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The overall circulation pattern in spring is rather specific as density-induced
currents may be of significance. The density-driven circulation perpendicular to
the shore can be described as consisting of two circulation cells, with a zone of
convergence, referred to as thermal bar, in between. The thermal bar, which co-
incides with the 4°C isotherm (the temperature of maximum density), inhibits
horizontal water exchange, implying its practical importance. In this paper, a hy-
drodynamic numerical model is used to study the relative influence of wind- and
density-driven currents in a large temperate lake during spring.

The study shows that the general density-driven circulation is strongly depen-
dent on the bottom topography, with a more pronounced circulation and consid-
erable descending motions in the thermal bar zone in lakes with steep sloping
bottoms. In shallow lakes, the wind-driven circulation dominates, and the effect
of density-induced currents is marginal, except at locations with a drastic change
in bottom depth.

Introduction

The temperature pattern and its development during spring in large temperate lakes
have a special character, due to the fact that freshwater has its highest density at 4°C.
Just after the ice cover has vanished, the temperature in the lake is almost homoge-
neous and below 4°C. As the spring heating proceeds, convective mixing leads to
isothermal conditions with depth and a faster increase in temperature in the shallow
near-shore regions than in the deeper parts of the lake. When the temperature reach-
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es and exceeds 4°C at the shore, a stable temperature stratification develops.
Between this region and the main part of the lake, where the water is convectively
mixed and with constant temperatures throughout a vertical, there is a zone of de-
scending water with temperature of maximum density. This zone, named thermal
bar, is of practical importance as it has an inhibiting effect on the horizontal water
exchange. In the course of warming, the thermal bar moves towards the deep parts of
the lake, until it finally vanishes and the temperature stratification with horizonal
isotherms characteristic for the summer period sets in. In large lakes like the Great
Lakes in North America, Lake Ladoga, Lake Onega, and Lake Vianern in Europe the
time of thermal bar existence is about one to a couple of months.

The interest for the spring thermal regime and its associated circulation in large
temperate lakes was initiated by the studies of Tikhomirov (1959; 1963). He tried to
explain the circulation associated with the thermal bar, as consisting of two circula-
tion cells, one at each side of the bar. The surface current in both the stably stratified
near-shore region and in the convectively mixed deep parts of the lake, was suggest-
ed to be directed towards a zone of convergence with extensive vertical water mo-
tions, the thermal bar. The return current along the bottom, should then by continu-
ity reasons be directed away from the bar. Indications that supported this theory con-
cerning the surface currents were visible bands of foam and floating objects at the
water surface located along the 4°C isotherm. Rodgers (1965; 1966), who made the
first detailed studies of the spring thermal regime in the Great Lakes in North Amer-
ica confirmed Tikhomirov’s thoughts of the thermal bar being a zone of convergence
by performing drogue measurements and by, as Tikhomirov did, finding a similar
visual band above the 4°C isotherm, consisting of dead fish, algae, and debris. He
also found indications of the two-cell circulation pattern from studies of the horizon-
tal transport of heat during spring (Rodgers, 1966; 1968; 1971). This circulation
was, however, suggested to be secondary, superimposed on a primary density-in-
duced circulation along the isotherms that would be at least one order of magnitude
greater.

Only a few field investigations of the spring circulation associated with the ther-
mal bar have been made. They mostly show an influence of earlier or present wind
conditions (see for instance Malm et al., 1991; 1992) on the circulation pattern. One
may therefore assume that the influence on the circulation by the horizontal density
gradients is comparatively weak. However, the density-driven circulation exists
throughout the spring period.

Several models, both analytical and numerical, describing the density-induced
circulation have been developed. The first analytical model by Elliot (1971), did not
account for the earth rotation. The obtained circulation was similar to the one out-
lined by Tikhomirov, with two circulation cells on each side of the thermal bar. The
results were also compared with the observed velocity fields in a small laboratory
tank, and good agreement was found.

Analytical models of the density-driven circulation in Great Lakes, including the
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Coriolis terms, have been derived by Huang (1971; 1972) and Brooks and Lick
(1972). The simulation results from these models agreed well with the thoughts of
Rodgers, with a primary circulation parallel to the isotherms that is cyclonic (anti-
clockwise) between the shore and the thermal bar and anticyclonic (clockwise) in
the central convectively mixed region of the lake. The simulated secondary circula-
tion was principally the same as described by Tikhomirov. Estimates of the maxi-
mum long-shore and cross-shore velocities was about 10-1 m sec-! and 10-2 m sec-!,
respectively. Partly based on these calculations, Huang (1972) stressed the inhibiting
effect of the thermal bar on the horizontal water exchange.

A two-dimensional numerical model to study the thermally-driven circulation
during spring was made by Bennet (1971). The calculated thermally-driven circula-
tion pattern was qualitatively similar to the ones derived by Huang (1971; 1972) and
Brooks and Lick (1972). However, the magnitude of the current velocities was less
with a maximum longshore current of 2-3 cm sec-1. Benner also calculated the hori-
zontal heat transport perpendicular to the shore. The results are consistent with the
observed heat content changes by Rodgers (1966), which indicates that the calculat-
ed circulation pattern is realistic. Scavia and Bennet (1980) calculated the current
structure during spring in Lake Ontario using an observed wind field. They conclud-
ed that the flow is dominated by wind, but that the thermally-driven circulation is
equally important due to its persistence.

Csanady (1971; 1972; 1974) investigated the flow pattern in Lake Ontario during
the time of thermal bar existence in connection with some events with high wind
speeds. He stated that a spring thermocline coinciding with the 6 or 7°C isotherm
separates the warm coastal waters from the cold main lake mass (Csanady 1974).
This inclined surface can either take the shape of a wedge or a lens, depending on
the direction of flow (Csanady 1972). A wedge-shaped thermocline is associated
with a shore parallel current directed to the right seen from the shore, and a lens-
shaped thermocline is associated with a shore-parallel current directed to the left
seen from the shore. In connection to high wind events during spring the current
characteristics of the shore zone are quite different from those in the offshore zone.
The near-shore zone is dominated by relatively persistent bands of currents with typ-
ical velocities of the order of 20 cm sec-1, while the offshore region experiences rel-
atively small current velocities of the order of 5 cm sec-! or less (Csanady 1972).
The high wind events are, however, seldom strong enough to break down the strat-
ification in the warm zone (Csanady 1974).

