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SUMMARY 

北

These lectures on the sea-land breeze wind are organized in the 

following way: 

1 . A general description of the sea-land breeze phenomenon and 

of its impact on the human activities. 

2. A first theory based on energy consideration, approachable 

with pocket calculators. 

3. An analytical theory approachable with desk computers . 

4. A numerical approach to modeling with large computers . 
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1 - A description of the sea-land breeze wind 

The sea-l and breeze wind is common c1tmospheric phe nomenon in 

coastal regions and i t is typical of fair weather conditions and 

therefo re more frequent in the summer season. The sea breeze is a 

diurnal wind, which affects a depth of the atmosphere of the order of 

1000 meters for a horizontal extension of the order of 100 kilometers. 

The observed wind intensity is of the order of 6-10 meters per second. 

The land breeze is mainly a nocturnal wind and it is much shallower 

and less extended horizontally then the sea breeze. Its depth b eing 

of the order of few h undreds meters with a horizontal extension o f 

about 70 kilometers or l es s . Its intensity, we aker than the se a 

breeze, is in the range of 3-5 meters per second. 

ll owc~ver, in some pl nces, beca use of the lii~h depth of t lw 

boundary L1ycr and the low latitude, like for instance in t h e gulf of 

Carpenteria in Australia (Smith, et al . , 1972), the sea breeze is 

particularly spectacular and the above mentioned figures for observed 

wind intensity and inland penetration are there more than double. 

The sea breeze was known to the ancier.t sailors like the Greeks 

and the Fe n icians (He rodotus, 485-425 B. C. ) , as a friendly and 

convenient wind. Its ge ntle intensity and its duration , from few 

hours after sunrise to sunset, we l l suited the f rail vessels of those 

times. Nowadays the sea breeze i s highly a ppreciated by leisure 

sailors. 

The sea-land bre e ze play an important role in stirring the 

coastal waters (Mizzi and Pie lke, 1972, Dalu, et al., 1989) and its 

very important because it keeps the coastal waters well oxygenated 

right where there is the breeding site for a lot of species. 

Furthermore, the coastal currents and the vertical mix ing within the 
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diurnal t hermocline (Dalu and Purini, 198 :> , 1981) are crucial for the 

dispersion of the abbondant pollutants in coastal waters close to 

l arge ports or heavily industrialized and urbanized areas. 

~ －－－一－

- 

Figure 1. The maritime air penetrates inland proceeding with a speed 
of the order of 5 meters per second for about 100 
kilomete r s, with a depth of the: order of 600 meters . The 
return fl ~w above is weaker and deeper. The sea air is 
preceded by a region where the heating is intense. The 
penetration starts a few hours before sunrise and stops at 
sunset. 
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From a meteorolog ical point of view, the weather conditions 

favor able for the se a breeze are when the synoptic are weak and the 

days are warm. Also for the land breeze the large scale winds have to 

be weak, possibly accompanied to a clear s ky night, in order to have a 

fair amount of radiative cooling. Thes e conditions are usually met 

when an anticyclone, i .e . a high pressure r egion with subsidence, sits 

over a coastal area. 

2 - An energy nodel for the sea-land breeze wind 

The sea breeze results from the diurna l h e ating which occurs over 

land during the sunny hours. As a consequence the air over land 

becomes warmer and less dense in comparison to the adjent air above 

the sea, Figure 2, through some depth H. 

伶

\ I 

互＼

nr 
A
l) 

A 

\̀

-Z r 

:̂ ^u" ^ ^ ^, " 

｀全一
L = 

Figure 2. The diurnal heating warms the air and reduces the density 
of the air over land through a depth H. The free 
atmosphere density p_ is less than perturbed density p-6p 

。which is less than the-over the sea p. 
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In the configuration depicted in Figure 2, there is some 

potential energy available A.P.E . for conversion into kinetic energy 

K.E . 

A. P.E . ~ 1/2 g'H(HL) ( 1 ) 

where g'is the reduced gravity: 

g' - g(-op/p) 一 g 6O/() (2) 

pis density, op is its perturbation 

8 is potential temperature, 68 is its perturbation 

His the depth of the convective boundary layer over land, C.B.L. 

