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1. INTRODUCTION 

This paper describes the results of numerical study of a lake-land 
breeze and related diurnal variations. A case has been simulated, which 
occured over Lake Vättern, Sweden (shown in Figure 1), on 7-8 May 
1980. The data of GOTEX 11 experiment (Bergström and Alexandersson 
1981, Ericson 1982) have been used. 

The model essentially is a modification of a two-dimensional, hydro­
static primitive equation model with turbulent energy closure which 
was pr_esented by Bod in et al. ( 1980) and Melgarejo (1980). The modi­
fication involves the following changes: ( 1) Separating the mesoscale 
variables from the lar:ge. scale; dependent variables; (2) improvement 
of the mixing length formulation; _( 3) inclusion of a prediction equation 
for the height of the planetory boundary layer. 

. . 

The inland advance rate of the front of the lake breeze, calculated with 
this model, shows some interesting features consistent with the obser­
vations and calculations made by Simpson ( 1977) and Physick ( 1980). 
The turbulent energy closure scheme makes it possible t_o realistically 
estimate the turbulent diffusion coefficient and to find a relation bet­
ween the progression of the front and turbulent friction acting on the 
lake breeze head, as well as further to explain these features. 

2. NUMERICAL MODEL 

In deriving the equations of the model, the dependent variables are 
decomposed as 

A = Ä + a + a' 

where A represents any one of U ,- V, W, ® and TT. The barred compo­
nent denotes the large (synopticl value. · The primed one indicates 
the value on a scaJe that is too small _to be reso_lved explicitly by the 
model grid and whose effect must be parameteri_zed. The value represen­
ted with a lowercase letter denotes th_e mesoscale variable, which is 
defined as a deviation from the synoptic state, and which is of primary 
interest in this ca-se. It is assumed that the/atmosphere _is 
incompr~ssJble anc:!. in hydrostatic equilibrium, ai\d that the large scale 
fields ( U, V and ·t! ) are steady and homogeneous along both hori­
zontal directions, W = 0. The mesoscale field is assumed to be homo­
geneous in the y directi_on. In addition, _topography and humidity have 
not been taken into account in the model. x is west-east; y south­
north. 

1( 19) 
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2. 1 Governing equations 

au +CD+u) ~xu+wCaD +au) =fCV+v-V )-~ af a a Z a Z gR O X 

a CK Cau + au 11 +rz - inaz az 

av + c u + u 1 av + w ca v + av 1 = _ f(U + u _ u9 R1 at ax az az 

+ 1_ (K (av +av)) 
az m az az 

a e + c-u + u) ~ xe + w Ca ij + a e 1 _ a C K Ca @ + ~ _ Y 11 IT a 7fz az - äz H 3'z a z cg 

Exner function TT, is defined as 

R /C 
TT = @ C (P/P ) d p 

p 0 

a TT rz= 9 e;"8 

P0 = 1000 mb 

1 an 1 an 
VgR =r ax =r axlH =constant 

D =- 1 an=_lan, =constant 
9R r ay r ay H 

Where Ycg is the counter'""gradient heat flux correction, the rest of 
the symbols have their normal meaning in meteorological parlance. 
Y. _ is calculated with cg . 



Ycg = { 
0 0 > 0 *-

and Ycg keeps the value below 0. 003 ( K /m). w * is convective scaling 
velocity. lts value is given by 

{ (- g 
( ~ + 0) 

s 
0 0 > O *-

where u* is surface friction velocity, 0 * surface friction temperature. 
The subscript 11 !5 11 in~:Hcates surface properties. Cr is taken as 5 
(Therry et al.; 1983·.).. h is the height of the plc:netary boundary layer 
and predicted with a prognostic equation based on Deardoff 's ( 1974) 
work . 

~~ + (U + u) ~~ - wlh = .(1.8 (w; + 1.1 u;- 3.3 u~ · f • h)) 

- - - + 
I (g . • h 2/. ® • a ( @ + 0) 9 . 2 7 2 2) 

s a z + w* + • u* 

and where a ( 8 + 0) + / a z describes the lapse rate of potential tempe­
rature above h . 

The reason for choosing this formulation, which is really an over~ 
specification of h, instead -of a diagnostic equation, is r-eally numerical. 
When going through the integration a diagnostic equation gives very 
low h:-values near the coastline, which sometimes have a detrimental 
effect on the simulation. 

Km and KH are the turbulent diffusivities for momentum and heat. K 
is specified: m 

I is mixing length, E turbulent kinetic energy. 