The magnitude of the sinking velocities in the thermal bar zone is important for
the circulation. Carmack and Farmer (1982) estimated the vertical velocity to be of
the order of 10-2 cm sec-! during autumn in Babine Lake, and the mathematical
models made by Huang (1972), Brooks and Lick (1972), and Bowman and Okubo
(1978) showed that the vertical velocities in the spring thermal bar zone should be of
the order of 10-2, 10-1 and 10-2 cm sec-1, respectively. The vertical velocities in the
thermal bar zone are thus too small to be detected by current meters in field.

333



Joakim Malm

The objective of this paper is to qualitatively describe the effect of wind on the
circulation pattern during spring in a large temperate lake and to what extent the
thermal bar functions as a barrier for horizontal water exchange. According to Sca-
via and Bennet (1980), the wind circulation tends to drive a one-cell pattern over a
cross-section of a lake as opposed to the density-driven circulation. Therefore, in
this study winds of different magnitude and direction are imposed to an initially
thermally-driven double-cell current system with an established thermal bar, and the
transition towards a one-cell circulation pattern is investigated. First, however, the
magnitude of the general thermally-driven circulation in a cross-section of a lake is
calculated for different hypothetical situations to get background information on
their structure and importance.

In the study a two-dimensional numerical hydrodynamic model is used because
the objectives of the study are of a principle character and not to describe details or
three-dimensional effects.

Description of the Hydrodynamic Model used

A two-dimensional numerical hydrodynamic model is used, in which a cross-section
of a lake with an arbitrary bottom topography perpendicular to the shore, but homo-
geneous along the shore is considered, see Fig. 1. All gradients of temperature and
velocities perpendicular to the section, (9/dx), are assumed to be zero, but a long-
shore pressure gradient, (dp/dx), dependent on time, is accounted for in order for the
total volume flow perpendicular to the cross-section to be zero (see Eq. (5) below).
To model the thermo-hydrodynamics for this cross-section, the following set of

equations is used
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Fig. 1. A cross-section of a lake with an arbitrary bottom topography perpendicular to the
shore (y-axis), but with constant depths along the shore (x-axis). The velocity and
temperature fields are also considered as homogeneous along the x-axis.

Eqgs. (1), (2), and (3) are the hydrodynamic differential equations of motion (where
the Boussinesq approximation is used) for the longshore (x-direction), cross-shore
(y-direction) and vertical (z-direction) velocity components. Eq. (4) is the continuity
equation for the cross-section, Eq. (5) is the requirement of a total zero net flow per-
pendicular to the section, and Eqs. (6) and (7) are the heat transfer equation (divided
by density and specific heat of water) and the quadratic form of the state equation for
freshwater, respectively. The introduced variables and parameters are:

u, v, w = average current velocity components in x, y, and z direction
t ~ time
f = Coriolis parameter (set to 1 x 10-4 sec-l as a typical value in the
northern hemisphere)
p ~ deviation from the pressure at the state of rest
Po ~ reference density for freshwater
p’ - deviation from the reference density
g ~ gravity acceleration (=9.81 m sec-2)
Apand A, =~ horizontal and vertical eddy viscosities
L - length of the cross-section
D(y) = bottom depth at a distance y along the cross-section
T ~ water temperature
Kpand K, - horizontal and vertical eddy conductivities
o] - water density
Pm -~ maximum freshwater density (=1000 kg m-3)
a - constant in the quadratic state equation for freshwater
~ (=1.65 x 10-5°C-2, from Carmack and Farmer 1982)
T - temperature of maximum density (=4.0°C)

The following boundary conditions are used at the solid bottom boundary, z=-D(y),
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u=v=w=0 (8)
Qb=0 (9)
and at the free surface
du _ v _
pAv 3z x? DAUE')?—Ty (10)
t=V/2+2=C_p W2 (11)
x y DTa
w =0 (12)
aT
-pocpKv E‘Qs (13)

where the rigid lid approximation, Eq. (12), has been used. (In the rigid lid approxi-
mation, the displacement of the free surface is neglected, and the surface gravity
waves are filtered out. However, the pressure under the lid can be related to the free
surface displacement, Bennet (1974)). In these expressions the following additional
variables and parameters have been introduced:

Qp, - bottom heat flux

Qs - heat flux at the water surface

¢y, = specific heat of water (set to 4.19 x 103 J kg-1.°C-1)

T = total wind stress at the water surface

T, Ty = Wwind stress components in x- and y-direction, respectively
Cp - drag coefficient

pa - density of air (taken as 1.25 kg m-3)

w — wind velocity at 10 m above the water surface

Cp is set to 1.3 x 10-3, a value taken from a review by Svensson (1978).

The methodology used to solve the system of equations for the hydrodynamic
model is similar to the one used in the numerical model PHOENICS (e.g., Spalding
1992). The governing equations are discretisized using the control volume formula-
tion with a upwind scheme for the convective terms. The SIMPLE algorithm (see
Patankar (1980) for a detailed description of SIMPLE type schemes) applied on a
staggered mesh is then used for calculation of the flow (temperature) field. A uni-
form grid with the size 80 (horizontal) * 20 (vertical) was used in the calculations
below. The time steps used were 1800, 900, and 100 seconds for the three lake sec-
tions considered below (section A, B, and C, respectively).

The model is similar to the one used by Bennet (1971) to numerically predict the
general thermally-driven spring circulation. There is, however, one main difference.
The thermal bar is a zone with substantial vertical water transport according to the
suggestions by Tikhomirov (1963) and Rodgers (1965). Therefore, for a correct de-
scription of the circulation in this zone, the vertical momentum equation is used in-
stead of the hydrostatic equation.
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Determination of Turbulent Exchange Coefficients

As this study of the spring circulation in large lakes is of a qualitative nature, no ef-
fort will be made to model turbulence characteristics. Instead, the turbulent ex-
change coefficients (Ay, A,, Kp, and K,,) are crudely expressed as constants. The in-
fluence of buoyancy effects in the stably stratified region of the lake will be consid-
ered by the use of simple expressions. This is important since the turbulent transport
of heat and momentum may be considerably reduced due to the stable stratification.
This was not considered in the theoretical study of the thermally driven currents in
temperate lakes during spring by Bennet (1971). Reasonable values on the exchange
coefficients will be determined below on basis of estimates from simple formulas
and models.

