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ABSTRACT

An anabytic study of the structure of sea-land breezes is presented, with special attention paid to the
dependence on the model parameters. In this lincarized model, the wind speed of the sea—land breezes is
directly proportional to the difference of sea and land heating rates. For the same differential heating, the
sea-land breeze is more prominent if the stratification is weakly stable, or if the frictional force is small. The
horizental penetration from the coast is also investigated, and found to be asymmetric between the land and
the sea. The above results are in agreement with observation.
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1. Introduction

Sea-land breezes are mesoscale, secondary circulations forced by thermal gradients, and
typically occur under conditions of weak prevailing background winds. In the daytime, the
land, with a smaller heat capacity, heats up more than the sea. As a result, the air above the
land surface is hotter, and the pressure lower. Wind then blows from sea to land; this is the
sea breeze. At night, the situation is reversed, giving rise to the land breeze. Fig. 1 gives the
component of the wind perpendicular to the coast above Santa Monica, California {Flohn,
1969}, showing a diurnal variation. The wind direction near the surface changes from NE
(land breeze) to SW (sea breeze). The speeds are moderate, about several m 5!, with sea
breezes somewhat stronger than land breezes. Whether in the sea breeze phase or the land
breeze phase, mass conservation demands that there must be a return flow; indeed, above 1.5
km from the surface, the wind direction is reversed, with a relatively low speed.

The sea-land breeze circulation has attracted attention from early days. Halley (1686)
studied this phenomenon in 1686. Many other investigations have since been carried out (Sun
et al., 1981; Smith et al., 1982; Rotunno, 1983; Niino, 1987; Yan et al,, 1987). Recent atten-
tion is also related to the dispersal of airborne pollutants, which is important for coastal in-
dustrial areas (Lu et al., 1994). : .

Studies of the sea—land breeze circulation can be classified into observational studies,
theoretical studies and numerical modelling. Despite the necessary simplifications, analytic
models are important for the insights they provide. Haurwitz (1947) assumed that the pres-
sure gradient force perpendicular 1o a straight coastline can be expressed as — d¢ / dx, and

({D'Corresponding author: LASG, Institute of Atmospheric Physics, Chinese Academy of Sciences, Bei}:
ing, China.




264 Advances in Atmospheric Sciences Vol.16

5~ 0% 0 0.5 0
4
3b
<o
2k
1«05 ﬂos
-1.0
,15 15
o 0 . /?OJ 20

‘Iﬁ

Fig. 1. The component of the wind perpendicular to the coast above Sants Monica, CA, USA, av-
eraged over 29 sea-breeze days. Positive values {m 57"} indicate sea breeze. The horizontal axis is
time (expressed in LST) and the vertical axis is height. Taken from Flohn {1969).

varies in time periodically with frequency & =2z / T, where T is one day. Based on these as-
sumptions, the solution of & linear homogeneous sea—land breeze model was found. Defant
(1951) assumed that the perturbation of the surface potential temperature can be written as

Glx,z=00=0,,¢" ot gindx | ()

where x is the coordinate perpendicular to the coast, and zis the vertical height. This
parameterization of the x—dependence is somewhat unphysical. Walsh (1974) assumed the
perturbation of temperature to be

6., >0
8x,z =0, 1) = sinwt X { i * o @)
- X .

mio *

The step-function profile in x is more realistic, and solutions were found within a linear
homogeneous sea-land breeze model. Both of these models start from the temperature,
whereas more realistically one should start with the heating rates as the driving force; the time
lag between the heating and the temperature rise should be part of the outcome of the model,
and important for understanding the time of onset of sea and land breezes.

Rotunno (1983) reviewed the development of analytic solutions of linear sea—land breeze
models. By ignoring the Frictional force but incorporating the heating rate in an
inhemogensous sea—land breeze model, an analytic solution was obtained. Dalu and Pielke
(1989) analyzed a mode! with both heating and friction {but with the latter assuming the same
value on land and on sea). Up to now, there have been very few models that take the different
frictional forces as well as the different heating rates over land and sea into proper account.
Some numerical studies considered both effects, as well as non-linear effects (Sun et al.,
1981). Many results of observational, analytic and numerical studies were reviewed by
Simpson (1994).

