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Abstract 

A two-dimensional land and sea breeze model was integrated numerically for some 

different formulae of vertical turbulent exchanges of heat and momentum in order to 

examine the effect of the formulations on land and sea breeze circulation. For the upper 

boundary layer the use of a formula of turbulent exchange coefficient K to be locally 

estimated by the thermal stratification and the vertical wind shear yields an extremely weak 

land and sea breeze. The formula of K used by Estoque [1961] which takes into consider­

ation the Richerdson number of the surface layer gives 'orne characteristic features of the 

land and sea breeze. It is suggested that the effect of so-called penetrative convection 

should be taken into account in turbulent transfer processes. 

1. Introduction 

The land and sea breeze circulation is one of transient phenomena in the at­
mospheric boundary layer. Because of a thermal contrast of the underlying inhomo­
geneous surface, the corresponding horizontal gradient of temperature arises in the 
lower atmosphere and generates a diurnal variation of the land and sea breeze in 
coastal regions. A typical horizontal scale of the breeze is known to be tens of 
kilometers in middle latitudes. It should also be remarked as general features that 
the sea breeze can be observed very clearly but that the land breeze is much weaker, 
and that above several hundred meters there is a counter flow layer thicker and 

weaker than the lower primary flow. 
Concerning the sea breeze theory, the linearized models by Schmidt [1947], 

Haurwitz [1947], Defant [1950] and others established the basic mechanisms of the 
sea breeze, i. e. the effects carried by the thermal contrast of the land and the sea, 

the Coriolis acceleration and the internal friction. 
In the last decade nonlinear models of the sea breeze have been developed follow­

ing the progress of high speed electronic computer system and the sea breeze theory 
has made great strides as an example of the boundary layer flows in which the turbu­
lent transfer of heat and momentum plays an important role. Most important is 
the model designed by Estoque [ 1961], on the basis of which a set of hydrothermody­
namic equations for motions in the vertical plane perpendicular to a straight coast­
line were integrated with respect to time and the sea breeze circulation with a diurnal 
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variation was quantitatively elucidated. Estoque [1962] also investigated an influ­

ence of general flow on the sea breeze by imposing in a model identical to his previous 

one [1961 J a geostrophically balanced initial condition and a corresponding pressure 

gradient at the upper boundary unchanged during the period of integration. Fur­

thermore, using a similar numerical model containing the equations of moisture 

transfer and heat balance at the surface, Magata [1965] examined the effects of solar 

radiation, the latent heat release due to condensation and the vertical shear of the 

general flow. McPherson [1970] extended Estoque's model to a three-dimensional 

one and showed the sea breeze circulation associated with a rectangular bay. 

Apart from studies on the effects of the external conditions on the sea breeze 

circulation, there remains another important problem to be studied on the basis of 

these numerical models, which is the evaluation of the turbulent transfer processes 

of momentum and heat in the circulation. The turbulent transfer process in the 

atmospheric boundary layer is an essential mechanism for inducing boundary layer 

phenomena such as the sea breeze. Little is known, however, about the turbulent 

transfer process above the surface layer under different atmospheric conditions. In 

Estoque's model the turbulent exchange coefficient K is prescribed to decrease linearly 

with height in the upper boundary layer, though it varies with time in proportion to 

the value of K at the top of the surface layer calculated as a function of its stability. 

In some other models, K is assumed to be constant in time and in space. It is, how­

ever, desirable to estimate K based on a more physical foundation of the sub-grid 

scale turbulence, since it plays a significant role in reflecting the land-sea thermal 

contrast on the lower atmosphere. In this paper a series of numerical experiments 

is performed using a sea breeze model similar to Estoque's with some formulations of 

turbulent transfer respectively to clarify what effect each of these formulations has 
in a land and sea breeze model. 

2. Model and basic equations 

Let us consider a land and sea breeze circulation in a vertical plane perpendicular 
to a straight coast-line, which is essentially the same as Estoque's [1961]. 