The horizontal eddy viscosity and conductivity coefficients (assumed to be equal)
are estimated using the four-thirds law

Ay =K =a L'/ (14)
where o is a dimensional diffusion parameter set to 1 x 10-2 cm?2/3 sec-! (cf., Harle-
man and Stolzenbach, 1972) and L is a length scale for the horizontal turbulent mo-
tion. Because the present study is focussed on the thermal bar, it seems appropriate
to choose the bar zone width as the length scale, L. The width of the thermal bar
zone is, however, not easily defined. It can be of the same order as the bottom depth,
as suggested by Zilitinkevich et al. (1992), or as the width of the region with large
temperature gradients, which can be of the order of several hundreds of metres.
Here, the grid step Ay, chosen to be as close to the magnitude of the bar zone width
as possible, is used as the length scale L.

Rough estimates of the average vertical exchange coefficients have to be made for
three different conditions. 1) For the density-driven circulation in a neutrally strati-
fied near-shore region, the eddy viscosity can be estimated using Prandtl’s free-
shear-layer model for a plane mixing layer (Rodi 1980),

_ -2
AvO =10 68U . (15)

where § is the layer width (set equal to the depth, D), and U is a velocity scale. 2) In
the unstably stratified and convectively mixed »deep-water« region, the eddy vis-
cosity can be determined from the following depth averaged expression, proposed
by Malm and Zilitinkevich (1994)

ga((T-T )@
A 50.06 (—— T S)1/3p4/3 (16)
v0 [ cp

3) In the presence of a wind stress, the following expression for the depth-averaged
eddy viscosity in a neutrally stratified environment seems appropriate (Malm and

Zilitinkevich 1994),
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Ay = 0.04u.D a7

where u* is the friction velocity (=(t/p)1/2).

Using a depth scale of 30 m (typical for the model calculations below), and the
following typical values, U = 0.05 m sec-! (according to a study of the spring dy-
namics in Lake Ontario by Csanady (1972), the maximum current velocity during
calm conditions was usually 5 cm sec-1 or less), T = 2.5°C, Q; = 200 W m-2, and u*
=0.01 m sec-1 (corresponding to a considerable windstress of 8 m sec-1), the magni-
tude of the vertical eddy viscosity is approximately 10-2 m2 sec-1 for all three cases.
The vertical eddy conductivity is assumed to correspond to the eddy viscosity, ex-
cept in the convectively mixed region, where the effective vertical eddy conductiv-
ity is about 10 times larger than the effective vertical eddy viscosity (see, e.g., the
collection of experimental data on the turbulent Prandtl number in unstable stratifi-
cation in Zilitinkevich 1970).

To account for the buoyancy effects on the vertical turbulent transport of heat and
momentum in the near-shore region, the following empirical formulas, proposed by
Munk and Anderson (1948), for A, and K, are used

- -0.5 - -1.5
A, =4, (1+10R ) s K, =K, (143,338 ) (18)

where A, and K are the eddy viscosity and eddy conductivity for neutrally strati-
fied conditions, respectively. R; is defined by

p.=_49 _30/32 (19)
TP (3u/dz)2

From these separate estimates, it is now possible to define appropriate values on
the exchange coefficients to be used in the hydrodynamic model. These are given in

Table 1.

Table 1 — The turbulent exchange coefficients used in the hydrodynamic model as a function
of Richardson number, R;

Ay, (m2 sec-1) Kj (m2 sec-1) A, (m2sec!) K, (m2 sec-1)
Ri20 4.6x10-4 (Ay)¥3  4.6x10-4 (Ay)43 1X10-2(1+10%xRi)0-5  1x10-2(1+3.33xRi)-1.5
Ri<0  4.6x10-4 (Ay)¥3  4.6x10-4 (Ay)¥3  1x10-2 1x10-1

General Density-driven Circulation During Spring

The objective of this section is to model and analyze the temperature structure and
the corresponding thermally-driven circulation in a cross-section of different ideal-
ized lakes, when the thermal bar is fully developed. Some of the calculated temper-
ature and current structures below will also be used as initial conditions in the next
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section, when the effect of a wind stress on the spring circulation in large temperate
lakes is investigated. A qualitative picture of the temperature structure and circula-
tion pattern in a large temperate lake during spring in the absence of wind was ob-
tained, as mentioned above, by Bennet (1971) from results of a two-dimensional nu-
merical model. The calculated temperature distribution was also shown to be in
qualitatively good agreement with some observations from Lake Ontario. In the
study, however, he implicitly considered vertical wind mixing by the use of a con-
stant turbulent exchange coefficient. In the present study, situations when the tem-
perature structure both has and has not been subject to considerable vertical heat
mixing (by the use of a stratification dependent and a constant turbulent exchange
coefficient, respectively) are investigated. Also the influence of the bottom topogra-
phy on the temperature and circulation structure is studied. A non-uniform bottom
depth is the primary cause for the horizontal temperature gradients.

The studied situations are of an artificial nature as the main aim is to investigate
the bulk spring circulation. The calculations by the hydrodynamic model described
above are performed for three different cross-sections. In Europe’s largest freshwa-
ter lake, Lake Ladoga, the average bottom slope ranges from 1 x 10-3 in the southern
part to 1 x 10-2 in the northern areas. Typical average bottom slopes for other large
freshwater lakes in Europe, like Lake Onega in Russia and Lake Vianern in Sweden,
and the Great Lakes in North America are also within these ranges. These limits are
the chosen uniform bottom slopes for two of the model sections, named A (slope =
10-2) and B (slope = 10-3), shown in Figs. 2 and 3 below. The third section, named C
(shown in Fig. 6), is intended to illustrate a more special and local situation with a
sudden change in bottom depth. This section is idealized to consist of one shallow
and one deep water region, both with constant bottom depths, and a rapid change in
bottom depth in between (with a constant slope set to 8 x 10-2). The interest in stud-
ying such a specific situation is that the thermal bar ought to be almost stationary at
the position of the drastic change in bottom depth. As the bottom depth is constant
before and after the jump in bottom depth, it seems likely that the circulation in the
thermal bar zone will be more pronounced compared to the general circulation in the
section, and perhaps also a cause for it.