Lis the horizontal scale of motion, i.e. the land penetration of 

the sea bre e ze . 

As the potential energy is generated by the diabatic process over 

land , the air moves converting the potential energy into kinetic 

energy, as shown in Figure 3. 
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Figure 3. The dense maritime air moves inland subsiding, the warm air 
over land is lifted and moves towards the sea. 
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An evaluation of the means intens七y of the motion can be done 

equating the potenti a l energy with the kine tic energy: 

A. P.E. - K.E. - 1/2 v2(2IB) (3) 

1/2 
V 一 (g H/2)-'- "" 7 m/sec . ( 4 ) 

1 . 2 when g' - 10 -.... m/secL and H 一 1 000 m. 

The inland pene tration of the sea bree ze L stops when the 

Coriolis force comes into balance with the pressure force, i.e.: 

l. 蝨f v ~ ~ • ~ "' g'H/(2L) ; 
p ax f 一 2 0 sin （入） 一 10 - S 4 -1 (5) 

L = g'H/(2fv) =- 70 kilometers (6) 

For the land breeze t he inverse process takes place, cooling occurs 

over land through a depth h of the noctu:::-nal boundary layer, which is 

typically s maller than the depth Hof the diurnal convective boundary 

layer . The nocturnal configuration is de?icted in Figure 4. 

f 早

一｛－三一上

Figure 4. During the night the air over the land cools and becomes 
denser than the air above the sea. Consequently, the cold 
air moves towards the sea and the warm air moves aloft 
towards the land. 
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The calculation for computing the intensity and the horizontal 

extension of the induce d circulation follow the same pattern : 

1 for h = 500 m and g'= 10-,. m/sec 2 

1/2 v = (g h/2)-,-"" 5 m/sec and 2 一 g'h/(2fv) "" 50 km (7) 

From (5-6-7) it clearly results that the horizontal scale of 

motion and the intensity of the flo~ are smaller during the night 

because the nocturnal cooling is shallower than the diurnal warming 

over land. For a more complete study of the sea-land breeze 

energetics and to its extension to a strat i fied atmosphere we refer to 

the following two papers : Green and Dal u (1980) and Dalu and Green 

(1982). 

3 - The analytical theory of the sea-land breeze 

From Rotunno (1983) the linearized e quation describing the sea 

land breeze flow are : 

a 
( 
a 
at + f>-) U - f V + ~ <f? = 0 ax 

屯 +fA) V + f U = 0 

a 
( 
a 
at + f>.) w - b + ~ ct> = 0 az 

(~ + f>. ) b + N2 at + f>. ) b + N- w = Q 

- 8 -
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a a —U +'::- V = 0 ax -. az (12) 

邯ere f is the Coriolis parameter, bis the buoyancy force, ~ is the 

geopotential, Q is the diabatic heat forcing, which warms the air 

during the 
-1 

day and cools it during the night, (f>.) ~ is the damping 

time, due to friction. Defining the stream function: 

a 
U - -az 心

8 

`'- • 8x u (13) 

the primitive equations equations (8-12) can be reduced to the 

equation for the stream function: 

倡 +n]2 + N2] 
2 
辶 1P + 
ax 2 [ [~ + n] + f2] Q 

x 

a-a 
l-

4v 
2 

2
」
a
x

(13) 

We then define the following adimensional quantities: 

,,= ft; s =士； p = s+,\; TJ = z/h; 

2 1/2 e = f/N (1 + p~)~,~ x/h 

。
where L l f(t)} = f exp(st) =(t) dt = f(s) 

。

and L L-l (f(t)) = f(t) 
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^ 2 1 - 2 - 1 ip - L (ip h-L f一｝ ；葳－ h f 

- 1 - 1 ~ ~ ~ (u, v, w) - L{ (u,v,w) h-.1. f--'-J; (u,v,w) - - (u,v,w) h - f 1 1 

^ 
- 1 - 2 ~ - 1 2 b - L{b h ~ f ~); b = b h ~ f (14) 

^ 
- 2 - 2 - 2 - 2 ~ - L{~ h-L f-"'}; ~ - ~ h-.c. f 

^ 
1 3 - 1 - 3 Q 一 L{Q h-,._ f-J); Q - Q h-,._ f 

Where h is the vertical scale of motion, which is the depth through 

which the diabatic heating Q is acting. We denote the Laplace 

transform with L, with the hat and Laplace transformed variable and 

with the ti l de the corresponding adimensionalized variable. 