A Cartesian coordinate system is used in which the x axis is normal to the coast­

line, they axis is along to it and the z axis is vertically upward. The domain consider­

ed is bounded by x= ±D, z=H and z=O which stands for the sea surface (x < O) 

and the land surface (x;;;O). The atmospheric layer is divided into two sublayers: 

the surface layer up to the height of z=h in which the vertical turbulent fluxes of heat 

and momentum are assumed to be constant and the transition layer above the surface 
lavt>r, as shown in Fig. l. 

For the surface layer hold the following equations. 

__Q_·(KfJ U) = 0 
();; i)::; ' (1) 
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where U is the horizontal wind velocity whose direction is constant in this layer and 
() is the potential temperature. The turbulent exchange coefficient K is described 
in the next section as well as that for the upper sublayer. 

The basic equations for the transition layer are as follows. 

an* 
---r;;--

g 
C7i' p 

~=-_2_(~) 
8z 2 fJz fJz ' 

_2_(KJ.§__) 
fJz fJz 

(3) 

(4) 

(5) 

(6) 

(7) 

where u, v and w represent the x, y and z components of the wind velocity respectively, 
::-* = T/0 stands for the pressure, Tis the temperature, Khor is the horizontal turbu­
lent exchange coefficient and other symbols have their customary meanings. Eq.(6) 
indicates the hydrostatic balance, which may be well satisfied considering the scale 
of the phenomenon concerned here, that is vertically a few kilometers and horizontally 

tens of kilometers. Eq.(7) is the continuity equation differentiated with z. This 
does not necessarily satisfy the mass conservation exactly, and it is questionable how 
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serious errors may be included in the calculated wind and temperature. However, 
as far as mass conservation itself is not discussed, the errors which might be caused by 
a violation of the mass conservation law may be considered not so critical (see Neumann 

and Mahrer [1971]). 
The boundary conditions for the foregoing set of equations are 

U=w=O, TCK)=\283 
t-8 

283+10 sin--yz-rr 

u=v=w=O, ()=On =const., 

and rr*= rr"#=const. 

at x= ±D, 

for x<O, 

for x>O, 

at z=O, 

at z=H. 

(8) 

(9) 

(10) 

At the level of z=h, the horizontal wind velocity, the potential temperature and 
their vertical gradients are assumed to be continuous except for one case which will 
be mentioned later. The difference between the land and the sea is embodied 
only in the condition for the surface temperature. 

An initial condition has lesser significance because numerical time integrations 
are expected to lead finally to a definite state indifferent to the initial condition for 
a given boundary condition. The initial conditions used are 

u=v=w=O, 

of) - of) - orr*- orr*- 0 
&-;- oy -~-8y~- ' 

except Case 1 to be mentioned later, in which u= -I m sec-1 is assumed. 

(11) 

Eqs. (3)-(7) are transformed to a commonly used set of finite difference equations 
and solved numerically, while Eqs. (1) and (2) are solved analytically. A centered 
finite difference scheme is used and the grid system is shown in Table I. 

Table I. Grid system 

x (km) z (m) 

0 0 
± 46 (h) 

± 3 100 
± 7 215 
± 15 464 
± 31 1000 
± 63 2150 
±127 (D) 4640 (H) 
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Constants adoped in the present calculations are as follows. 

Cp= 1.004 X 10 7 erg gr-1deg-1, 

g=980.0 em sec- 2
, 

f=8.365 x lo-s sec-1 (q)=35.N), 

ko=0.4, 

(}H=296.43 OK, 

n'j[ = 0.84933 (pH= 564.6mb ), 

Kh or= 104 m2sec- 1. 

The initial time when the entire domain is horizontally uniform is taken at 0800 

LST. 

3. Different representations of turbulent exchange 

~umerical experiments are carried out by making use of different formulae 

of turbulent exchange successively in the governing equations. It is assumed here 

that the turbulent exchange coefficient of momentum is equivalent to that of heat. 

Case] 

For the surface layer, 

(12) 

where r and Q are the vertical fluxes of momentum and heat respectively, and the 

subscripts of U and{} represent the respective levels at which the variables are defined. 

