135, Radionics, 
Dublin), connected to a data logger, enclosed in an ABS 
pipe (Brennans, Dublin, Ireland). These instruments 
were calibrated before and after deployment and found 
to be accurate to better than 0.2øC. Stations were oc- 

cupied at the instrument moorings on deployment and 

3.2. The Model 

A three-dimensional dynamical model ([Blumberg and 
Mellor, 1987] was used. It is a 10-level a-coordinate 
finite difference model and has been used successfully 
in coastal applications. Such a-coordinate models are 
known to be capable of representing flows over variable 
topography [e.g. Rhines, 1998]. In this case the topog- 
raphy of the lake was digitised onto a 200 m grid and no 
river input was allowed. The model grid runs from 1-60 

Table 1. Summmary of All Deployments 
Type of Data Start and End Location of 

- of Data Sensor(s) 
Sensor Depth of 
Depth Water 

Current velocity Nov. 1, 95 to SE of 
and temperature Dec. 5, 95 Tourmakeady 

Current velocity June 19, 1996 to SW of River 
and temperature June 31, 1996 Robe 

10,40m 50m 

5m 10m 

Temperature July 23, 1998 to SE of 
Aug. 14, 1998 Tourmakeady 

2, 8, 24 50m 
and 40m 

Drogue June 8, 1998 
measurements 

2, 3, 5, 
10, 20 and 40m 
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Figure 2. (top) Along-lake wind at Belmullet, 1995. (middle) Along-lake currents 
measured at 10m in the deep part of the lake, 1995. (bottom) Along-lake currents measured at 
40m in the deep part of the lake, 1995. 
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Figure 3. (top) scatterplot of along-lake wind (lagged by 8 hours) and along-lake 
current. (bottom) Lagged correlation of along lake wind and current at 40 m, 1995. 
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Figure 4. Progressive vector diagrams of 
current and wind, 1995 deployment. Numbers indicate 
0000 hours for the day in question. 

in the west-east direction and 1-60 in the south-north 

direction. 

The first run was an attempt to simulate circula- 
tion in winter conditions. The density field was uni- 
form and the model was run with constant wind stress 

(0.25 N m-2), along the SW-NE axis of the lake) for 24 
model hours to allow time for transient oscillations to 

die down, and the velocity field was recorded after this 
time. 

During the second run an attempt was made to simu- 
late the effect of wind on stratification established dur- 

ing a period of calm weather in summer. To approx- 
imate an ideal summer's day in the west of Ireland, 
the variation of heat flux (H(W m-2)), during the day 
was given by the formula H = 800- 1000 (t-12)2 64 • • 

4 < t < 20; H = -200,0 < t < 4and 20 < t < 24, 

where t (in the range 0-24) is the hour of the day. Wind 
stress was zero initially and increased over a period of 
about 12 hours after 4 days to 0.25N m -2, from the SW. 
Data were recorded after hour 72 of the run (which cor- 
responds to t = 0 in the output figures). 

4. Results 

4.1. Current Meter Data 

Figure 2 shows the along lake components of wind 
and current measured at two depths in the deep part of 
the lake during the period November 1, 1995 to Decem- 
ber 5, 1995. Figure 3 is a plot of the lagged correlation 
between the along-lake component of the wind and the 
along-lake component of the current at 40 m depth in 
the deep part of the lake. There is a negative correlation 
between the current and the wind that is a minimum 

when the current is correlated with the wind lagged by 
a period of 7-8 hours; this may reflect the inertia of the 
lake water and is discussed in section 5. 

Figure 4 shows the current and wind data for the 1995 
deployment plotted as progressive vector diagrams. In 
the deep lake it can be seen that the variability in cur- 
rent speed is greater for the deep carrent meter than 
for the shallow meter, with the deep currents being ap- 
proximately parallel to the isobaths. In addition, the 
currents at both levels oppose the wind when it is in 
the NE or SW quadrants, i.e., roughly along the axis of 
the lake, for example days 313-321 (when the wind is 
toward the SW and the current toward the NE) or days 
323-327 (wind to NE and current to SW). When the 
wind in the other quadrants (i.e., roughly across lake), 
currents tend to be small (e.g., days 308-310, 334-336 
and 324). The weaker near-surface return flow can be 
interpreted as the result of wind-induced shear in the 
deep lake (see section 5). 

