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The Influence of Atmospheric Boundary Layer
on the Physical Processes of Lake Biwa, Japan
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Abstract A numerical model coupling atmosphere with hybrodynamics is set up m this paper to
study the gyres mechanism in Lake Biwa, Japan. Some results are obtained as follows: 1)} There cxiats a
positive wind vorticity field over the lake, and also a positive wind divergence field in daytime and ncga-
tive one in night This special atmospheric boundary layer of Lake Biwa catchment can generate a typical
land-lake brecze, this local wind system can induce and maintain a weak but stable counter-clockwise gy -
re in north lake durng period of thermal swanfication. 2)When considering inhomogeneous wind field,
the gyres formed in the lake can sustain Jonger and be more stable than that only driven by homogeous
wind over the lake 3} The local wind syston can produce & typical horizontal distribution of water tem.-
peraturc, i.c. water temperature higher in shallow water, lower in decp water.
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There are a lot of studies dealing with hydrodynamics and wind systems of lakes, numerical

-2 humerical simulation on the land-lakefsea or mountain-val-

stmulation of lake current systems
ley breeze. Usually, the models in the atmospheric boundary layer and in lake water were simu-
lated separately. In fact, the processes in the atmospheric boundary layer over lakes and the pro-
cesses in the lake water are interacted strongly each other. Collected data show that most of all
large lakes, marginal seas, estuaries and lagoons with the northern hemisphere are known to have
a dominated counterclockwise pattern of circulation. The same are shown in Erhai Lake and Fux-
ian [.ake, China: in Lake Biwa, Japan: and in Lake Baikal,

ttons, but it is still not clear enough. In many studies, a uniform wind field over lake surface 1s

Russia. There are many explana-
usually taken into account. But the daily meteorological data shows a complex pattern of wind
system over large lakes. Lake Biwa is surrounded with mountains, it is found that there are two
stable gyres and an unstable gyre in the surface layer during the season of thermal stratification.
In order to study the formation mechanism of these gyre systems. a coupling three dimensional
baroclinic model of Lake Biwa air-water system was developed.

Land-Lake breeze is one of the most typical wind system in Lake Biwa, Endoh'™ measured
the horizontal distribution of wind over Lake Biwa almost simultanecusly by using three boats and
testified that the inhomogeneous wind distribution to be one of the most important maintenance
mechanisms of gyres in the Lake. In this paper, an atmospheric boundary layer model is setup
and coupled with hydrodynamic model™’ to study the influence of the inhomogeneous local wind
field of land-lake on the gyres and water temperature in Lake Biwa. The dynamic and thermal dif-
ference between land and lake might play an important role to produce and maintain the long-term

gyres in Lake Biwa.

1 A Three Dimensional Model of Atmospheric Boundary Layer over
P Yy Yy
Lake Biwa Catchment
. ] . —Z;
A topographic coordinate of Z° = Z; 7=z and the following equation system was used:
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Where u, v, w are wind companents along the ditections of x. v, = separately; w~, the vertical

wind speed in rransformed vertical coordinate =7 5w, v,

f, the Coriclis parameter; Zy, the top height of the model;

the components of geostrophic wind;

Z,;, the topographic height: F.,

the cooling rate of long wave radiation; #, & and g, the potential temperature, its reference value

and specific humidity; K. is vertical coefficient of turbulent diffusion.

F=0-8 »=nx-0-Lvz-um x=C(E)"s
. Ze Z -2, ol o
w —ZH_ZU.,UJr Z: (ugi—vg)

Where I, P.. ate reference values of », P; R, C; are constants.

2 Three Dimensional Baroclinic Hydrodynamic Model in Lake Biwa

The basic equation system for imcompressible liquid is:
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Where axis r eastward, axis y northward, axis z downward; p the water density; @o» the mean

water density; P, the pressure, T, a,

the water temperature and thermal expansion coeflicient;

u, v, w, the components of the lake current; A,, A, K,, K, , the horizontal and vertical coeffi-

cients of turbulent viscosity and of turbulent diffusion in directions of axes r, y, separately.

Introducing the buoyancy force B = (‘OEP P)g we have
= gl — o
9B N aB~u 2B v aB?- - K.
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Where £ is the elevation of water surface.
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3 Air-water Coupling Model

Conditions on the air-water interface are as follows:

. du _ -du!
E;szsu— At-PaE!;ﬂ
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Q. = Q, (1-0.710)(1 - r)

Q, = SeT*(0.39 - 0.58E,)(1 — cC*) + 45T (T, - T,)
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Where T,, T., E., E, are the air temperarture,

surface water temperature, air vapor pressure and

10:00-12:00

saturated vapor pressure upder T_; C, the cloudi-
19 Sept. 1992

ness; @.,Q, the real solar radiation intensity and

that of without cloud; Q,, Q.. Q., the elfective
radiation, turbulent sensible and latent heat fluxes;
r, 5, the albedo and long wave radiation ernissivity
of water surface: s, the Stefan-Bolzman constant;

L, the latent heat of water; E..., | V',., are vapar

vep b

pressare and air velocity on water surface.