The drag coefficient C n is specified to be 0.0022 everywhere. In the second case C n 

is assumed to be 0 .01 for the land and 0.001 for the sea, which is identified as Case I'. 

The so-called bulk method which is often applied to large-scale circulation models 

is intended to be examined here. For simplicity a moderate constant value of K 

which is 10m2 sec-1 is adopted for the transition layer. 

Case 2 
Different formulae of Kin the transition layer are adopted for Cases 2-4, in all 

of which the formula used by Estoque [1963] is applied to the surface layer. The tur­

bulent exchange coefficient for the surface layer is given as follows. 
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f 0.9( ~ I :~ l)'''(z+zo), 

l 
[k 0(z + z 0 ) (1 +aRi)]200~, 

Km•n• 

Rim< -0.03 

- 0.03~Rim~ I ~ I 

1
1 I 

Rim> al 

(13) 

where, Rim= ff. 8[_t- 80 (h+ Jz ) , in which (h+ J <:) indicates the grid point 
8 h+4• 

adjacent above the level h. K is bounded by a minimum value Km1n= I m2 sec-1
, 

a= -3 is an empirical constant and roughness length z0 is specified to be 1 em. 8 
is the potential temperature averaged vertically in the corresponding layer. The 
wind velocity and the temperature at the level h are calculated by making use of the 
conditions at the level h mentioned in the preceding section and the assumption that 
the wind direction below the level (h+ JZ) is constant. 

For the transition layer, 

(14) 

This is the same that Estoque [1961, 1962, 1963] used in his numerical model. 
Case 3 
For the transition layer, 

(15) 

This cubic polynomial distribution of K follows O'Brien [1970] who proposed this 
formula to take into account the physical requirement that the K distribution and its 
first derivative are to be continuous with height. Also, K suggested by some observa­
tions seems to reach a maximum value at a few hundred meter height and to diminish 
upward (see e.g. Zilitinkevich et al. [1967]). 

The upper boundary in the present model is so high that Eq. (15) gives too 
large a maximum value of Kat a level higher than 1000 m. H ence Eq. (15) is applied 
to the layer confined up to the grid level next to the upper boundary, i.e. about 2000 m 
height, and a small constant value of K, I m2 secl, is given above the level. 

Case4 

K= ~zzlaa~ 1(1-aS), 

zzlaa~ I (1 +aS)-\ 8(} >O 
az 

(16) 
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- (gl)l/2 ao;az l-k ( )/[1 fko(z+zo) J 
where S---8- -a-uja£' - o z+zo +-o.-00027LT ' 

a= 18 is a numerical constant, and Kmln = 1 m2 secl. 
Estoque and Bhumralkar [1969] used this formula which was an extention of 

Blackadar's formulation [1962] for a neutral boundary layer to a thermally stratified 
case. In the present work this is taken tentatively as an example in which the 
turbulent exchange coefficient in the transition layer is related to the wind and the 
temperature fields at each locality. 

4. Results 

A numerical time integration was performed during a period of 4 days or more 
for each of the cases described in Section 3: 
(a) Case 1 and Case 1' 

The wind hodographs at the levels of 100m and 1000 m over the coast-line for 
Case 1 are shown in Figs. 2a and b. Maximum velocities of land and sea breezes 
attain about I m secl on the second day from the initial time. After the second day, 
wind velocity decreases especially at the lower level, and consequently the heat 
exchange at the underlying surface calculated by Eq. (12) decreases. 

U(m/s) 

{a) 

X:O 
Z= 100m 

the 1st day·-
2nd 
Jrd 

4th 

X:O 
Z= 1000m 

u~ 

-1. ~ 

{b) 

Fig. 2. The wind hodographs at the levels of (a) z:= lOOm and (b) z= lOOOm above the 

coast-line for Case I. 