Figure 5 shows the along- and across-lake currents 
and wind for the 1996 deployment. Here there was only 
one current meter at 5 m depth in 10 m of water in the 
shallower east side of the lake. 

Data from the summer deployment shallow site are 
less conclusive. The progressive vector diagrams are 
shown in Figure 6. Wind speeds of up to 10 m s-•were 
experienced, from variable directions, but mainly across 
the lake. The direction of flow, where it can be iden- 
tified over a period of a few days, seems to oppose the 
wind when the wind is across the lake, e.g. day 180- 
193 (wind from W, flow to W) and be parallel to the 
wind on the few occasions when when it blows along the 
axis of the lake, for example, days 236-240 (wind from 
NNW and flow to the SW). Steady residual flow exists 
in calm conditions (e.g., days 173-179). This is possibly 
a response to the differential heating of the lake, which 
gives rise to warmer water in the shallow side of the lake 
and consequent geostrophic flow to the north, as is seen 
in the model results (see below). Occasionally, diurnal 
flows are apparent and are discussed below. 
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Figure 5. Along- and across-lake components of Belmullet wind and currents at 5 m 
in the shallow side of the lake. 
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Figure 6. Progressive vector plot of Belmul- 
let wind and current, 1996. 

4.2. Drogue Measurements 

The wind was SW force 3-4, along the axis of the lake, 
on day number 218, 1998, when there was a deep mixed 
surface layer. Figure 7 shows the results. Downwind 
motion at 10-15 cm s -• is observed in the shallow part 
of the lake, and upwind flow is observed in the surface 
layer down to 20 m and slowly to the east at 3 m. The 
drogue at 40 m in the deep side of the lake showed very 
weak downwind motion. These results show a general 
downwind flow in the shallow side of the lake accompa- 
nied by a return flow in the surface layer of the deep 
side of the lake. In the shallow part of the lake, there 
are a range of directions of flow: this can be attributed 
to the deflection of the flow by islands and uneven bot- 
tom topography. The temperature profile from this day 
shows a much larger temperature gradient below 20 m 
than above: the surface water was slightly warmer in 
the shallow side of the lake. 

4.3. Temperature Data F•om the Moorings 

4.3.1. Autumn 1995. The temperatures at 10 m 
from the 1995 deployment, the along lake velocity at 40 
m depth and the difference in temperature between 10 
m and 40 m are plotted in Figure 8. Both meters show a 
steady decline in temperature between day 305 and day 
340, when the temperature is about 9.4øC. The biggest 
temperature difference observed is nearly 0.4øC: small 
temperature differences correspond to periods of high 
current, on days 316, 320 and 327, associated with fiuc- 
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Figure 8. (top) Temperature difference 
between top and bottom meters, 1995 deployment. 
(middle)along-lake flow at 40 m depth. (bottom) Tem- 
perature (10 m). 

tuations in both top and bottom temperature at a rate 
of O(0.03øC hr -•). The temperature fluctuates rapidly 
in both meters at similar periods, but there is no obvi- 
ous phase relationship between them. However, 0.03øC 
hr -x corresponds to a heat flux of about I KW for a 
17 m deep water column, so such fluctuations indicate 
advection or internal wave activity of some kind. 