The surface heat flux, Q,, which is the source for the density-driven motion, will
be taken as constant in time and space with a value of 210 W m-2 (typical values for
the surface heat flux in spring are for Lake Ladoga 200-250 W m-2, see Malm et al.
1991; 1992, and about 210 W m-2 for Lake Ontario, see Rodgers 1968; Rodgers and
Sato 1970). To introduce an external heat flux only as a boundary condition at the
surface, however, is not correct at least not during periods of limited vertical mixing.
A large portion of the incoming heat comes from direct solar radiation that pene-
trates into the water body. The surface heat flux is introduced as a heat source in the
upper layer of the lake, and is distributed in accordance with the penetration of solar
radiation into the water. The penetration of the solar radiation into the water mass
can be estimated as (e.g., Henderson-Sellers 1984)
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Fig. 2. Obtained temperature distributions, streamfunctions, and long-shore velocity distri-
butions for cases 1 and 2 (section A, with the bottom slope 10-2) when only density-
driven currents were considered. Only half of the cross-section is shown as the center

is a symmetry line.

$(2) = (1-v) ¢y exp(-n2)

(20)

where ¢(z) is the total shortwave radiation reaching the depth z, ¢g is the shortwave
radiation at the water surface, 1 is the extinction coefficient and 'y (fraction of the ra-
diation that is absorbed in the surface layer) is expressed by

Y=0.2651n (n) + 0.614

(21)

The extinction coefficient, 1, is on average approximately 0.29 m-! in the Great
Lakes in North America and 0.34 m-1 in Lake Ladoga (Petrova and Terzhevik 1992).
In the following the extinction coefficient is set to 0.3 m-1.
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Fig. 3. Obtained temperature distributions, streamfunctions, and long-shore velocity distri-
butions for cases 3 and 4 (section B, with the bottom slope 10-3) when only density-
driven currents were considered. Only half of the cross-section is shown as the center
is a symmetry line.

The initial temperature in the lake at the onset of the spring circulation period is
taken as constant in space with a value of 1°C (typical reference values from Lake
Ladoga and Lake Ontario are 0.5°C and 2.0°C, see Malm et al., 1994; Rodgers
1966). The initial current velocities are set to O m sec-1. v

The constant vertical turbulent exchange coefficients, used in the calculations
where the vertical mixing is emphasized, are set to different values in the stably
stratified and convectively mixed regions. In the latter the values from above, A =1
x 10-2 m2 sec-! and K,=1 x 10-1 m2 sec-1 are used. In the near-shore region the val-
ues based on neutral stratification are reduced somewhat to account for the tempera-
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ture stratification, by crudely setting the Richardson number to 2. Thus the follow-
ing constant values on the exchange coefficient are used A,=2.2 X 10-3 m2 sec-! and
K,=4.7 x 10-4 m2 sec-1 (which can be compared to the values A,=4.5 X 10-3 m2 sec-
'and K;=7.5 % 10-4 m2 sec-! used by Bennet (1971) and A,=3.0 X 10-3 m2 sec-1 and
K,=3.0 X 10-3 m2 sec-1 used by Huang, 1971, for similar studies). The parameters
used in the model calculations for the different sections and cases are summarized in
Table 2.

Table 2 — Parameters used in the numerical calculations for the three cross-sections. Ty is the
initial temperature in the lake; #, is the total simulated time from the initial condi-
tions; At, Ay and Az are the time step, horizontal and vertical grid steps, respect-

ively

Section A B C
Case 1 2 3 4 5
Qs (W m2) 210 210 210 210 210
To (°C) 1 1 1 1 1
Ajp (m2 sec-l) 0.73 0.73 6.25 6.25 0.085
K}, (m2 sec-1) 0.73 0.73 6.25 6.25 0.085
A, (mZsecl)  DIXI02(1+10 R)-05,  12.2x10-3,  DIx10-2(1+10 R)05, 12.2x10-3, 12.2x10-3,

21x10-2 2)1x10-2 2)1x10-2 2)1x10-2 2)1x10-2
K, (m2sec) DIx10-2(1+333 R)-1:5, D4A.7x10-4, DIx10-2(1+3.33 R,)1:5, D4.7x10-4, D4.7x10-4

2)1x10-! 2)1x10-! 2)1x10-1 291x10-! 2)1x10-!
t,0r (days) 2 42 22 22 21
At (sec) 1,800 1,800 900 900 100
Ay (m) 250 250 1,250 1,250 50
Az (m) 5 5 2.5 2.5 2
DR,20, 2R;<0

Results - Sections A and B

The results of the calculations of the temperature structures and associated density-
driven currents for the sections with constant bottom slopes are shown in Figs. 2 and
.3, and summarized in Table 3. (The time needed to establish the thermal bar at the
shore from the initially temperature homogeneous conditions (T = 1°C) was ap-
proximately two weeks for section A and one week for section B). The temperature
distributions show different pictures in the »warm« near-shore region, when the ver-
tical exchange coefficient is a function of Richardson number and when it is con-
stant. In the former case, the limited vertical heat exchange leads to a narrow wedge
of warm water at the surface, extending from the shore to the thermal bar, where the
isotherms are almost horizontal. Below this wedge the water is close to the tempera-
ture of maximum density, 4°C. This situation is qualitatively very similar to what
has been observed in large temperate lakes during periods of calm weather. One
such example from Lake Ontario is shown in Fig. 4.

342



Spring Circulation in Large Temperate Lakes

"1-998 WD 60" Q-~*XPWa ¢|.09s
w G1°Q-~**Wn *doeLIns Ay}
18 SONIJ0[A 1SaYSIy Yim
U012l AIMUD Ul SJUILIND
NeIM “Teq oyl wiolj Aeme
JULLIND WO0q pue Ieq Y}

*1-098 W GO Q-~*FWa ¢|-00s
wo [Q-~*®Wn -o0eyINS oY)
18 SANID0[AA 15aYS1Y Ylim
uoIga1 2INUI U SHUALIND
yeap ‘Ieq oY) woiy Aeme
JUALIND WO0)10q PUe Jeq Y}

1-09s Wd 7°0-
XPUWA €| 098 WO 7-~¥PUn
*90BJINS JY) I8 SAMII0[A
159y 31y ylim uorgai