In Case I ', as shown in Fig. 3a, wind velocity of the land breeze is distinctly 

different from that of the sea breeze. The sea breeze diminishes day by day, while 
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the land breeze diminishes slightly. This feature is connected with the following 
situation. The value of CD adopted in Case I' is so much smaller over the sea than 
over the land that the flux of heat which is downward in the surface layer is smaller 
over the sea when averaged over one day. This results in a higher temperature in 
the lower portion of the transition layer over the sea than over the land, as shown in 
Fig. 4. 

u(mls) 

-3 (a) 

X:O 
Z =lOOm 

the 1st day ·-
2nd 
Jrd 

4th 

Time( hour) 

(c) 
Fig. 3. (a), (b) Same as Fig. 2 but for Case I'. 

u(m/s) 

-1 

(b) 

X:O 
Z:IOOOm 

(c) The vertical time section of u above the coast-line up to the third day for Case 1 '. 
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Fig. 4. The temperature variations at the level of z= lOOm for Case I'. 

(b) Case 2 and Case 3 
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The vertical distributions of K for different cases are depicted in Fig. 5. The 

values of K for Cases 2 and 3 shown in Fig. 5 are those at 1400 LST when the thermal 

stratification in the surface layer above the coast-line is most unstable. The value of 

K in the surface layer for Case 3 is almost the same as that for Case 2, while in the 

lower transition layer K for Case 3 is one order greater than that for Case 2 and the 

contrary is true in the upper portion. At night over the land and daytime over the 

sea when the thermal stratification is stable K reduces to small values following Eq. 
( 14) or ( 15) . 

~ 

E 

<II 
l:J 
:I 

0 

4640rr 

2150 

1vvv 

464 

215 
1 

nT I I 
I 
I 

.,.~ 

·-..... . .._ 
·-. -·-. -------·- a __ _ 

case 1 
2 
3 

------._ ·--------....... 

_________ .. __ ... 

50 100 150 
turbulent diffusivity (m1/s) 

Fig. 5. Examples of the vertical distribution of K for the different cases. 
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"'- '·-~- (b) (a) . ..__. 

0-5 

8 10 12 14 16 18 20 22 24 4 

Time (hour) 

(c) 

v 
(m/s) 

6 8 

Fig. 6. The wind hodographs at the levels of (a) .:=lOOm and 

(b) z= lOOOm above the coast-line for Case 2. No motion is assumed at the initial time. 

(c) The vertical time section of u above the coast-line during the sixth day for Case 2. 



8 10 

A NUMERICAL EXPERIMENT OF THE SEA BREEZE 

12 

X:O 
Z: 100m 

the 1st day·-
2nd 

3rd 

(a) 

14 16 18 20 
Ti m• (hour) 

(c) 

X:O 
Z: 1000m 

22 24 

Fig. 7. Same as Fig. 6, but for Case 3 
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u(m/s) 

2 

(b) 

4 6 8 

In Case 2 the circulation system tends to a stationary diurnal variation within 
a few days as seen in Figs. 6a and b. The vertical time section of the u component 
in the 6th day shows that the sea breeze lasts from 1000 to 2400 LST extending up 
to about 700 m height, above which is observed a weak counter flow, and the land 
breeze sets in after 2400 LST. In Case 3 there can be seen two features different from 
Case 2. One of them is the appearance of two maxima in the wind speed during the 
period of the sea breeze after the second day. This feature is well illustrated by Fig. 
8 which is the horizontal time section of u at the height of 100m for Cases 2 and 3. 
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In Case 2 it can be seen that the sea breeze forms near the coast, extends gradually 

and reaches a maximum 15 km inland at about 1900 LST. On the other hand in 

Case 3 a further development of the sea breeze is suppressed over the land during the 

daytime. A maximum of the sea breeze appears over the sea in the early afternoon 

and another maximum is observed over the land after 1800 LST. The wind hodo­

graph above the coast-line is affected by these two maxima of the sea breeze. Less 

development of the sea breeze over the land during the daytime may be due to an 

intense turbulent exchange of momentum associated with extremely large values of 

LT 
(hour) 