Hourai’ 4 Results of Numerical Simulation

4.1 The influence of land-lake breeze on the
gyres in Lake Biwa

’&

d.1.1 The observation and simulation resufts of ‘
7 - H land-lake breeze in Lake Biwa Fig.1 is an exam-
’“ LD ple of lake breeze observed in the morning of Sep.
0 19, 19927, the wind is rather weak all over the

8 ’ lake carchment and a divergence point can be seen
at the center of North Basin. The divergence is of

Fig.| An cxample of Jake brecze distrbution  the order of magnitude 107 5™, Tt is also clearly
obscrved between 10200~ 12:00 on Sep. 12, 1992 oypregsed { Fig. 2) that there is obvious land lake

breeze except some special weather conditions sueh as typhoon artack from Sep. 3 to Sep. 5 and
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from Sep. 7 to Sep. 11. Almost allthe U-component of velocity is equal to or less than 0 m/s at
0:00 in the night, it shows that the wind blows from west side to east, i.e. from land to lake in
the night. Meanwhile, the U-component of wind velocity is more than 0 m/s at 12:00, it shows
the wind blows from lake to land in the daytime. The local wind system is typical land-lake

breeze, which oscillate~ diurnally.

’-—x—0.00
—— 600
]-—-o— 12:00 |

——*!.'»—IBJCPC)J

Wind U-component velocity {m/s)

Aug 24
Aug 27
Aug 30
Sep.2
Sepd
Sepd
Seplli
Sepld

Fig-2 Ol gvd wind vwloony from Aug. 24 - Scp 15, 1993 on Hourar

Fig.3 describes the simulation results of U-component on Hourni and mean wind velocity
over lake, it 15 found that there is typical lake-land breeze, wind blows from land 1o water in the
night, and opposite in the daytime. The mean wind velocity {as shown in Fig.3) is less than

2.5m/s, which reaches maximum value in the afternoon.
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Numerical results of mean wind velocity {+) at 10m over the lake and
wind U-component velocity (%) on Hourai

Fig.3 Numerical simulation of wind velocity on Hourai from Aug.24 to Ang.25

4.1.2 The influence of loce! wind systemn on the gyres in lake Fig.4 shows that there exists a
positive vorticty field, a positive divergence field in daytime and negative one in night within 24h
simulation.

Due to dynamic and thermal differences hetween land and lake, as well as mountains around

Lake Biwa, there forms a special atmospheric boundary layer condition, which averagely produces
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Fig 4 Mean vorticity (™'} and divergence (s7') over lake from Aug.24 to Aug. 25

a positive vorticity and therefore might produce and sustain a weak gyre in Lake Biwa. Under this
lacal wind system, the aif-water coupling model runs for 10d, finally, a weak but stable current
field is well expressed in Fig. 54, it confirms the land-lake breeze is crucial to the gyres formation
and maintenance. Meanihile it shows (Fig.5b) that under the hypothesis of no thermal strarifi-
cation in the vertical direction of water, there is no gyre produced in lake after 10d numerical sim-
ulation.

It can be depicted-that there exist gyres during thermal siratification, but no obvious gyres
during no thermal stratification.

4.2 The different characteristics of gyres produced under different conditions

If geostrophic wind speed is assumed to he 10mfs SW, the gyres produced after 10d simula-
tion of air-water coupling model are obtained as follows.

There obvicusly sustains a stable counter-clockwise and a clockwise gyres { Fig. 5¢) in the
north Lake Biwa. Meanwhile, it is assumed that driven by spatially uniform wind of S5m/s at 10m
height over the lake, which on the average has the same order of magnitude of wind velocity at
the 10m level produced by geostrophic wind of 10m/s, the simulation results is depicted as Fig.
5d.

Compared with Fig. 5¢c and Fig. 5d, the gyre driven by inhomogeous wind is more obvious,
stable than that by homogeneous one. 1t can say that the special terrain around the lake, the dy-
namic and thermal differences between lake and land play important roles in the formation and
sustainence of gyres, under the condition of fairly strong wind field.

4.3 The influence of local wind system on the distributron of water temperature

If geostrophic wind equals to Om/s, and also the horizontal distribution of water temperature
is assumed to be spatially uniform initially. The objective of this test is to examine the wind effect
on horizontal distribution of water temperature.,

[t is evident (Fig.6) that despite the initial hypothesis of water temperature 1s spatially uni-
form water temperature, but finally, an adaptive temperature field can be generated by the local

wind system, i.e. water temperature a little bit higher in shallow water, lower in deep water.
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Fig.5 The currents when numerieal simulation over 10 d
S Some preliminary results

(1) There exist a positive wind vorticity field over the Lake, and also a positive wind diver-
gence field in daytime and negative one in the night, This special atmospheric boundary layer of
Lake Biwa catchment can generate a typical land-lake breeze, this local wind system can induce

and maintain a weak but stable counter-clockwise gyre in north lake during period of thermal
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Fig & Under the minal hypothesis of uniform water temperature distribution,
the result of water temperature distribution after 10d simulation
stratification.

{2) When considering the inhomogeneous wind field, the gyres formed in the lake can sus-

tain longer and be more stable than that cnly driven by homogeneous wind over the lake.

{3) The local wind system can produce a typical horizontal distribution of water tempera-

ture, i.e. water temperature higher in shallow water, lower in deep water.
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