The analytic solution of a linear sea—land breeze model is presented in this paper. The
mode! starts with different heating rates over land and sea, and also incorporates different
frictional forces on land and sea. The former drives the entire effect, and all measures of the
sea—land breeze circulation are proportional to the differential heating; the latter plays some
role in cantrolling the extent of the penetration landwards and seawards. These and other de-
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pendences on the model parameters are studied.

The rest of this paper is organized as follows. In Section 2 we develop the mathematical
model and solution, expressing all [low fields as a rapidly convergent series. In Section 3 we
analyze the structure of the sea—land breeze circulation using a set of “standard” parameters.
In Section IV we study how the circulation is affected by changes in these parameters, and the
concluding remarks are given in Section 5.

2. Mathematical model and solution

2.1 Basic equations

The model domain consists of an infinite horizontal plane with an infinitely long and
straight coastline along y axis, separating the land (x < 0) from the sea {x > 0). The vertical
extent is from sea level (z = 0) to 2 maximum height z = H, where & will be one of the model
parameters. There is no variation along y direction, so the problem reduces to two dimen-
sions in x — z plane. As the sea—land breeze is a mesoscale system, the Coriolis parameter f
can be assumed to be constant., The two—dimensional flow is treated in the Boussinesq ap-
proximation, and because the wind speeds in sea—land breezes are moderate, the equations
are linearized. This results in the following set of governing equations.
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In the above, u, v are the horizontal componeats of the wind field, w is the vertical compo-
nent, 6= g(@’ / 0,) in which & is the potential temperature perturbation, p’ is the pressure
perturbation, & is the Bruni~Vaisala frequency, & is a Rayleigh frictional parameter, as-
sumed to be constani over each domain, and ¢ is the horizontal heat diffusion coefficient,
very small in general, For simplicity, we neglect the heat dilfusion term in the derivation be-
low. The heating raie @ is determined by the radiation balance, and may be assumed to take
the faciorized form

0 =0,(00.(%q,e™ . @)

where O, (x) describes the horizontal distribution perpendicular to the coast and @, (z) des-
cribes the vertical distribution. The time variation, assumed to be periodic with period
T=2n/w=14d, is expanded in harmonics. For simplicity again, only the fundamental
(1 = 1) is kept; moreover, we shall implicitly take the real part, so that t =0 corresponds Lo
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noon. By keeping only the fundamental frequency, the circulation will be exactly reversed in
the two halves of a diurnal cycle, so that within this approximation, the land breeze and sea
breeze phases will be mirror images, with equal strengths; the limitations of this simplification
are discussed in Section 5.

The boundary conditions for Eq.(3) are

o (5)

Clearly all quantities vary at the fundamental frequency w. so we define amplitudes

A

f,« by, e.8.,
u=ie™ | (6

where the phases of the amplitudes #, #,»»* represent possible time lags in response. Next we
put Eq.(6) into Eq.(3), and introduce the stream function §,
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By eliminating 7, the equations hecome

(u.e.»+.k)v+f%22 0,

(im+k}('—a—}’ T L

ozt dz  dx
@am?—%&m&m,
Plooog= #l,.p=0. (8)

The heating rate and the frictional force are assumed to be different forms over land and
sea, we take

{QIC % s x<0

i x>0

Sc *

q,2.(x)0.)= )]
where §, 3, and @, are constants, with @, > @, . For simplicity, we assume the vertical dis-
tribution over land and sea to be characterized by the same scale 5 "', Similarly, the frictional
parameter is assumed Lo be

k={k" x<0

10
k., x>0 (10)

which are also constants, with &, > k.

The standard set of values we shall use in this paper is given in Table 1.