6 
-31 

12 

16 

20 

24 

4 

6 

LT 
(hour) -31 

8 

12 

16 

20 

214 

4 

8 
CQSE" 3 

distance (km) (sea) 
-15 -7 -3 0 :3 7 

(land ) 
15 

(sea ) distance (km) (land) 
15 - -7 3 0 3 - 7 15 

'~ --1-

~ !\ ( ~ 

\_ -S'2 I- <:: 
r--

..._......_ 

v ............. 1----~ 

~ :< ~2 I'-.._ I~ 

31 

31 

0 

I 

2 

3 

0 

I 

I 

0 

Fig. 8. The horizontal time sections of u at the level of z= lOOm during the sixth day for Cases 2 

and 3. 
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Fig. 9. Variations of the temperature and the vertical velocities during the sixth day for 

Cases 2 and 3. 
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Kover the land. The second feature of Case 3 is that the counter flow in upper levels 
is much stronger than the respective land and sea breeze in lower levels as shown in 
Fig. 6c. It should also be noticed that some remarkable differences between Cases 
2 and 3 can be seen in the vertical flow and the temperature fields. Fig. 9 represents 
variations of temperature and vertical velocity with time at four grid points which are 
located at a higher and a lower level over the coast-line and 15 km inland respectively 
for Cases 2 and 3. In Case 2 the vertical motion at the lower level above the coast­
line becomes downward after 1100 LST when the sea breeze proceeds inland, while 
in Case 3 it is kept upward till 1900 LST and is much greater than in Case 2 as well 
as the downward motion at the upper level. A large horizontal gradient of tempera­
ture is found in the afternoon at the upper level in Case 3. 

(c) Case 4 
The values of K calculated following Eq. (16) at every time step at every grid 

point result in a constant as they are assumed not to be smaller than the minimum 
value. Figs. lOa and b are the wind hodographs for Case 4. Diurnal variations 
shown in Fig. lOa seem on the whole to be stationary on the third day. The used 
profile function derived from Eq. ( 13) is apt to give a larger variation of the tempera­
ture at the level of z=h to a cooling under stable stratification than to a heating under 
unstable stratification. In other words, night cooling propagates upward more effec­
tively than heating in the daytime. Thus the land breeze is observed fairly as strong 
in lower levels in spite of the smallness of Kin the transition layer while the sea breeze 

is very weak. 
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X:O 
Z:lOOOm 

(rn.s) 

Fig. 10. Same as Fig. 6 except for Case 4 and (c) is for the first three days. 

5. Concluding remarks 

The four different formulae of turbulent exchanges of heat and momentum were 
examined in this paper. If an appropriate value of the drag coefficient is given for 
the land and the sea, we can represent a difference in intensity between the land and 
the sea breezes. In that case, corresponding to the fluxes in the surface layer, it is 
necessary for the formula of turbulent exchanges in the transition layer to take into 
consideration the stratification and the wind shear. 

Case 2 represents some properties which have been pointed out as characteristics 
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of the land and sea breeze. Although there remains some uncertainty in the vertical 

profile of K and its values, we may take this formula as an adequate approximation. 
The land and sea breeze obtained in Case 3 shows some peculier properties. An 

excessive intensity of the counter flow in upper levels is a decisive defect which is 

probably associated with excessively large values of Kin the lower portion of the transi­

tion layer. 
The use of the formula by which K is calculated locally from the distributions of 

temperature and wind yields very small values of K and consequently a very weak sea 
breeze circulation. In Cases 2 and 3 an enhancement of unstable stratification in 
the surface layer results in increasing the value of Kin upper levels at which the stratifi­
cation is stable. This situation can be interpreted as an effect of the so-called "pene­
trative convection". A local evaluation of K such as in Case 4 does not allow the effect 
directly. Meanwhile, the use of the formula in Case 4 in which K is proportional to 
the vertical wind shear results in a small value of K due to a small shear associated 
with the land and sea breeze and subsequently an extremely weak development of 
the land and sea breeze. It is important to establish a scheme parameterizing pene­
trative convections, and the stratification parameter a in the formula of K remains to 

be re-examined. 
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