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INTRODUCTION

When there is no disturbance in some closed water
bodies with little inflow and outflow, water mass which
contains a generous quantity of DO on the surface is not
easily transported to a lower layer.  Therefore, the
poverty of oxygen happens around a bottom layer, and it
leads the water quality deteriorations and eutrophi-
cation.  Then, it is necessary to understand fluid flow
characteristics of the water bodies to examine the
improvement and the maintenance of water quality.

As circulation sources in a closed water body, there
are a mechanical disturbance due to wind action on a
water surface and thermal disturbance due to radioac-
tive cooling from a water surface.  We focused on a con-
vective flow induced by the thermal disturbance.  Many
studies suggest that gravitational convection plays an
important role in heat transportation, material trans-
portation and water mass formation in a shallow sea
(Imasato et al., 1978; Shay and Gregg, 1986; Suga et al.,
1989).  Akitomo (1991) explained mechanisms of the
generation and development processes of gravity con-
vection due to surface cooling in a shallow sea.  In this
study, the numerical analysis and the hydraulic experi-
ment were conducted, in order to examine characteris-
tics of a density current due to water surface cooling in a
closed water body covered with aquatic plants.

METHODS AND RESULTS

Hydraulic experiment

Experiment purpose

A vertical convection phenomenon by thermal con-
vection is influenced by the scale of the heat flux of
water surface cooling.  The change in vertical distribu-
tion of water temperature due to water surface cooling
with elapse time was measured under various coverage
rates of water surface.  The present experiment was
conducted under both conditions of thermal uniformity
and thermal stratification.
Experiment equipment

The test tank was made of acrylic plates (length＝
20 cm, width＝10 cm, depth＝20 cm) (cf. Fig. 1).  The
bottom and sides of the test tank were covered with
styrene foam boards of 20 mm in thickness to prevent
heat radiation.  A thermocouple was used to measure
water temperature.  Thermocouples were set in a verti-
cal direction at 1 cm intervals, starting at 0.5 cm from
the water surface.  The location of 0.5 cm from the water
surface was defined as the water surface in this experi-
ment.  Air temperature was measured by a mercury
thermometer.
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Experimental method 

The present experiment was conducted by using the
small scale test tank in which air temperature was not
controlled.  For the experiment under thermal stratifi-
cation, the fluid was heated from 30 cm above the water
surface with the electric heat board (GRIDDLE–SL 5,
100 V–12 A) for two hours, and then the fluid was natu-
rally cooled from the water surface for two hours.  Ther-
mal uniformity was formed by pouring hot water
(approximately 100 degrees Celsius) into water in the
tank and stirring them, and then the fluid was cooled
under the same condition as the experiment under ther-
mal stratification.  

The vertical distribution of water temperature was
measured at the point of 3 cm from the sidewall (ch 1)
and at the center of the test tank (ch 2) (c.f. Fig. 1).

The sampling frequency was 0.5 Hz.  The air tempera-
ture was measured at the location of 1m away from the
test tank.  In the experiment, the effect of the vegetation
was investigated under four coverage ratios on the water
surface: 0%, 20%, 40%, and 60%.  Simulated plants
made from polystyrene form plates were used instead of
using real aquatic plants.  The plates of 5 mm in thick-
ness were set on the water surface at both ends of the
test tank.  The experimental conditions are shown in
Table 1.
Experimental results and discussions

Figure 2 shows the calorie of the water column per
unit area at the location of ch 1.  Under thermal stratifi-
cation, the calorie was increased during the heating
process, and decreased during the cooling process.
Moreover, the rate of change was large at the condition
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Fig. 3.  Time variation of the heat flux per unit water surface area.

Fig. 2.  Time variation of the calorie of the water column per unit area.

Table 1. Experimental conditions of the hydraulic experiment

1–1
1–2
1–3
1–4
2–1
2–2
2–3
2–4

stratification
stratification
stratification
stratification
uniformity
uniformity
uniformity
uniformity

0%
10%
30%
50%

0%
10%
30%
50%

4
4
4
4
2
2
2
2

21.8
20.2
21.3
20.1
17.7
19.7
17.9
17.4

12.0
9.0

11.0
10.0

8.8
10.8

9.5
8.4

9.8
11.2
10.3
10.1

8.9
8.3
8.4
9.0

Exp fluid
condition

coverage
ratio

measuring
duration (h)

initial temperature at
a water surface Tw (˚C)

initial air
temperature Ta (˚C)

ΔT＝Tw–Ta

(˚C)



without coverage during both heating and cooling
processes.  A similar tendency was seen for the rate of
change during a cooling process under thermal unifor-
mity.