The strategy is as follows. We first solve the equations in each region (x <0 and x>0); in
each case, the solution will consist of a particular solution (respectively proportional to @,
and @,), plus a homogeneous solution, the latter with unknown coefficients. The solutions
are then matched across the coastline x = 0 to determine the coefficients.
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Table 1. The standard values of model parameters

Parameter VYalue Unit Comments

7] 4x1p° ms

0, 1 =10 ¢ ms?

k| 5 day '

k, 1.25 day™! k, = 0.25k,
N 1=10! 572

7 0.5448¢ < 10 ° 57! at latitude 22°N
H ! km

é 2x10° ms'

2.2 Solution in each region

The case over land {x < 0) and cver sea (x > 0) will be discussed separately, For x <0,
the heating term on the right hand side of Eq.(8) becomes @.e” . and the value of
k becomes &, . The following particular solution

=0
=0
*__i-_ —dz
[ wQ,e {11

describes a static flow ficld with the potential temperature varying at the same frequency as
the external heating source, but lagging by 1 / 4 cycle (6 hours).

Next, consider the general homogeneous solulion. Since the vertical extent is 0 <z < H,
the z—dependence of the heating terms e ~* can be expanded in a Fourier series involving
sin{mnz / H), m=12+; see Eq.{18) below, Thus all the unknown functions can also be
expanded in Fourier series in z; moreover, it is easily seen that the x—dependence must be
exponential, so’@ :

U, e*™* cos(mnz / H) ,

=
I
14

]
"

V "™ cosmnz / H) |

-3
]
[

=Y ¥, ™ sinfmnz / H)
m=1

8

b= % 0, c"="sin(maz / H) . (12)

m=1

Here m is a mode index, and the characteristic height scales are m ™. Put Eq.(12) into Eq.(8),
we then obtain the secular equation

1, The Fourier series does not converge to the right values at z =0 and z= /. All the series below
should be understood to be evaluated for 0 < z < & only, and the limits z —~0 orz—H are taken af-
terwards if necessary.

2 The boundary conditions on § demand that it is expanded in a sine series. Eq.(8) then specifies how
each function is expanded.
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r fmn/ H) 0 Vi
fmn/HY x5 —{ma/H?') 8., Y. |=0 (13)
0 — B, N* iw B,

for each m, where ¢, = iw + k. A nontrivial solution is

- ﬂl l'h)(1+f'i!
ﬁjm (H) l”k 'h"'Nz } (14)

where y, =y, ' =(iw+k,) "' The factor in the large brackets in (14) is independent of

-1

m, so the lateral extent of each mode scales is 8,  m™’, in other words, in the same manner

as the vertical scale, which is reasonable. Of the two solutions for #, , we only take the one
with Ref,, >0, in order to ensure that the solution remains bounded as x — — . Ref,,
controls the decay of the perturbation with distance from the coastline, while Im f§,, controls
the oscillation with x.

After getting 8, ., the coefTicients in the expansion of ¥, i, # can all be expressed in terms
of say ©,,, .

Ulm B N; (n”I )Glm >
im
V{m = B N; ﬁ?! ( )Glm ’
Jm
Vim = ﬁv—";’vz 8, . (15)
im

A similar expansion is adopted for the sea {(x > 0) but with frictional parameter k, and
heating rate Qe =% and the modes are labelled as m, where again m =1, 2, «=-. Alsq, to en-

sure that the solution remains bounded as x —oC, we need to take 8, to be the root with a
negative real part. The coefficient 7, is introduced in a similar manner. We note that
B # B, , indicating an asymmetry in the penetration of the effect landwards and seawards.
This will be discussed in greater detail in the next section,

2.3 Matching across the coastline

Now we match the iwo solutions across the coastline x = 0. Obviously, ¢ has to be con-
tinuous, 50

@ e,,
ﬁlm - ﬁs ) (16)
Im sm
Also the continuitly of § across x = 0T gives
. i s By . [ME 9, _,
@)meﬁ""xsm(ﬁz)——e = |¥@,, e sin —z)—-——e . (7
[; ! H w ]x=0 ["' H o ]x=0

{CMore precisely, we retain ¢ in Eq.(3); this guarantees that § is conlinuous across x = 0. The expres-
sion for @ is matched, and then £—0 is taken. This then results in Eq.(17). Thus Eq.(17) is valid
when ¢ is sufficiently small.
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leading o
ZAmsin(%z)=%}Qe_’5’ . (18)
where A, =0, — 0, AQ=0,—0,.