3111UD Ul SJUALIND PIdUNOU
-014 "Ieq oY) wolj Aeme
JUALIND W0)J0q PUE Jeq Y}

*[-09s WD G'Q-~¥BWa

€1-098 WD Z- W

"ULIIOST Do AYI JO AJUIDIA
Ul 90BINS 3] 1 SANIIO[A
159yS1y yam uor3ar aImus ur
SJUALIND PAJUNOUOI{ “Teq Y}
woij Aeme JUILIND WOY0q pue

SpPIEMO]) JUILIND d0RLING SpPIEMO] JUALIND d0RING SPIEMO] JUSLIND AOBJING | I ) SPIBMO] JULIND 08 uoz
‘1[99 UONB[NIIID PISO[D *[[99 UONB[NDIID PIsO[) *[[99 UONB[NIILO PISO[D | -ING *[[93 UOHB[NIID PASO[D) | AIOYSHO
"1-098 Wi [("Q->~*¥Wm 'suon | *1-09s wiw [('Q->~**Wm ‘suon *1-03s W ['Q-~XPWm "1-09S Wl G'Q-~*Um duoz son
-ow Surpuadsap paounouoid | -ow urpuddsap padunouoid | ‘suonow Surpusdsop peounou | -suonow Jurpuadsap Suons Ieq| -suRIORIRYD
INOYIM QUOZ JDUIFIAAUOD NOYIAM 0u0Z 30UaS10Au0D) | -01d Yim QUOZ JOUIFIFAUOD) IM ‘QUO0Z 20UIFI2AU0D) [ewdyy, uonenaI)
*1-098 Wo g p~XtUa "1-09s W ¢'0~*®Wa 008 "1-098 WD ¢ p~¥PWa "1-098 WD /£ (~XPWa €| 008
¢1-09s Wd ' (~*®Wn -adejINS wo [~*¥Wy 1ojem urem ¢[-09S WO Z~Xewn a0e} wo 7P 10jem wrem
Y1 1€ SINID0[A 1sa5Ie] JO 93pom moureu oYy 1B | -INS AY) JB SANIOO[3A 15931R] JO 33pom mowreu ay) 1B
YA ‘UOII INUI SISA0D SuonoOW 13JeMm [BIUOZLIOY YIIm ‘uoISa1 2INU ) ur SUOIIOW JJJeM [BIUOZLIOY
UONE[NOII)) “Teq 9Y) WOy urejy “1eq oY) wolj Aeme | SIUALIND PIaSUNOUOI] Jeq dY) urejq “Ieq Yy} woij Aeme
Aeme JUdLIND WONOQ pue Jeq JUSLIND WO10q puk Ieq Ay} |woly Aeme JUALIND WONOG pue JUALIND WION0q pue Jeq dy) Juoz
AU} SPIEMO] JUILIND JJBJING SPIEMO} JUQLIND 30eJING | IBq 9} SPIEMO] JUALIND D8] SPIEMO] JUILIND DBLING a10ys
*1199 UONB[NOIID PISO[D “[190 UONBINOID PAsO[) | -Ing *[[2 UOIR[NIIID PISO[D) *[199 UOHBNDILD PISO[D) -IRAN
‘sarnjesadwo) ‘sarnjesadwa) ‘sarmeraduid) ‘sainjerodway
jueysuod-yydap Jsowfe jue)suod-yidap 1sowfe Jueisuod-ydap Jsowfe JueIsuod-yidap isowe uoz
U paxIw-[[om A[[edrop 1A PIXIW-[[aM A[[DILIOA UiM paXIu-[[am AJ[O1IoA M paxIW-[[om A[[edNIdA | 10ysyO
‘woN0q pue dFpam siy} “(19)eam QI | 'WoN0q pue dpam SIY) UIIM]
‘paurjout ApySis are | uaamiaq (Q.p 03 9s0[o-dwiay) siuaipeId a1oym ‘wonoq | -aq (Dot 01 3sopd ‘dwar) uord sin
SULISYIOST 219YMm “ULIYIOSI UOIS31 [BULISYIOST ISOWY | 01 9SO[O ‘WLIAYIOSI Db Y3 JO | -2 [RULIOYIOST ISOWY “SIUD -SLI910RIRYD)
Dot Y1 Jo Ayturdia uridooxa|  syuarpesd aanjerodwa) feon | Anuidra ur 31daoxa) ‘syuaipersd -1pe1d ainje1adwa) [BOILISA Juoz | aneradwa],
‘SULIQYIOST [BDILIA JSOW(E | -19A SUOXS YIIM BLINS 3y} 18 arnjerodwd) snosuagowoy 3uons yaim 20e1INS Y} 18 0ys
pUE SUOIIPUOD PIXIW-[[IA [ I)eMm ULIEM JO 9PIm MOLIBN | JOYIRI PUB SULISYIOSI PIUI[OU] | 19JeM ULIEM JO 95pom MOLIEN] -TedN

(yueisuod = 2y “y) ¢ ase)

(33 ="y ) g aseD

(wueisuod = 2y ?y) z ase)

(3 =7y ?y) 1 958D

(¢-01 = 2do[s wonoq) g uonosg

(z-01 = 2dojs wonoq) ¥ uondag

(¢ pue g "s31 os[e 29s) sado[s wonoq JueISUOd

YIM SUONOSS 3y} 10J UONEB[NOIID USALIP-AYISUSD PAJBIDOSSE PUE SAIMINAS 2IMeIddiad) Sy Jo SUONE[NO[LDd WIOIJ S}[NSAI JO KTBWWING = ¢ 9[qR],

343



Joakim Malm

50 4

100 A

Depth (m)

150 4

200 -

Fig. 4. Observed temperature distribution in Lake Ontario during 7-10 June, 1965 (after Rod-
gers 1966). The distance from shore to shore is approximately 65 km.

In the presence of a wind stress, the vertical heat mixing is more extensive on the
shore-side of the 4°C isotherm, than described by cases 1 and 3. This was artificial-
ly considered by the use of constant turbulent exchange coefficients in cases 2 and 4.
In these latter cases the temperature distributions in the near-shore region show also
much more inclined isotherms and a larger volume of water with a temperature well
above 4°C. Also these pictures are in qualitative accordance with what has been ob-
served during periods of windy conditions. An example from Lake Ladoga that can
be compared with the temperature distribution for the case with a bottom slope of
10-3 is shown in Fig. 5.