4.3.2. Summer 1996. Data from the shallow 

mooring during the summer of 1996 are shown in Fig- 
ure 9. A small (of the order 0.5øC) diurnal signal is 
apparent for several periods in the record, e.g., days 
180-190 or 210-220. A temperature rise of this magni- 
tude is consistent with a heat flux of 500 W m -2 for 
a period of 12 hours distributed uniformly over a 10 
m water column. Much more rapid variation of tem- 
perature is apparent between days 190 and 210: data 
from days 194 to 206 are shown in Figure 9 (bottom). 
These rapid changes in temperature are associated with 
pulses of current. The record on days 200 and 201 is 
characterised by rapid increases in temperature in the 
afternoon, which correspond to pulses of current moving 
at about 7 cm s -x in a WSW direction. This behavior 
is consistent with the spreading of a warm layer across 
the lake as a frontal structure, perhaps as described by 
Monismith et al. (1990). Sharp changes of tempera- 

ture are apparent during the night, for example, days 
197-198 or days 203-204. In general, sharp increases 
in temperature are associated at this time with pulses 
of current to the SW, while decreases in temperature 
may be associated with currents to the NE, although 
decreases in temperature may occur without any mea- 
surable flow (e.g., days 200 and 201). Such events are 
rapid, perhaps indicating that the warm surface layer is 
becoming thinner after the shallow warm water source 
is cut off. Also, it is probably not a convective cooling, 
which may be expected to be more gradual. It is pos- 
sible that flows were associated with these events but 

that they were too slow to be measured by the Aanderaa 
current meter. 

4.4. Temperature Time series• Summer 1998 

Timeseries of temperature from 2, 8, 24 and 40m from 
the summer of 1998 (Figures 10 and 11) show that in 
this case, there was reduced stratification in the surface 
waters down to 24 m (always within 0.5øC of the tem- 
perature at 2 m) with colder water at 40 m (see also 
Figure 7). The temperature at 40 m showed large fluc- 
tuations in association with pulses of along-lake wind 
(Figure 11). Being at the northern end of the lake, wind 
to the NE deepens the mixed layer at the site. Figure 
11 shows the high-pass-filtered temperature signal and 
the wind. There is a clear association of wind along the 
lake (to the NE) with increases in temperature. This 
can be visualized in terms of a deepening of the surface 
mixed layer on the downwind side of the lake (as re- 
ported by George, [1981] or Monismith [1985]) and an 
associated tilt in the isotherms bringing warmer water 
to the mooring site. There is a small positive correlation 
(0.18) between the temperature and the wind lagged by 
3-4 hours and there is a negative correlation (-0.22) be- 
tween the temperature and wind lagged by 14 hours. 
Figure 11 shows that the pulses of wind are associated 
with an increase in temperature followed by a sharp de- 
crease. This may indicate that the initial tilt of the 
thermocline is followed by wave activity (perhaps in- 
ternal Kelvin waves, which propagate around the deep 
lake, bringing colder water back to the site). 

4.5. Model Results 

4.5.1. Constant wind and constant density. 
The modeled velocity fields at 2 and 20 m for a steady 
wind stress of 0.25N m -2 from the south west is shown 
in Figure 12. At the surface there is strong downwind 
flow in the shallow parts of the lake and very weak 
downwind flow in the deep parts of the lake. There 
is a return flow at depth in the deeper western side of 
the lake. This is in agreement with the interpretation of 
the flow as a topographic gyre. If 0.25N m -2 is taken to 
be the wind stress associated with a 12 m s -• wind (im- 
plying a drag coefficient, Cd •. 1.5 x 10-3), the return 
flow of about 15 cm s -x is consistent with the flow on 
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Figure 9. Current and temperature at depth 5 m in water of depth 10 m, east side 
of the Mask, 1996. (top) Examples of current pulses and associated temperature fluctuations. 
(bottom) Whole data set. 

days 315 and 320. A simplified analysis of this behavior 
is given in section 5.1. 