Projecting the right hand side of Eq.(18), we find the coefTicients for the potential tem-
perature difference are

Am =Mam , (19]
(i3]
where o, is a purely geometrical factor
2 mn/ H w_ — i }
o, == Y1~ (—1)7e . 20
H{(mn/H)z-l-&z[ ) ] 20)

which is asymptotically « m ™. From Eq.(16) and Eq.(19), @®,,, and ®_ can be found.
iA Bim
o, -2, (L= _)

w o ﬁlm + Bsm
_iaQ  (_Am
esm - ® oy ﬁlm + ﬁsm ) (21)

When this result is substituted into the series solution, the entire flow field is determined.
3. Structure of sea—land breeze

In this section, we discuss the generai properties of the solution found for the sea—land
breeze circulation, using the %standard” parameters in Table 1. We note, first of all, that al-
though the potential temperature § peaks at 1800 LST in the particular solution (2.9), it peaks
near noon in the full solution, which is reasonable,

Driving force

From Eq.(21), ®,,,8,  and all the other variables describing the circulation are
directly proportional to the difference in the heating rates AQ. In other words, there is no
sea—land breeze if the land and the sea are subjected to the same diurnal heating. This is the
most important feature of the model.

Vertical distribution

The vertical structure is expressed as a sum of harmonics, or waves, with wavelengths
A =2H /m. The m =1 term has no node in the model domain (0, #), and is a barotropic
mode. The m 2 2 modes are baroclinic.

Horizontal distribution

The horizontal distribution in each mode is determined by B, and f_ . and may be
characterized by horizontal scales
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Fig. 2. The amplitude of various quantities versus the mode number m. (a) The amplitude of
stream function H’_ [ (h) The ampiitudes of the horizontal vefocity perpendicular to the coast

|U e |; the amplitude of the horizontal velocity along the coast over land | ¥, | the amplitude of
borizontal velocity along the coast over sea |V, |.

1

Dlm = R"ﬁzm »
D, = L 22
™ Refl,

which define the distances (respectively landwards and seawards of the coastling} where each
mode decays by a factor of e. The fundamental mode has a horizontal extent

Ly=D,+D, =80 km+ 200 km =280 km . (23)

When all modes are summed, the overall wind [ield has a shorter horizontal length scale
of about 50 to 100 km, which is broadly consistent with observations (Atkinson, 1984),

Figs. 2a and 2b give the amplitudes of ¥+, u, v, and v, at x = 0 versus the mode number
m. The amplitudes decrease rapidly with m, and in practice, all numerical results reported are
calculated by truncating the sum at m = 20.

Wind direction

For each mode, the ratio of the wind speeds along and normal to the coasiline is given by
I Vim ) f
= fin === . (24)
|U!ml ﬁrfli Jm2+k]2

The ratio is larger (i.e., the wind has a larger component along the coastline) at higher

latitudes; the ratic also decreases as the frictional force increases. If friction could be
neglected, then

J Vin: l _ .
7., I =2sinp <2 , (25)

where « is the latitude. We note from Eq.(24) that the ratio is independent of m, and in fact
the phase of the ratio is also independent of m. So the overall wind components » and v (the
sum over all modes) are given by the same ratio as Eq.(24). However, because of the phase
difference, the actual wind speeds v and # at any time are nof given by this ratio,

PSS ]

—_



No. 2 K. Young and Zhang Ming 271

Fig. 3. The divranal variation of the wind speed 1 km inland, at various Uimes labelled by bours
LST. The narmalization is arbitrary, since all winds are proportional to the amplitude of AQ.
{a} At22°MN.{b) Al60°N.

Diurnal variation

Figs. 3a and 3b give the diurnal variation of wind speed 1 km inland, at latitudes 22°N
and 60°N respectively, labelled by hours according (o the local sun time (LST). It is assumed
that the heating rate is maximum at 1200 LST.

These figures show that the wind speed is minimum ar about 0500 and 1700 LST {near
sunrise and sunset), and maximum at about 110¢ and 2300 LST (near noon and midnight),
with some small variations with latitude. The wind component v is larger at higher latitudes,
which is also evident from the dependence on fin Eq.{24).