For all simulated situations the temperature is approximately depth constant off-
shore the 4°C isotherm, because of strong vertical mixing by convection, which is in
good agreement with field observations. There is no essential qualitative difference
in the temperature distributions due to different bottom slopes, except that vertical
mixing is a little higher in the more shallow and less sloping section. There are two
circulation cells, with a convergence zone, i.e., thermal bar zone, approximately
where the 4°C isotherm intersects the water surface. The surface current is directed
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Fig. 5. Observed temperature distribution in Lake Ladoga, 26 May, 1991 (after Malm er al.,
1993).
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towards the bar, both in the near-shore stably stratified region and in the convective-
ly mixed region, and the bottom current is directed away from the bar. The main wa-
ter motions are located near the water surface in the near-shore region. The thermal
bar as a zone of extensive vertical water movement is more pronounced when the
vertical exchange coefficients on the shore-side of the bar are functions of Richard-
sons number. The velocity field becomes more homogeneous when the vertical ex-
change coefficients are constants. The magnitude of the currents are larger when the
bottom slope is steeper, due to the larger horizontal temperature gradients. The ther-
mal bar is also much more pronounced when the bottom slope is steep.

The pronounced thermal bar at steep sloping bottoms can be explained by com-
paring the long-section velocities in the near-shore region with the speed of the ther-
mal bar. The average thermal bar progression rates (determined as the distance
passed by the bar divided by the time difference from its initiation to the end of the
calculations), are approximately 0.2 cm sec-! for section A and 2.0 cm sec-1 for sec-
tion B. The horizontal velocities at the water surface along the section are about 0.5
cm sec-1 for section A and about 0.3 cm sec-! for section B. Thus, the thermal bar
progresses faster than heat is advected along the water surface in the near-shore re-
gion when the bottom slope is 10-3 (section B), which indicates that the conditions
for mixing of warm and cold water at the thermal bar are minimized, and so are the
descending motions. When the bottom slope is 10-2 (section A) the situation is the
opposite; the conditions are favorable for extensive vertical water movements in the
thermal bar zone.

Results - Section C

The computed temperature and current velocity distribution for the special section
with a sudden change in bottom depth are shown in Fig. 6. The temperature distribu-
tion is characterized by large horizontal temperature gradients at the thermal bar
zone, which indicates a strong mixing there. The thermal bar is, as assumed above,
located close to the position of the change in bottom depth. The main part of the
shallow region is stably stratified. The inclined isotherms indicate heat advection to-
wards the thermal bar. The deep part of the section is vertically well-mixed with al-
most depth constant temperatures. The circulation in the section is qualitatively sim-
ilar to previously shown cases for sections A and B with one circulation cell on each
side of the bar, but is more pronounced on the offshore side (mainly due to the en-
hanced pressure gradient, caused by both horizontal temperature and depth changes,
at the position of the rapid increase in bottom depth) than on the onshore side. The
maximum horizontal velocities for both the near-shore and convectively mixed re-
gion is found close to the bar and is about 1 and 4 cm sec-1, respectively. The geo-
strophic current velocities are generally smaller than the cross-shore velocities in the
near-shore region, but several times higher offshore the thermal bar. The bar zone, as
a zone of extensive descending motions, is relatively well defined, with a maximum
vertical velocity of approximately 1 mm sec-1.
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Fig. 6. Obtained temperature distribution, streamfunction, and long-shore velocity distribu-
tion for case 5 (section C) when only density-driven currents were considered. Only
half of the cross-section is shown as the center is a symmetry line.

Although this case is artificial, it illustrates that the density-induced circulation
associated with the thermal bar is of significance at locations with a drastic change
in bottom depth. The advection of heat towards the thermal bar may even be larger
in reality than as computed here, since the bottom depth normally increases with dis-
tance from the shore, which leads to higher mixing and horizontal temperature gra-
dients in the thermal bar zone, and consequently a more pronounced circulation in
the bar zone.

Spring Circulation Influenced By Wind

In the previous theoretical calculations, no consideration was taken to the influence
of wind on the circulation pattern. In general this is not very realistic. An example of
the wind velocities experienced during spring in Lake Ladoga is shown in Fig. 7.
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Fig. 7. The accumulated fraction of time versus wind velocity during spring in Lake Ladoga.
The graph is based on data from a meteorological station at an island in the southern
part of Lake Ladoga. The data are from May and June during 5 years (1982, 1983,
1984, 1986, and 1988), where the velocities were measured with 3 hours intervals.

The values are based on 5 years data for May and June. The spring is normally quite
calm with only a few occasions of strong wind, which is also the case in Lake Onta-
rio, Csanady (1972).

Preliminary Analysis of the Relative Importance of Wind-driven and
Density-induced Currents

The relative importance of wind-driven and density-induced currents in the vicinity
of the thermal bar for different wind and horizontal temperature stratification condi-
tions can roughly be estimated by comparing the wind force at the water surface
with the pressure force due to the horizontal temperature gradient. The pressure
force, directed along the section, on a water column with unit surface area can be ex-
pressed as

0
= -
FP J 3y dz (22)
=D
For a wind blowing along the section, the wind force at the water surface of the col-
umn is (see Eq. 11).
= 2
FW = CD Py W (23)

If vertically well-mixed conditions are assumed, i.e., depth isothermal conditions,
the density only depends on the distance along the section, y. If also the pressure is
assumed hydrostatic, the pressure gradient along the section can be expressed as

oh
.. 2 -
sy 9y 9EtP 9 By (24)
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where A is the deviation of the water surface from its mean level. The first term on
the right-hand side of Eq. (24) expresses the pressure gradient due to the horizontal
density (temperature) gradient, while the second term considers the pressure gradi-
ent due to the sloping water surface. This second term is related to the continuity re-
quirement for the whole section of the lake, and is therefore of no interest and con-
sequently omitted in the following preliminary analysis. The relative importance of
the pressure force due to the horizontal temperature stratification and the wind force
can thus be expressed as

F

(3/3y) g D?
FE =___11_£2_ (25)

2
W CD DaW

An expression for the horizontal density gradient can be obtained by crudely assum-
ing that the heat entering a water column through the surface in spring remains in the
column, and that the vertical mixing is strong enough to create depth-constant tem-
peratures (this is not very realistic for the main part of the region with temperatures
above 4°C, but should give reasonable values on the density gradient in the vicinity
of the 4°C isotherm). Then, the temperature field can be described by the following
expression (Malm and Jonsson 1993)

et

_ (26)
D
Po cp (y)