E = ½ (u12 -+V12 + w12 ), and the ratio aH = KH/Km = 1.35 is 

utilized. The equation of E is expressed (Bodin, 1979) as: 

aE - aE aE 2 - a@ ae at + (U + u) ax+ w az = Km (Sv - 0 H g/ ® Caz + 3z - Ycg)) 

. a CK aE 1 + 0 2 az m az - t: 

and 

au au 2 av av 2 
5~ = Cäz + a z l + Cäz + az 1 
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where i is turbulent kinetic energy dissipation. 

3/2/ · th d. . t· i = (ex 3 E) It; and ex 1 = 0.2, ex 2 = 1.2, ex 3 = 0.2. i 1s e 1ss1pa 10n 

mixing length. I and li are formulated similarly as Therry (1983) did. 

2. 2 Initial conditions 

The case of the lake-land breeze over Lake Vättern, on 7-8 May 1980, 
is chosen for simulation. During the period, the weather was clear 
and a stationary a11ticyclone cootrolled the area studied. A south­
easterly wind '"1as prevail.ing in low levels. 

The simulation starts at 2000 local time of May 6. The synoptic poten­
tial temperature profile is obtained by averaging four radiosonde _ 
ascents at 02, 08, 14, 20 local time of May 7. The synoptic wind (U and 
V) is obtained with an one-dimensional dynamic mode I with nudging 
(Hoke and Anthes, 1976). It is assumed that at t=0, u=v=w=0=TT=0. 
The initial value of turbulent kinetic energy is calculated diagnostically, 
based on the assumption of balance between the production and 
dissipation of turbulent energy. 

E = 5 I 2 • S 2 ( 1 - ex R.) 
V ·H I 

Ri is the gradient Richardsson number. The initial value of h is estima­
ted according to the synoptic potential temperature profile and the 
starting time of the simulation. 

2. 3 Boundary conditions 

It is assumed that at z=zo, u=v=w=0. Since a staggered grid is used, we 
· · aE 

have at the bottom of the grid for eddy energy, a 2 = 0 and for tempe-

rature a constant 8. 1°c at the lake surface and a prescribed diurnal 
temperature wave Fs(x, t) at the land surface. Fs (x, t) is obtained from 
the hourly screen observation (at Klockrike) and shown in Figure 2. 
Meanwhile an advective temperature correction is added to the grid­
points near the coastlines. 

The top of the model domain, H is taken as 3000 m, and at z=H, 
au av aE 3z = a 2 = rza=e0 =TT =0. Lis the horizontal extent of the model domain; 

x=0 and x=L ax =0, and the so-called "constant inflow and gradient 

outflow" contidions are utilized for equations of u, v and E. An implicit 
filter enhanced near the lateral boundaries is employed to prevent 
contamination of the inner domain. 

The surface roughness parameter is simply set as 0. 15, 0. 10 and 
0. 0001 m for the western and eastern coast area and water surface 
respectively. 



2. 4 Numerical integration 

The integration domain is 3 km x 127. 5 km, 43 gridpoints in the horizon­
tal direction and 30 gridpoints in the vertical direction. The grid 
interval for x is 3 km uniform ly. In order to get greater resolution 
near the ground, a coordinate transformation in vertical direction has 
been employed 

K = 0.35, von Karmanconstant; z0 (= 0.3 m, A= 0.2 H; and Co = 1 
for u, v and TT, Co = 0. 5 for the others. D is specified by·using z = H, 
r,; = 30. A staggered grid in x and z directions is introduced to minimize 
the numerical error in the diagnostic equaitons and phase speed 
distortion of the interna! gravity waves. 

To approximate the vertical diffusive terms~ a fully implicit finite 
difference scheme, a Laasoner scheme is employed. The forward­
time scheme and the linear interpolation upstream scheme are utilized 
for time difference and advective terms respectively. 

3. RESULTS 

The simulated results show that the lake breeze starts at about 1000 
hours, and gets in its fully developed stage at about 1600 hours. In 
the next 5 hours the lake breeze still prevails but reduces its intensity 
and by 2130 hours the breeze has coUapsed at grouhd and gradually 
extends upwards. At about OlOO of t11e next day the land breeze 
appears fi_rstly around the ea:stern shore, and by 0630 it gets in the 
str-ongest stage. 

To notice that, when figures are discussed, '*' denotes the site of 
GOTEX Il experiment; 'I ..... I' indicates the lake area. 

3. 1 Characteristics of the lake breeze circulation 

It canbe seen from Table 1 that variation in lime of wind at the western 
shore is reproduced reasonably well, and that the . observed results 
confi rm the onset of the lake breeze at about 1000 local time. 
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TABLE 1. Variation intime of wind direction (WD) and speed (WS) 
on 7 May 1980 (Karlsborg at 10 metres). 