Figure 3 shows the heat flux per unit water surface
area at the location of ch1.  Under thermal stratification,
the heat flux rose rapidly by 30 minutes of elapse time
and gradually decreased during a heating process.  Dur-
ing cooling process, the heat flux took a negative value
because the direction of the heat transfer changed.
Afterwards, the value gradually approached to zero
because the difference between the water temperature
and the air temperature became small.  As well as the
calorie, the heat flux and its rate of change were large in
the case of 0% coverage.  A similar tendency was also
seen under thermal uniformity during a cooling process.

Table 2 shows Rayleigh numbers as one of the
experimental conditions.  The Rayleigh number is
defined as

Ra＝―――――＝――――― (1)

where α is coefficient of thermal expansion (1/ ˚C); ΔT,
temperature difference between air and water tempera-
ture ( ˚C); h, water depth (cm); κ, thermometric con-
ductivity (cm2/s); ν, coefficient of kinematics viscosity
(cm2/s); q, heat flux (cal/cm2･s); ρ, reference density
(g/cm3); Cp, specific heat (cal/g･˚C); and g, gravitational
acceleration (cm/s2).  The parameters in Eq(1) were
defined as α＝2.5×10–4, g＝980, κ＝1.4×10–4, and
ν＝0.01.

Brunt–Vaisala Frequency N shows the stability of
stratification, and it is called the stability frequency.
Figure 4 shows the time evolution of N at the location of
ch 2 (the center of the test tank) under thermal stratifi-
cation.  The values of N around the thermal interface
were large at the beginning of the cooling process.  And
they vertically became uniform as time elapsed.  This
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Fig. 4.  Time variation of Brunt–Vaisala Frequency N.
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Table 2. Rayleigh number at each experimental condition

1–1
1–2
1–3
1–4
2–1
2–2
2–3
2–4

stratification
stratification
stratification
stratification
uniformity
uniformity
uniformity
uniformity

0%
10%
30%
50%

0%
10%
30%
50%

9.8
11.2
10.3
10.1

8.9
8.3
8.4
9.0

6.33E–03
6.50E–03
7.58E–03
5.79E–03
8.62E–03
7.04E–03
6.58E–03
7.13E–03

8.40E–03
7.38E–03
8.35E–03
7.15E–03
7.71E–03
7.17E–03
7.00E–03
6.46E–03

5.19E＋10
5.33E＋10
6.22E＋10
4.75E＋10
7.07E＋10
5.78E＋10
5.40E＋10
5.84E＋10

6.89E＋10
6.05E＋10
6.85E＋10
5.86E＋10
6.32E＋10
5.88E＋10
5.74E＋10
5.30E＋10

Exp fluid
condition

coverage
ratio

ΔT

(˚C)
Heat Flux q (cal/cm2s)

ch 1                   ch 2 
Rayleigh numbers Ra

ch 1                   ch 2 



result shows that the thermal uniformity was lead by the
elimination of thermal stratification.  And depth of the
peak value increased as time elapsed.  This shows the
development stage of the mixture layer, and is thought
that the stratification stability around the bottom of the
mixture layer was high.  Moreover, as the coverage
increased, the change speed in the peak location of N
became small.

Figure 5 shows total hydraulic pressure P under
thermal stratification and thermal uniformity.  Pressure
in depth z (cm) is ρgz (g/cm･s2) and total hydraulic
pressure P is calculated by the following formula; 

P＝∫0

H

ρgz dz (2)

where H is water depth.  It is obtained by the numerical
integral with the trapezoidal rule.  The increase rate of
pressure started to decrease in about 80 minutes under
thermal stratification.  This is thought that the develop-
ment of convection was interrupted by the influence of
the density stratification.  Next, when the value of P in
ch 1 and ch 2 were compared, the pressure difference
among them was large.  When there is a pressure differ-
ence in a water body, water flows from a high pressure
side to a low pressure side to eliminate pressure differ-
ence and then the horizontal flow is caused.  

Numerical experiment

Governing equations of heat convection 

Figure 6 shows the calculation area.  We assumed
the simple rectangle water body where 9 cm in depth H
and 20 cm length L.  The x axis was set in a horizontal
direction, and the z axis directs upward.  Governing
equations of a Boussinesq fluid motion in a two–dimen-
sional rotating frame under rigid–lid approximation are
the equation of continuity (3), the dynamic equation
((4), (5)), the temperature diffusion equations (6), and
the equation of density–temperatures (7).  