4.5.2. Model response of the stratified lake to 
wind. In this case (Figures 13 and 14), an attempt 
was made to simulate calm conditions in summer and 

also the effect of wind on the lake after a period of calm. 
In Figures 13 and 14, data from different points on the 

talweg are plotted. In Figure 13, sections 41, 31, 21 and 
11 refer to the model grid number of the points: section 
41 is at the north end of the deep part of the lake (at 
53ø39.2•N) and the other sections are successively 2 km 
to the south. In calm conditions (hours 0-24) the surface 
layer warms considerably with a thermocline at between 
5 and 10 m. When the wind is switched on (hours 24- 
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Figure 10. Temperatures at the deep mooring site and associated along lake winds 
at Belmullet, summer 1998. 
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component of Belmullet wind, summer 1998. 
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Figure 12. (bottom) Model velocities, 2 m 
depth, constant windstress 0.25 N m-2from 200 ø. (top) 
Model velocities, 20m depth, and same wind conditions. 

36), the isotherms deepen and the mixed layer thickens 
progressively, with the development of a more uniform 
surface layer. The surface water cools as it moves south 
by mixing with the underlying cool water. 

The horizontal velocity field (plotted as arrows over 
the isotherms in Figures 13 and 14) shows that the up- 
wind flow is confined to the surface in these conditions 
but that it is deepening towards the end of the run. In 
addition, the mixed layer deepens in the downwind di- 
rection, as can be seen from comparison of the depth 
of the 18øC isotherm in different positions. The surface 
flow is more to the east, indicating a more rotary type 
of flow here. 

A cross section of the velocity field is shown in Figure 
15. The flow is strongly to the NE (downwind) in the 
shallow side of the lake. As one moves west (7-8 kin) the 

depth starts to increase and the surface flow becomes 
more easterly, while the deeper flow is still predomi- 
nantly to the NE. Further west still (5.5-6.5 kin), there 
is strong SW (upwind) flow with a maximum at a depth 
of about 10 m; here the surface flow is weaker and in 
a direction between S and SE. Thus most of the return 

flow is to the W of the talweg. Below the surface layer 
the flow is small. The general temperature structure 
with a well mixed surface layer and temperature gradi- 
ent at depth is consistent with Figure 10, although the 
details differ. 

4.5.3. Model velocity structure in calm condi- 
tions. Figure 16 shows the level 2 (near-surface) ve- 
locity field for calm conditions •t 1300 hours for the 
same heat flux regime as above. The flow is complex 
and the low-density water in the shallow side of the l•ke 
sets up a geostrophic flow field to the north. This flow 
persists at night but is weakened as the temperature 
contrast between the two sides of the l•ke f•11s. The 

flow at depth is much smaller and more confused. 

5. Discussion 

5.1. Barotropic Velocity in the Deep Side of 
the Lake 

A simplified lake geometry will be considered here. 
The lake will be assumed to be rectangular and to be 
divided into two sections separated by a boundary par- 
allel to the y axis: a deep section of width W and depth 
H and a shallow section of width w and depth h. Wind 
blows along the y axis and apart from at the ends, the 
velocity will be assumed to be parallel to the axis of the 
lake. In the shallow side of the lake a downwind flux 

will be produced by a balance of bottom friction and 
wind stress. This flux returns in the deep side of the 
lake where the internal velocity structure will be calcu- 
lated assuming constant eddy viscosity. In the shallow 
side of the lake, 

• C•U• 4- gh d• (1) u. - d'• 
where u. is the friction velocity, Pw is the water den- 

sity, C• is the drag coefficient (assuming quadratic fric- 
tion), Us is the mean downwind velocity in the shal- 
low layer and ½ is the surface elevation. In the steady 
state the downwind flux in the shallow layer, whUs, is 
balanced by an upwind flux in the deep layer, WHUa, 
where Ua is the mean upwind velocity in the deep layer. 
This gives Us - U• (ws -•-) and so, 

(wh)• u•*(1-•) (,) U•-- WH Ca 
In the deep part of the lake, bottom friction is as- 

sumed to be small and so: 
2 

(3) 
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Figure 13. The effect of wind on stratification. From an initial isothermal state the 
model was run for 3 days with no wind but with diurnal heating to produce a stratified condition 
(hour 0). Calm conditions continued until hour 24 when the wind stress increased over about 12 
hours to 0.25N m -2 from the SW. Thereafter the wind stress was constant. The model-derived 
temperature and horizontal velocity field at points along the talweg are shown. Section 41 refers 
to the south-north coordinate in the model grid and is at 53ø39.2'N, and section 31 is 2km to the 
S. Velocity is plotted at 100 minute intervals, north is up and the scale is at the bottom left. 