Local time 
(hrs) 

08 

09 

10 

t1 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

*) = no record 

Calculated 

WS WD 
m/s 

5.0 137 

4.9 131 

4.6 122 

4~-0 117 

3~ 3 114 

2-;7 114 

2. 1 116 

1; 6 124 

1. 3 130 

L2 106 

1. 3 88 

l. 5 86 

2.0 86 

2.4 100 . 

3.0 129 

Observed 

ws WD 
m/s 

3.3 170 

1. 6 130 

2.5 70 

L8 100 

2.0 130 

2.2 120 

2.0 120 

2.0 100 

2.0 * 

3.0 65 

3.0 65 

5.6 90 

5.8 110 

4.7 120 

3.0 110 

Figure 4 and 5 present the features of the lake breeze circulation 
when it is in the fully developed stage. We can see that the branch 
located at the western coast is much weaker than one at the eastern 
coast. This is due to that the easterly prevailing wind at low Ievel 
advects the colder lake air into the western land, anq prevents the 
development of the breeze . We can see from Figure 4 that the lake 
breeze extends offshore farther than inland. A similar phenomenon 
is also found in the land breeze simulated . Estogue 's ( 1976) results 
have the same feature. Perhaps, it can be attributed to both a off­
shore synoptic wind and a smaller drag force at the water surface 
than at land. To notice the location of the inland front ( in Table 2) 
and the center of the vertical velocity maximum (Figure 6), we can 
find that the center is formed basically over the front and located at 
400-700 m levet , and moves following the front; in comparison, the 
center of t_he lake breeze maximum is almost standing and located at 
about 100 m from ground . 

The calculated results illustrate that the mesoscale flow gradually 
veers clockwise, and the component parallell to the coastline can 
prevails over that one normal to the coastline in the late afternoon. 
Figure 7 shows the vertical structure of the component parallell to the 
coastline at 2000 hours, when it gets in the strongest stage. 



In addition, Figure 8 and 9 demonstrate that the observed wind profiles 
(at Klockrike) at different times are reproduced satisfyingly, especially 
the simulation of the V component and the low- level jetstream at night 
are rather nice. However, the profiles of the U component at 17 hours 
present a 6 m/ s difference at 120 m level, we believe that it might be 
attributed to the uncertainty in the observed data. 

3. 2 Inland advance rate of the lake breeze front 

Following the identification of three types of the sea breeze front, the 
second type is a wind- sttift line, as reported by Fosberg and Schroeder 
(Atkinson, 1981, pp 152). We take the leading line of the gradient 
maximum of u as the front, which mostly is consistent with zero line of 
the compositive component U. It is worth noticirig that in the following 
discussi_on of this subsection, we limited ourself to the inland front of 
the lake breeze located at the eastern shore. 

T ABLE 2. Variation in time of position of the front, potential tempera­
ture difference ( 0 L(t) - Gs(tl) and Kf. Fx is the distance from the 
easte.rn shoreline. · 0 L and 0 B denote the potential temperature of the 
land and the breeze air. They are read from two points which are 
3 km from the front respectively ahead and behind, and located at the 
same leve I as the center. of the breeze. Kf is the averaged turbulent 
momentum diffusivity along the upper surface of the breeze head, and 
the value within parenthesis corresponds to the bottom of the breeze. 

Time (hours) 
1230 1400 1530 1700 1830 2000 

Fx (km) 3 5 7 9 15 21 

( 0 L- 0B) (K) 1. 0 1.0 0.8 0.6 0.5 0.3 

Kf (m 2 /s) 180 200 130 80 0.6 0. 005 ( o. 03) 

T 

10 2 • (f · Kf) z: 14.9 15.7 12.7 10.0 0.9 (0.2) 

lf the front is projected hour by hour onto the cross sections of turbu­
lent momentum diffusivity Km, it can be found that variation of the 
c1dvance rate of the front is closely related to the values of Km around 
the front. Table 2 shows that_during 1230-c.1700 hours the front 
progresses 6 km. After that it:a.dvances12 km in 3 hours. It is surpri­
sing that the more energetic the lake breeze is, the more slowly the 
front moves. So far this feature hasn't universally been confirmed, but 
has been observed and simulated by Simpson ( 1977), Neumann ( 1974), 
and Physick ( 1980). Figure 10 shows Physjck 's results. Simpson ( 1977) 
explained this phenomenon in terms of the increased temperature 
contrast at the front in the late afternoon. However the results of this 
model show a decreased temperature contrast, which is coincident with 
Rao 's observation (Atkinson, 1981, pp 140), so we try to explain the 
feature in another way. 
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We suppose that the lake breeze head moves in balance with the 
pressure force and th~ra~rce, · as shown~hematically in Figure 
11. Fp + Fd = 0, and Fd = l=cJ1 + Fd2 + Fd3· Fp and Fd, respectively, 
denotes pressure force and drag force which act on a unit width of 
the head. Fd1 is the part of drag acting on the upper surface of the 
head, Fd2 .. -- acting on the bottom boundary, Fd3 -· - lateral 
surface. Generally, Fd2 is much smaller than Fd 1, the lateral surface 
length is far shorter than the upper surface as well, so that Fd 1 
substitudes for Fd without losing. reality. Additionally the results of 
the numerical experiment done by Pearson ( Lon ghetto, 1980, pp 133) 
point out that the advance rate of a sea breeze front is reduced when 
Coriolis force is increased. Based on the above fäets and dimensional 
analysis, . the drag force can be written as 