――＋――＝0 (3)

――＋u――＋w――＝–―――＋υx――＋υz――

(4)

――＋u――＋w――＝–――― –― g＋

υx――＋υz―― (5)

――＋u――＋w――＝Kx――＋Kz―― (6)

ρ＝ρ0 (1–αT) (7)

where u and w are the velocity in x and z directions; p,
pressure deflection from hydrostatic pressure at the
constant density ρ0＝1 g/cm3.  (p is assumed to be only
a function of temperature); α, coefficient of thermal
expansion (2×10–4 ˚C–1); υx and υz , horizontal and verti-
cal eddy viscosities; K x and K z , the horizontal and verti-
cal eddy diffusivities.  The pressure inclination is includ-
ed in these equations.  Because a clear equation to obtain
the pressure is not given in the above equations, stream
function ψ(u＝∂ψ/∂ z, w＝– ∂ψ/∂ x) and vorticity ζ
are considered as shown in Eq (8).

ζ＝–(――＋――) (8)

After elimination of p from Eq (4) and (5), Eq (4), (5)
and (7) are transformed into Eq (9)

――＋u――＋w――＝αg――＋υx――＋υz―― (9)

Figure 6 shows boundary conditions at the model area.
The insulated and no–slip boundary conditions are
assumed at bottom and both sides (z＝0 and x＝0, L).
The constant flux for water temperature and free–slip
boundary conditions are assumed at surface (z＝H).

ux＝0＝wx＝0＝0, ――｜x＝0＝0 (10)

ux＝L＝wx＝L＝0, ――｜x＝L＝0 (11)
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Fig. 5.  Time variation of all hydraulic pressure P.
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uz＝0＝wz＝0＝0, ――｜z＝0＝0 (12)

――z＝H＝wz＝H＝0, ――｜z＝H＝– q (13)

The coverage ratio of the aquatic plants on the water
surface was changed with 0%, 10%, 30%, and 50%
under thermal stratification and uniformity.  Heat flux is
expected to become small because of the low degree of
the heat conductivity of vegetation at the covered areas.  

qcov erd＝β･q (β＜1) (14)

where β is a coefficient multiplied by q in the covered
part, and it was assumed β＝1/3 from the experimental
results.

Values of constant physical parameters are
tabulated in Table 3.  The previous study suggests that
anisotropic property of eddy diffusivity causes the
horizontal scale to be larger than the vertical one by a
factor   Kx / Kz where Kx(Kz) is the horizontal (vertical)
eddy diffusivity (Priestly,1962; Ray,1965).  Therefore,
the horizontal and vertical component of eddy viscosity

and eddy diffusivity were decided considering effect of
advection.  

The conditions of numerical calculation are shown
in Table 4.  RUN1 assumed thermal stratification, and
the vertical distribution of water temperature was set at
the same conditions as EXE1–1 in hydraulic experiment
when the water surface cooling started.  RUN2 assumed
thermal uniformity, and the initial temperature was set
at the same conditions as EXE2–1.  Calculated basin
initially was given random numbers as a trigger of fluid
motion.
Development process of convection cells

Figure 7 shows the temperature distribution and the
stream function under thermal uniformity without
coverage.  As beginning of water surface cooling (t＝
3 min), the thermal boundary layer is formed beneath
the water surface and became thickened gradually.
Moreover, the stream line is minute disturbance given as
an initial condition, and remarkable convection is not
caused (Fig. 7(a)).  At t＝10 min, the boundary layer
finally breaks down and a multitude of small–scale con-
vection cells appear in the whole water body.  The num-
ber of them reaches 18 (Fig. 7(b)).  When the cold
water mass falls in thermal and a plain convection cell is
formed it can be called an initial stage of mixture layer
development.  At t＝15 min, the mergence of these cells
begins and the horizontal scales of surviving cells
become larger (Fig. 7(c)).  This stage, where the con-
vection cell absorbs or annexes, and the horizontal scale
is increased, can be called a transient stage.  The con-
vection cell becomes two pairs at t＝30 min, and contin-
ues a comparatively steady state afterwards.  It can be
called quasi–steady stage (Fig.7(d)).  The water tem-
perature distribution shape at this time resembles the
distribution of the stream line closely.  This shows that
convection greatly contributes to the decrease in water
temperature.