In the deep side of the lake, the surface slope force 
is assumed to be balanced internally by turbulent shear 
friction' 

2 u, 
g•yy = • = Nz Oz-- • (4) 

This has a solution of the form 

v - az • + bz + c (5) 

where v(z) is the y component of velocity in the deep 
side of the lake and Nz (m2s -•) is an eddy diffusivity, 
assumed constant with depth. 

O• /2N a- g•yy, z (6) 
Boundary conditions are as follows. 
1. At the surface 
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Figure 14. Same as Figure 13, but for section 21 (4km to the S of section 41) and 
section 11 (6km to the S). 

Ov 2 
NZ•z z =u, (7) 

2. The return flux on [he deep side of the l•ke is 
prescribed by the input from the shallow side of the 
lake. 

f: vdz - H•, (8) H 

The boundary conditions and flux condition are suf- 
ficient to define the constants a, b, and c. 

Defining a 'shear velocity' as 

U8 
a -- 2H 2 

b __ 
U8 

C=Ud+-- 
3 

(9) 

(10) 

(11) 
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Figure 15. east-west cross section of the velocity field in Figures 13 and 14, hour 60, 
section 31. Arrows represent horizontal velocity vectors (north is up). 

The surface downwind velocity is given by c and will 
be upwind if Ud, determined from ?? above (a func- 
tion of the geometry of the lake and u,) and Us sat- 
isfy the inequality I Udl • -•. For example, assum- 
ing u, = 0.01m s -•, Nz=0.01 m2s -•, H=40 m, h=10 
m, Nz=0.01 m2s -•, W=2000 m, w=3000 m, values of 
Us = 0.4m s -•and Ud • --0.1m s -• and a surface 
downwind velocity of 0.04m s-•can be estimated. The 
maximum upwind velocity in the deep layer in this case 
occurs at the bottom, which is unrealistic: a bottom 
boundary layer will exist with a maximum at some dis- 
tance above the bottom. 

5.2. Time to Establish the Current Regime in 
the Shallows 

The resonant period of the lake (given by 2œ where 
d is the depth) is about half an hour. The timescale for 
increases in wind speed is greater than this so that a 
barotropic seiche is unlikely. 

The observed lag between current and wind may be 
explained simply as follows: in the shallow side of the 
lake, in equilibrium, hu2, (-} - -•) - CdU•. If H >> h, 

u, . If the wind is suddenly switched on, the 
2/h, so the timescale for the flow to acceleration is u, 

reach Us is h This is about 8 hours for the values 

given above. 

5.3. Mixing Time 

The circulation during one of the along-lake wind 
events in Figure 2 may be expected to cause rapid 
turnover of the more open parts of the lake in the more 
or less unstratified winter conditions. A mean upwind 
velocity of 35 cm s -• would transport the water by the 
length of the lake in about 6 hours. This water will then 
upwell and move downwind in the surface layer on the 
shallow side of the lake, causing a rapid reduction in 
temperature contrast between surface and bottom (as 
in Figure 8) 

5.4. Baroclinic case 

5.4.1. Calm conditions. It is difficult to compare 
this model run with the real data (Figure 9), which were 
subject to small but significant wind stress. Observa- 
tions in calm conditions indicate that a light afternoon 
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Near-surface velocity field, calm conditions, 1300 hours. Figure 16. 

breeze of spattally variable direction is set up in the af- 
ternoon in calm conditions across most of the northern 
lake: such a breeze may well influence the observations 
in Figure 9 by causing depression of the thermocline in 
the eastern side of the lake with a return flow at the 
bottom of the mixed layer. 