T=Ty+

where T is the initial temperature in the lake when spring heating begins and Q; as
before is the surface heat flux. If the bottom slope is constant, the depth can be ex-
pressed as: D(y) = Dg + Wy, where Dy is the depth at the shore, and p is the bottom
slope. The horizontal density gradient then becomes (T is assumed to be constant

throughout the lake)

Q.t
20 = s
20 = -7y —_—— (27)
oy Py a m) pocp(Do"'“y) 2

where the quadratic form of the state equation (Eq. (7)) has been used. Then Eq. (25)

becomes

ague, @ t(T-T)) _ague, Dp(T-T,) (T-Tp) (28)

":ll,.u":l

T2 2 2 2
W Oocp CDpa 124 CD pa W

where Dr is the depth at the position of the T°C isotherm. Thus, the pressure force
influence is determined mainly by the bottom slope and the depth. This means that
the influence of the density-induced circulation in the vicinity of the thermal bar is
greater when the bar is located at larger depths, and when the bottom slope is large.
The relative importance of the pressure force, due to the horizontal temperature gra-
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Table 4 = The relative importance of the pressure force, due to the horizontal temperature
gradient, and the wind force in the vicinity of the thermal bar for section A and
section B during conditions with weak, moderate, and strong wind

Section A Section B
To (°C) 1 ’ 1
T (°C) 5 5
M 10-2 10-3
QO (W m-2) 210 210
t (days) 42 22
op/dy (kg m-4) 1.46x10-5 2.78x10-6

*(~1.2x10-5) *(~2.7%10-6)

Fp/Fy, W =2 m sec-! 22.6 1.18
Fp/lFyw, W=6msecl . 2.5 0.13
Fp/Fy, W =10 m sec-! 0.9 0.05

* Horizontal density gradients at the 5°C isotherm for sections A and B, based on the results
from the hydrodynamic model, and estimated from Fig. 2 (case 2) and Fig.3 (case 4).

dient, and the wind force for section A (slope=10-2) and section B (slope=10-3) dur-
ing conditions with weak, moderate, and strong wind is given in Table 4. A temper-
ature of 5°C is here chosen to represent the temperature field in the vicinity of the
thermal bar (a temperature of 3°C on the other side of the 4°C isotherm will give the
same result but with opposite sign). The values of the different constants in Eq. (28)
are taken from above.

During conditions with weak winds, the pressure force dominates over the wind
force in the steep sloping section, and the density-induced circulation can be expect-
ed to be very important. At larger wind speeds (moderate to strong winds) the wind
and pressure force, and thus the corresponding currents, are of about the same order
of magnitude. In the less sloping section, the wind- and density-driven currents seem
to be of equal importance during conditions with weak winds, while the wind-driv-
en circulation dominates when the wind speed increases.

Analysis of the Relative Importance of Wind- and Density-driven Circulation
with the Hydrodynamic Model

To get a measure of the relative importance of wind- and density-driven circulation,
some simple calculations are made for different scenarios. A dominant density-driv-
en circulation is here defined as consisting of two circulation cells along a cross-sec-
tion, one on each side of the thermal bar, while the wind-driven circulation is char-
acterized by a single circulation cell that covers the entire section. The initial condi-
tions are the temperature structures and density-driven double-cell circulations for
case 2 (section A) and case 4 (section B) shown in Figs. 2 and 3 (section A and B,
with constant bottom slopes, are more general than C, with a sudden change in bot-
tom depth, and cases 2 and 4, where vertical heat mixing due to wind was consid-
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ered, are more commonly observed types of temperature structures during spring
than cases 1 and 3). Wind stresses of different magnitudes and with directions either
along or perpendicular to the section are imposed on the water surface. The dura-
tions of the imposed wind events are chosen based on the time needed for establish-
ing the wind influence on the circulation. A characteristic time for establishment of
such friction-dominated motions was defined by Greenspan and Howard (1963) see
also Csanady (1968)

¢ . 2 (29)

setw  /FL 73

where fgeqyp is the wind setup time and D is depth. Introducing the following typical
values, D=100 m for section A (slope=10-2) and D=50 m for section B (slope=10-3);
f=1 % 10-4 sec-1; A,=1.0 x 10-2, the wind setup times are 1.64 days (section A) and
0.82 days (section B). As the required period of time for establishment of the wind-
induced circulation pattern is longer for stable (smaller exchange coefficients) than
for neutral stratification in the near-shore region, the duration of the wind events
with low and moderate wind is set to 4 days for section A and 2 days for section B.
For events with high wind speeds (=10 m sec-1), a time characteristic for storm
events corresponding to 1 day is used (which is based on the data presented above
from Ladoga).

The parameters and initial conditions used in the model calculations for sections
A and B are summarized in Table 5.

Table 5 -~ Parameters used in the numerical calculations for sections A and B of the spring
circulation influenced by wind. #, is the total simulated time from the initial con-
ditions; At, Ay, and Az are the time step, horizontal and vertical grid steps, respec-

tively

Section A B

Given initial

conditions Case 2, Fig. 2 Case 4, Fig. 3

Q¢ (W m-2) 210 210

Ap (m2 sec-1) 0.73 6.25

K (m2 sec-1) 0.73 6.25

A, (m2 sec-1) D1x10-2(1+10 R)-05, D1x10-2(1+10 R;)-0-5,
2)1x10-2 2)1x10-2

K, (m2 sec-1) D1x10-2(1+3.33 R)-1.5, D1x10-2(1+3.33 R))-1.5,
2)1x10-1 2)1x10-1

hor (days) 4 2

At (sec) 1,800 900

Ay (m) 250 1,250

Az (m) 5 2.5

DR20, 2R;<0
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Table 6 = Relative importance of wind- and density-driven circulation for sections A and B.
The analysis is based on the results of calculations of velocity fields for imposed
winds of different magnitudes and directions

Section.A (bottom slope = 10-2) Section B
(bottom slope = 10-3)

Low The secondary circulation is characterized by four | The secondary circu-
wind circulation cells. A zone of convergence with pro- | lation is character-
speeds nounced descending water motions (maximum ized by a single cir-
(1-3m vertical velocities of the order of 0.5 mm sec-1) culation cell that
sec-1) is located at the 4°C isotherm. Thus, the thermal covers the entire

bar is still preventing horizontal water exchange cross-section. The

and the density-induced circulation is dominating. | wind-driven circu-
lation is dominating.