Figure 8 shows the temperature distribution and the
stream function under thermal stratification without
coverage.  It is important to consider the density inter-
face in the case of thermal stratification.  In the vicinity
of the density interface, the degree of stability is high,
and a large influence can be given on the falling behavior
of the cold water mass.  When calculating, it is necessary
to consider it.  Then, the method of deciding the vertical
eddy diffusivities according to the Brunt–Vaisala fre-
quency, which shows the stability degree of the stratifi-
cation, was used.

KZ /υ＝(1＋106N4)–1 (15)

where N is the Brunt–Vaisala frequency.
The development process of convection changes

from initial stage to transient stage, and then to
quasi–steady stage as well as the case of thermal
uniformity.  But the development speed of convection is
small compared with thermal uniformity.  It is at t＝
27 min that the stability of the density interface
collapses and the convection cell reaches the lower layer
(Fig. 8(c)).  That is, it can be said that the development
of convection is obstructed by the density interface.  In
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Table 3. Values of constant parameters used in the calculation

horaizontal eddy viscosities
Vertical eddy viscosities
horizontal eddy diffusivities
Vertical eddy diffusivities
Heat flux
Thermal expansion coefficient
Horizontal grid length
Vertical grid length
Calculating step

νx

νz

K x

K z

q

α
Δx

Δz

Δt

1.0cm2s–1

0.01cm2s–1

1.0cm2s–1

0.01cm2s–1

–0.005ly･s–1

2.1×10–4˚C –1

0.5cm
0.5cm
0.1s

Table 4. Experimental conditions of numerical calculation

1–1
1–2
1–3
1–4
2–1
2–2
2–3
2–4

stratification
stratification
stratification
stratification
uniformity
uniformity
uniformity
uniformity

0%
10%
30%
50%

0%
10%
30%
50%

2
2
2
2
2
2
2
2

21.0
21.0
21.0
21.0
17.7
17.7
17.7
17.7

RUN fluid
condition

coverage
ratio

calculating
during (h)

initial temperature at
a water surface (˚C)

√



the numerical experiment duration until vertical scale of
convection cell reaches bottom layer under thermal
stratification is twice as long as the case of thermal
uniformity.  

Figure 9 shows development of mixture layer at

each coverage rate.  In the numerical experiment at this
time, the middle point between maximum water tem-
perature and a minimum water temperature was defined
at the bottom of the mixture layer.  The development
speed of the mixture layer increases obviously compared
with the case without coverage.  That is, shortening time
for collapse of the stability of the density interface
described in the previous paragraph appears as a differ-
ence at the development speed of the mixture layer.
Though the difference by coverage ratio is not clear, the
development speed of the mixture layer has a tendency
to decrease when the rate of the coverage is increased.

The influence of the coverage was examined in
detail by considering the term balance of the vorticity
equation.  Fig. 10 shows the comparison about the term
balance of the vorticity equation in the upper layer
(2 cm in depth) at t＝18 min for each coverage ratio
(0%, 10%, 30%, 50%).  The dotted line in the figure
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Fig. 7.  The temperature distribution and the stream function
under thermal uniformity without coverage.

Fig. 8.  The temperature distribution and the stream function
under thermal stratification without coverage.

Fig. 9.  Time variation of the development of mixture layer.

Fig. 10.  Term balance of the vorticity equation at each rate of
coverage.



shows the edge of the coverage.  The contribution of
each term is growing compared with the case without
coverage.  Especially, the horizontal component of
convection term is superior in the vicinity of the edge of
the coverage.  That is, the contribution of the horizontal
convection is greatly related to the increase of the
development speed of the convection cell by coverage
on the water surface.  

CONCLUSION

In this study, the process of the water surface
cooling was reproduced based on the water tank
experiment and the numerical experiment concerning
generation and development of the heat convection, and
the following results were obtained about the influence
of aquatic plants in the water body.
(1) Generation and development process of heat con-

vection by the water surface cooling is classified into
initial stage where a multitude of small convection
cells are generated, transient stage where the hori-
zontal scale of the convection cell is increased, and
quasi–steady stage where the convection cell con-
tinues a comparatively steady state afterwards.  

(2) The density stratification obstructs the development
of a vertical scale of convection with the role of the
heat transportation.  In the numerical calculation,
the effect was expressed as function of the Brunt–
Vaisala frequency, therefore the development speed
in the vertical direction became about half.  

(3) Density difference was formed horizontally because

of the coverage of the water surface, and the hori-
zontal convection was caused.  This effect influ-
ences the development speed of the convection cell
in a vertical direction, and the development speed of
the mixture layer increased.
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