5.4.2. Influence of return flow on stratifica- 
tion. The mixed layer in the model simulations deep- 
ens in the downwind direction (Figures 13 and 14), as is 
to be expected in the absence of topographically driven 
flow. The current in the surface layer is upwind, which 
in a 2 layer case, can be expected to exert a stress on 
the lower layer and so increase the tilt of the thermo- 
cline in the downwind direction, perhaps causing the 
thermocline to surface more rapidly than expected. In 
the case of Figures13 and 14, the wind stress was 0.25N 
m -2 and, assuming a density difference of 0.2 kg m -3 
and mixed layer depth, h, of 20m and basin length, L, 

-th2 
of 10 kin, the Wedderburn number ,.x• comes out at 
about 0.3, indicating that the thermocline should sur- 
face. However, in the model simulation, the return flow 
appears to persist as far south as section 11, near the 
upwind end of the lake and as the surface water moves 
upwind, its temperature decreases from 20øC at section 

41 to < 18øC at section 11, indicating mixing with un- 
derlying water. 

From Figures 13 and14 a Richardson number may 
be calculated: for example, for section 31, the velocity 
shear is about (0.2 m s -•)/20 m, while the density gra- 
dient is about 0.15 kg m -•/20 m, which gives a Richard- 

op/oz of about 0.75. For other sections, son number • •(•) •. 
Ri is between 0.5 and 0.75, which is just above the criti- 
cal value for stability (O(1/4)). However, the change in 
temperature as the surface water moves south indicates 
that the return flow, warmer at the north from heating 
in the shallow side of the lake, mixes with the underly- 
ing water and sets up a well-mixed surface layer which 
thickens until a quasi-steady state is achieved. 

This analysis is rather simplistic: Figure 15 shows 
that the return flow is by no means two layer, being 
deeper on the west side of the lake. It is possible that 
the return flow toward the middle of the lake is reduced 
by horizontal friction here and rotation may well influ- 
ence the flow, tending to confine the southwesterly flow 
to the western side of the lake. 

Another feature of the model results is the east to 

southeasterly flow at the surface in the deep part of 
the lake. This may be the result of the interaction 



7080 BOW'YER: TOPOGRAPHIC CIRCULATION IN A LAKE 

of the wind drift and Coriolis force, as observed by 
George [1981] in which the deformation scale, given by 
the flow speed times the Coriolis parameter, is quite 
small (O(lkm)). It may also simply be the result of the 
thinning of the surface layer to the south causing a di- 
vergence in the return flow. Whatever the reason, there 
is little downwind flow at the surface in the deep side of 
the lake and this distinguishes the circulation pattern 
from the two dimensional case, e.g. Monismith, 1985. 

In summary, the return flow is confined to the surface 
and is probably mixing with the underlying water as it 
moves upwind. The experimental data are insufficient 
to verify this model of the mixing, but the drogue re- 
sults, although limited, support the model's picture of 
the current field while the temperature data in Figure 
10 qualitatively support the stratification regime pre- 
dicted by the model. 

5.5. Implications for Other Lakes. 

There is no such thing as a "typical" lake; the 
Mask, or at least the idealization of it, is a little unusual 
in that it has "deep" and "shallow" halves. This sim- 
plification is exposed in the model results which show, 
for example, the existence of an additional downwind 
jet in the shallow coastal strip at the western side of 
the lske. However, most lskes are by no means simple 
constant depth basins and so may be expected to show 
at least some topographically driven circulation. The 
effect of this circulation in stratified, two layer, condi- 
tions is twofold. First, it exerts an upwind stress on 
the lower layer and so increases the tilt of the interface 
and effectively causes the interface to surface at lower 
windstress than might otherwise be expected. Second, 
if the return flow is sufficient, as was the case for the 
model run above, the shear between the layers in the 
deep water can be expected to be sufficient to cause 
mixing. Equations (??)-(??) illustrate the dependence 
of the circulation in the barotropic case on the lake ge- 
ometry: if the lake has extensive areas of shallow water, 
the three dimensional nature of the flow must be consid- 

ered. Finally, downwind flows may also be expected in 
local areas of shallow water, for example sandbanks or 
off headlands or islands and in embayments in coastal 
seasø 