Assuming that the system is in good approximation hydrostatic, 

2 2 2 2 
(a-;at- + N-) ""N- and using the definitions stated in (14) for the 

nondimensional variables and their La-:>lace transform, the stream 

equation (13) can be written as: 

^ ^ ^ 

心 十心 - ·f3(p)Q; CC nn 

with 

{3(p) = f/N 
1 

(1 + p-) 2,1/2 
(15) 

The Green function for equation (15), i.e. the stream function, 

resulting from a Dirac 6-function perturbation, is: 

` 
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g心 一－ 元 £n { 2 
2 

1 (C-C' )+ ( n+n' ) 
211/2 

(C-C' ) + ( n-n' ) 2} (16) 

From which we deduced, through derivation, · the Green function for the 

horizontal and for the vertical velocities : 

g = 立－辶 n-n'n+n'
u =},,git,=½;{~-~} (17) 

gw 一－計 g心－七｛ 2豆'2 - 2C-C'2} (18) 
(C-C' ) + ( n+n') ( C-C' ) + ( n-n' ) 

Then the Laplace transform of the horizontal and vertical veloci ty, in 

adimensional units, a re: 

^ 
u = Q • {J(p) • a(p) (19) 

where a(p) －七 {in鬥守］1/2 + ln［王于鬥

^ 
w = Q./3(p) • b(p) (20) 

where b(p) = -辶｛tan-l （于） - 2 tan-1(1) + tan-l （于）｝

The horizontal and vertical velocity in. ad~mensional units, through 

Laplace inversion, are: 

u( r) 一 Q * exp(-h) * A(r) 

(21) 

w (r) = Q * exp (- h) * B (r) 

- 11 -



vhere * deno t es convolution product. A( ,, )and B(-r) are : 

A(r) = L-1{{3 ( s) • a(s ) } －七£ du J。(『可 t • {2 cos(i 寸

- cos （于寸－ cos （于寸｝ (22) 

B(r) 一 L-1{/3(s) • b(p)} 

七£ du J。（戸可［ 仔［于］- 2 sin(f 寸十 sin［于）｝

x-h f-N - ^ 

Equations (21) gives the required dynamical field for the sea breeze, 

when used in conjunction of (22) and (14). However it may be more 

explicatory to give the asymptotic behavior of equations (19-20). If 

the diabatic heating is a step function : 

Q(r) - Q_He(r) then 
。

(23) 
^ 

- Q(s) 一 Q /s 
。

- -The asymptotic behavior for u and w is: 

u(r-+<o) - li.m [ s u(s) l 
s-+O 

- 一 Q_ f/N 
1 

。 (l+.\-) 2,1/2 ．七｛ln[三］1/2 + ln［臼門丁｝（24)
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§（户oo) = lim [s 斂 s) l 
s➔° 

－ 凡 f/N~ •辶• {tan-l （干）- 2 t an-1(i) + tan-l ［于）｝

with € = f/N • (l+).2 / 12 x/h (25) 

From (24) we see that the frictional forces reduce the intensity 

of the velocities and the horizontal scale of motion (25) by a factor 

2 1/2 of 1/(1+>.-)~,- . The sea breeze penetration stops when 

2 C +1 

e 2 "" 1 

2 1/2 .e. when x > R/(l+A~)~,-; R = h N/ f is the, Rossby radius . 

(26 ) . 