Wind | Moderate | A single circulation cell covers the surface layer

along |wind along the section. Isolated circulation cells (due to
the speeds the horizontal density gradients) in the bottom layer -n-
section | (4-7 m at the position of the 4°C isotherm, reduces the

sec-l) horizontal water exchange. A transition towards a

wind-dominated circulation occurs.

High A single circulation cell covers the entire cross-sec-

wind tion (very limited and weak density-induced circula-

speeds tion cells close to the bottom and about the position -n-
(=28 m of the 4°C isotherm are still visible at a wind speed

sec-1) of 8 m sec-!). Wind-driven circulation is dominating.

Low The secondary circulation is characterized by three

wind cells (a fourth weak density-driven cell exists close

speeds to the bottom at wind speeds of 1-2 m sec-1). The
(1-4m wind-driven circulation dominates over half of the
sec-l) cross-section, while the 4°C isotherm on the other
half is a zone of convergence that separates two
circulation cells. The thermal bar at this latter half,
effectively inhibits horizontal advective volume

Wind transport of water and is characterized by strong

per- descending motions (maximum vertical velocities of
pendi- the order of 3 mm sec-! at a wind speed of 4 m sec-1).
cular Thus, the circulation in the cross-section is parti-

to the ally dominated by wind-driven currents and partially
section by density-driven currents.

Moderate | A single circulation cell cover the entire cross-
and high |section (at moderate wind speeds, 5-6 m sec-l, a

wind weak density driven circulation cell still exists close -
speeds to the bottom at one of the 4°C isotherms). Wind-

(=5m driven circulation is dominating.

sec-1)
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Fig. 8. Temperature distribution, streamfunction, and long-shore velocity distribution for
wind- and density-driven currents for section A. The imposed wind speed is 2 m
sec-1 along the section (from left to right).

The results from the calculations are summarized in Table 6. In Figs. 8 and 9, the
calculated velocity and temperature fields for section A (slope = 10-2) are given for
occasions with weak and moderate wind speeds when the wind is directed along the
section. These velocity distributions show a more or less pronounced influence of
the density-driven currents. For low wind speeds (1-3 m sec-1) along the section the
density-driven circulation dominates over the wind-driven circulation, with com-
plete circulation cells on each side of the bar. The thermal bar zone effectively inhib-
its all advective volume transport of water and is characterized by strong descending
motions. At moderate wind speeds (4-7 m sec-1) along the section there is a transi-
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Fig. 9. Temperature distribution, streamfunction, and long-shore velocity distribution for
wind- and density-driven currents for section A. The imposed wind speed is 6 m
sec-! along the section (from left to right).

tion from a dominating density-driven circulation to a dominating wind-driven cir-
culation. A wind-driven circulation cell covers the upper layer of the cross-section,
while two limited density-driven circulation cells are visible in the bottom layer at
the vicinity of the 4°C. It can also be noted that the advective volume transport of
water is reduced at the thermal bar zone. At high wind speeds (=8 m sec-1) along the
section, the wind-driven circulation covers the whole section, with only a small in-
fluence of the density distribution.

If the wind is directed perpendicular to the section (Fig. 10) a somewhat different
secondary circulation is obtained. The influence of the thermal bar on the left hand
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Fig. 10. Temperature distribution, streamfunction, and long-shore velocity distribution for
wind- and density-driven currents for section A. The imposed wind speed is 4 m
sec-! along the shore line (out from the paper).

side of the section disappears already during low wind speeds, while the circulation
and descending motions at the thermal bar on the right hand side become more pro-
nounced. For the situation in Fig. 10, the maximum vertical velocity in the thermal
bar zone is about 3 mm sec-1, which is very high. The density-driven circulation in
the vicinity of the thermal bar on the right hand side is dominant at low wind speeds
(1-4 m sec-1), while a transition towards a dominating wind-driven circulation oc-
curs at moderate wind speeds (5-6 m sec-1).

An interesting detail of the near-shore temperature distribution on the right-hand
side in Fig. 10, is the »lens«-shaped thermocline. This peculiar shape of the thermo-
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cline was theoretically explained by Csanady (1971) as primarily caused by the iner-
tial adjustment to geostrophic equilibrium, and has been observed at several occa-
sions, e.g., in Lake Ontario (Csanady 1972; 1974).

The influence of the horizontal density gradients in section B (slope = 10-3) is less
pronounced, and the wind-driven circulation, characterized by a single circulation
cell that covers the whole cross-section, dominates already at very low wind speeds.
Thus, it can be concluded that the importance of the density-driven currents during
spring in a large temperate lake is strongly dependent on the configuration of the
bottom topography.

The results from the force driving analysis of the importance of the wind- and
density-driven circulation is in good agreement with the results from the hydrody-
namic model. The simpler approach overestimates the importance of the dénsity-
driven currents, however. This is because horizontal mixing induced by wind de-
creases the horizontal density gradients.

The time required to restore a dominating density-induced circulation after an oc-
casion with strong wind is of the order of 1 week for lakes with bottom slopes in the
range 10-2-10-3. Thus, it is likely that the current distribution always will be rather
complex, with effects of previous and present wind conditions superimposed on the
density-driven circulation.

Conclusions

The general density-driven circulation in a large temperate lake is strongly depen-
dent on the bottom topography. The conditions for the density-induced circulation to
be of importance, with pronounced descending motions in the thermal bar zone,
were shown to be more favorable when the bottom slope is relatively steep. It was
also shown that the density-induced currents are of significance in a shallow lake,
when the thermal bar is positioned at a location with an abrupt increase in bottom
depth.

The model simulations further showed, as an analysis of the driving forces did,
that the influence of the density-driven circulation during windy conditions is most
significant in lakes with a steep sloping bottom, especially at low and even moderate
wind speeds. The thermal bar inhibits horizontal advective volume transport of wa-
ter at low wind speeds and also have a reducing effect when the wind speed increas-
es. In shallow lakes with flat bottoms, the wind-driven circulation dominates, and
the effect of density-induced currents can be expected to be marginal, except at loca-
tions with an abrupt change in bottom depth.
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