6. Conclusions 

1. Topography affects flow in Lough Mask. 
The wind drives water downwind in the shallow east- 

ern lake and counter to the wind in the deeper western 
lake. This flow can mix the open lake rapidly in winter 
and may be very important in determining the thermal 
structure in the summer. 

2. There is evidence of thermally driven diurnal (pos- 
sibly frontal) motion in the eastern Lake in calm sum- 
mer periods. 

3. Modelling studies with constant density produce a 
flow regime where downwind flow in the shallow side of 
the lake returns in the deep side, in reasonable agree- 
ment with the 1995 observations from the deep lake. 

In calm conditions the model predicts a shallow ther- 
toocline and current in the shallow side of the lake which 

follows the coastline in an anticlockwise fashion. In the 

case of the onset of wind after a calm spell in summer 
conditions the model indicates that the return flow is 

confined to the surface on the deep side of the lake and 
gradually deepens until the flow regime is stable. This 
description of the flow is supported at least qualitatively 
by drogue measurements. 

Acknowledgements. This work was supported in part 
by the EU ASGAMAGE project and in part by the Irish 
EPA Western Lakes project. 

Tom Creaven has been of great assistance in all of 
the fieldwork, as was Tom Furey in constructing the 
moorings. 

The helpful comments of the reviewers were much 
appreciated. 

References 

Blumberg, A. F., and G. L. Melior: A description of a three 
dimensional coastal ocean circulation model, in Three Di- 
mensional Coastal Ocean Models, Coastal and Estuarine 
Studies, Vol. 4, edited by N. Heaps, pp. 1-16, A.G.U., 
Washington, D.C., 1987. 

Csanady, G. T., Circulation in the Coastal Ocean, Reidel, 
Norwell, Mass., 1982. 

George, D. G., Wind induced movements in the South Basin 
of Windermere, Freshwater Biol. 11, 37-60 1981. 

Officer, C. B., Physical Oceanography of Estuaries (and As- 
sociated Waters). John Wiley, New York, 1976. 

Hutchinson, G. E., A Treatise on Limnology, vol. 1, Geogra- 
phy, physics and chemistry, John Wiley, New York, 1957. 

Imberger,J. and J. C. Patterson, Physical limnology, Adv. 
Appl. Mech. 27, 303-475, 1989. 

Monismith, S. G., J. Iraberger, and L. Morison. Convective 
motions in the sidearm of a small reservoir, Limnol. and 
Oceanogr. 35, 1676-1702, 1990. 

Monismith, S. G., An experimental study of the upwelling 
response of stratified reservoirs to surface shear stress, J. 
Fluid Mech. 171, 407-439, 1985. 

Mortimer, C. H., Water movement in lakes during summer 
stratification; evidence from the distribution of tempera- 
ture in Windermere, with an appendix by M. S. Longuet- 
Higgins, Philos. Trans. Roy. Soc. London, Set. B, •36, 
355-404, 1952. 

Rhines, P. B., Circulation, convection and mixing in rotat- 
ing, stratified basins with sloping topography, in Physical 
processes in lakes and oceans, Coastal and Estuarine stud- 
ies volume 5J, edited by J. Iraberger, pp. 209-226 AGU., 
Washington, D.C., 1998. 

P. Bowyer, Department of Oceanography. National Uni- 
versity of Ireland, Galway. University Road, Galway, Ire- 
land. (peter.bowyer•nuigalway. ie) 

(Received December 2, 1999; revised November 6, 2000; 
accepted November 22, 2000.) 