The sea breeze is felt inland as far as the Rossby deformation 

radius corrected by the factor 1/(1+入） ．
2 1/2 

邯en the diabat i c heat is periodic : 

Q(r) = Q_ sin(wr) t hen 
。

^ 

Q(s) = Q 
w 

0 2 2 
s +w 

The behavio r of u and w is per i odic: 

(27) 

吣） － 垕／N sin （面 ） · ［亡）三｛寸亨丑］ 1／2+ £n［亨汀］ 1/2}
(28) 
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吣） －吣／N sin (wr )• ［訂］ 1/2.七 {tan-l 行］－2tan-1(~) + tnn-l （于］｝

wi th 2,1/2 C = f/n • (1 -w) x/h (29) 

From (27) we see that periodicity amplifies the intensity of the 

velocities and the horizontal scale of motion (28) by a factor of 

2 1/2 1/(1-w-)~,-. The sea breeze front stops when 

2 
C + 1 

e 2 = 1 ` (30) 

2 1/2 i.e. when x > R/ (1-w~) ~, ~; R = h N/f is the Ross by radius. 

Under periodic forcing, the sea breeze is felt inland as far as 

t he Rossby deformation radius corrected by the 2 1/2 factor 1/(1-w~)~,-. 

From (30) we see that at 30 degree lati t ude the penetration becomes 

infinite, and at lowe r latitude we don't h ave sea breeze anymore but 

waves. These waves are not observed, but sea breezes are obseL·ved a s 

far as the lower latitudes. In fact when we take into account 

friction and periodicity simultaneously, the sea breeze penetration 

stops when 

2 2 1/2 
X = R/(1 +).- - w~) (31) 

and the amplitude amplification factor is 

1/(1 + A2 - w2)1/2 (32) 
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Since w ==>.we always have sea breezes below 30 degree la titude, 

and not propagating waves . Figure (5) shows the structure of the 

stream function of the sea breeze . 

4 

3 

2 
bo。
Z^ .,e e. 

。. 2 
o-

一 1. 5 一 1. 0 -.5 
OX 

.5 1. 0 1. 5 2.0 

Figure 5 . Sea breeze stream function. 

4 - A numerical approach to the sea-land breeze problem 

There are a numbe r of models which deal with the problem of sea­

land breeze, we r e f e r to Pi e lke model, becaus e is one of the mo re 

complete in its k i nd, and its continuous ly upda tc<l. The basic 

literature is contained in a series of pa pers by Pielke and Mahre r 

(1975-76-77) . 

The model is a primitive equation mesoscale model. It contains 

also the large-scale flow, which is deduced from the analysis of the 
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, 

synoptic maps. The large-scale field is assumed not to evolve during 

the simulation time. The model has an appropriate boundary layer. 

Before the simul a tion itself, a few hours run ensured that the 

meteorologica l field s were almost in balance with t h e lower boundary 

drag due to the topography and to t h e surface ro·.1ghne ss. Furthermore, 

the atmosphere , init ially barotropic, had to acquire the a ppropriate 

baroclinicity corresponding to the observed shear. Simula tions start 

at sunrise and the fields evolve interactively with the fluxes in the 

lower layers. Heat budget, short- and long-wave radiation, _latent­

heat and sensible-heat diffusion in the soil anc'. in the atmosphere are 

included . 

The model e quations are hydrostatic and in terr:ain following 

coordinates: 

dv z* - s Vs 
= fk x (v - v) - B'v1r + g -'vz - gz* =- + 

dt g V s G s 

+ [ s s z』 t-; [K: 悶+ VKH Vv (33) 

v = (u,v), V =［亡為］，盅 （氐 +v•V +wt], 

where () __ and 1r are the potent ia l virtual temperature and the Exner 
V 

function, respectively. 

o_t dd 

[S ; Z』志七尸十｀｀］ (34) 

The vertical velocity is computed throug'."1 continuity: 

-16-



v • V 十翌 ~ (v•VzG) + ~ ［翌十 v • Vs] = 0, (35) 

The vertical coordinate is z*: 

z - z - - -c 
z* = s s -z' 

G 
(36) 

where z G is t h e height of the topography at the grid points ands is 

initial total, height of t h e model. 

The material surface s at the top of the model evolves in time to 

satisfy the vertically integrated continuity equation . 