F d = cu 1 

The pressure force is expressed as 

f 1 cl p 
F p = I d · g · p ax dx !:>! d • g · t:,, p / p 

where I is the horizontal scale of the head, d the vertical size; u 1 is 
the relative speed in which the head moves with respect to · 
the air ahead of the front. Using Boussinegue approximation 
t:,, P / P !:>! - t:,, T IT !:>! ( 0 L ( t) - 0 B ( t) / ( 0 L + 'ij ) We obta in 

Uf is the advance rate of the front. Ua is the x-direction speed of the 
air ahead of the front and estimated from UgR. Uf is written as: 

ex = 1 / f3 is an experimental constant. In this experiment the above 
formulas provide an estimation that ex is 0. 02-0. 03. 

In the late afternoon, however, to estimate u1 seems to be rather 
complicated due to ground cooling and an inversion being formed near 
the ground. The vertical size of the head gets reduced and the head 
is is<:>lated from the ground. Turbulence intensity in vicinity of the 
head gets weaker, and Fd 1 gets smäller than Fd2· Meanwhife, the lake 
breeze air is heated by a smaller heat flux when penetrating inland. 
However, owing to being heated over a longer time than before,. 0s is 
reduced less than 0 L· Based on the formula and ana lyses above, we 
may conclude that the key reason for which the lake breeze penetrates 
fast in the late afternoon is the sharp reduction of the drag acting on 
the breeze head. 

3. 3 Transition from the lake breeze to the land breeze 

The simulated results show that after sunset the lake breeze located 
at the eastern shore collapses and breaks down into two parts over 
the lake. The eastern part declines rapidly and disappears. The 
western part and the return current of the lake breeze descend. The 



land breeze is formed at about 0100 hours, and with two centers. The 
one located at the western shore is based on the remainder of the lake 
breeze, another one is related to the return current. In the meantime 
the flow, parallel to the coastline and corresponding to the land breeze, 
occurs as well. 

Figure 12 and 13 show the vertical structure of the land breeze circu­
lation and potential temperature, when the breeze gets into its fully 
developed stage. The land breeze in (a) of Figure 12 appears a little 
stronger than in (b), mainly because the mesoscale flow field, from 
which the land breeze is generated, is somewhat different in two cases. 
We also can find that the strong inversion near the ground, especially 
the part related to the cold tongue över the lake, acts as a major damp­
ing mechanism on development of the land breeze. In fact, the land 
breeze circulation is restricted below the nocturnal jetstream of low level. 

CONCLUSIONS 

Generally, this model reproduces the lake-land breeze circulation 
realistically in comparison to some observed results. The numerical 
simulation brought out several interesting features~ The most pronoun­
ced is that the inland advance rate of the lake breeze front at the fully 
developed stage is relatively small as compared to the declining phas.e. 
It appears that the turbulent viscous friction is the most important 
factor affecting the inland advance rate. The simulated results show 
that the lake a_nd land breezes have larger extension offshore than 
inland. Perhaps this phenomenon can be attributed to the offshore 
synoptic wind and different roughness betweeh water surface and land. 
However, further observational and theoretical verifioation is necessary. 
We also can conclude that the strong inversion near the ground, 
especially the part related to the cold tongue over the lake, · acts as a 
major damping mechanism on development of the land breeze circulation, 
and the whole circulation is restricted below the low-level jetstream at 
night. 
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FICURE 2. Diurnal variation of the land surface temperature on 
May 7, 1980 (at Klockrike). 
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FIG URE 12. u component field of the mesoscale flow at lower 
levets (dashed lines, m/s} and potential temperature difference 
between the air and the !akesurface (solid lines, K) at 0630 
hours (a) on 7 and (b) on 8May. 
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FIGURE 13. v component field of the mesoscaleflow at 0630 
hours on 8 May. 
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