The evolution of soil temperature is described by 

臣 =L 七臣］ (37) 

and the land temperature is computed with Newton-Raphson iterative 

method from the heat balance equation 

aT 
R5 + RL + pLu*q* + cnu*(J 

C 4 
Pu*()* -%％凡瓦－ - aTG = 0 . (38) 

Short-wave r adiation R~, long-wave radiat ion R,, latent heat, sensible 
s L' 

and soil h e at fluxes ( Eq. (4), respective ly, are treated as in Mahrer 

and Pie l ke (5). 

The integration scheme is forward in time and semi-implicit. 

Advection terms are upstream computed with a cubic spline 

interpolation technic . The flow chart proceeds as in Fig. 6. An 

example of the use of Pielke ' s model is given i n Figures 7-8 where the 

sea breeze over Sardinia island is simulated, Figure 9 . 

-17-



'「 llltl~E-DUmNSlONAL Arnn.ow ovmt SARDINIA 

FLOW l'IIART 

J,Oll'Hl.'BOl...YD.·IRJ'. HE.\D: bn<l-sc:L arrny, albcc.lo, topography 
tcmpcral nrc anJ moi6turc profile _in the soil. 

.t '「JIOSI'IlERI C SOC.Y DI xr:. R E.-\D : specific hu:n i<li ty, temperature, 
winc.l intensi ty anc.l <l_ircction. al synoptic pressure levels. 

S1\l RTIXG'「1.lIR =0 sunri se minus integration t ~me t,o steac.ly state. 

NO 

BOUNI) .,1ItY I」 A Y/Nl 

了
三

NO 

\' r.s 

I3UDGE 'L' : sohr rutl_illtion, infra-red rooiation, latent heat, 
sen.;itb hrat-, in tl o sdl aml in th^ ".tmns」'， here .. 

TIJEI'.,.l fODY!iAMJ CS: t.err_per.1.t tire, pressure ancl specific humidity. 

DYNAMICS: hcrizont:il and •:ertic,,l wind components. 

NO 

YES 

PR INT : 

I-Iorizontal ancl vcrt.ical display of horizonta.: and vertical wind 
components, temperature, humidity, pressure, surface temperature... 

Figure 6 . Flow chart. 
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Figure 7 . Sea breeze over Sardinia . 
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THREE-DIMENSIONAL AIRFLOW OVER SARDINIA 
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Figure 8. Sea breeze over Sardinia in a north westerly synoptic flow . 
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G. A.. D AL U and A. CIMA 

8° 90 10° 

Figure 9 . The island of Sardinia and its orogra phy . 

-21-



How the numerical scheme treats the propagation of waves can be 

described through the integration of the "!:hallow water" equations: 

华 +u ~ + g 血＝ 0at . - ax. b ax 
却

2 
+ u 血十辶华 ＝ 0

at. - ax. g ax (36) 

where the depth h should be identified with the temperature in our 

set. The in .:egration scheme uses h(i.e . ¢) at the current time to 

forecast u, and the new updated valu~ of u to calculate h. This 

implicit character of the scheme causes wave propagation to be stable, 

and not heavily dampe d when the C.F.L. condition c6t < 6x is 

t/6t satisfied. Thus the solution can be written h = a~, -- exp(ikx). 

The amplitude a depends on the three paramete rsµ = U 6t/b.x, 

m = c6t/6x and 8 = kt:.x and is given by 

2 2 
(a - 1 + µ(l - exp(-iO)}]- + a( 1m sin 1/2 8)- = 0 . (37) 

2 
The limit r << 1, gives 

1°1 
t/M 2 

exp - 1/2(1 - µ士 m)O- Ut/6x. (38) 

for the amplitude. We notic e that depen函ncy on the l e ngth of the 

time-step has nearly disappeared, leaving the advection distance Ut/tix 

as the dominant term. Stabil i ty is ensured ifµ+ m < 1 and good 

2 energy conservat ion demands e- << 1 at about 60 points per wave -

length. Dissipation is a quadratic function f wave length : 

dissipation for the model with 30 points per wave-length is 4 times 

that for 60 points . (Dalu and Green, 1980). 
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