Fig. d4a gives the diurnal variation of wind field at latitude 22°N, using parameters as in
Table 1. The horizomtal axis x is the distance from the coastline, and the vertical axis is time
in hours LST. The wind direction is seen to change after sunrise, from a land breeze to a sea
breeze. At 0900 LST, the wind speed increases snbstantially. The sea breeze reaches its maxi-
mum speed (of about 5 m s™') at about 1200 LST. After 1500 LST the wind speed decreases.
The wind changes back to a land breeze at 1800 LST. At about 2100 LST, the land breeze in-
tensifies and reaches its maximum speed (of about 5 m s7') at about 2400 LST. The land
breeze then decreases until sunrise.

Spatial profile

From Fig. 4a. the sea~land breeze extends further out to the sea than into the land, es-
sentially because different values of the [rictional parameter have been used. The convergence
zone occurs over land while the divergence zone occurs over sea during the sea breeze phase,
This situation is reversed for the Jand breeze phase.

Figs. 4b and 4c show the x — z profile of the stream function at 1200 LST {sea breeze
maximum) and 1800 LST (transition between sea breeze and land breeze), respectively, using
the same parameters as in Fig. 3a. From Fig. 4b, the wind speed decreases vertically and the
vertica) extent is about 300 m. The direction of flow is reversed above that height. The stream
function is qualitatively the same as shown in Fig. 58 of Atkinson (1984).

A1 1800 LST (Fig. 4c), the pattern of the circulation is quite different. A weak circulation
from sea to land is developed {u > 0) at the coast. However, away from the coast, u <0, il is
still in the original sea breeze phase. Thus, the sea—land breeze develops and changes direction
starting from the coast.

Figs. 5a and 5b give the wind components & and v respectively, 1 km inland at vacious
heights. The horizontal axis is time in hours. The vertical axis is height. These two figures




m Advances in Atmospheric Sciences Vol.16

sy
I 100
(13 AR . _
AT ey ) . . :
] - : -
aye - . =
LR . o
S
K o i
)
% LI
o R R TR .
BRI s00]- .
L]
0
St
h
360
|
! n
i 200
R S L R R R RN i
- e s
R TN R AR L L R B
-fu -1 30 -qm e € 3 W 49 W e S T TR TR Y R R
B
[
a
wn
N
e
- 1
K
oy . 1
10 : -
x ‘
«

Fig. 4. Wind distribution at 22°N. (a) Wind vectors shown vs distance from the coast (horizontal axis) and
time in howrs LST (vertical axis). The arrow below the figure corresponds to S m 571, (b) The stream function
¥ at 1200 LST (sea brecze maximumy) as a function of the distance x from the coast (horizontal scale) and
height z {vertical scale). {c) The stream function y at 1300 LST (transition from sea broeze to land breeze) as
a function of the distance x from the coasr {horizontal scale} and height 7 {vertical scale).
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Fig. 5. The variation of the wind componenis u and » with fiie honrs LST {horizontal axis) and height
2 {vertical axis), at a position ! km inland. {(a) The wind component » along the coast. {b) The wind compe-

nent ¥ alomg the coast.
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show that the sea breeze occurs in the lower parts of the atmosphere, decreasing in amplitude
vertically. At a height of 300 m, the direction of the circulation is reversed.

The height at which the circulation reverses depends physically on the height of the inver-
sion layer (represented by H) and the vertical heating profile (represented by 8 ~ '), and can
range from a hundred metres (the present model) to over 1 km (see Fig. 1).

The two components # and v have a phase difference, and v reaches maximum later than
«. Assuming the coast runs along the east—west direction with the sea to the south, the strong-
est sea breeze is from the SW and strongest land breeze from the NE, The result agrees with
the observed data as shown in Fig. 1. From the above results, the output of this analytic mod-
el agrees with data and can represent the structure and the evolution of sea—land breeze very
well.

4. Dependence on the parameters

4.1 Heating rate

Fig. 6 shows (he wind components » and v 1 km inland, and illustrates how they vary
with AQ. The parameters are shown in Table 1. As both the sea and the land begin to heat up
after sunrise, the sea breeze is developed and the wind speed increases as the heating increases,
At 1200 LST, the sea—land heating difference is maximum and so is the wind speed, with a
value of about 4.6 m s~ ', The difference of heating rates then decreases, and the sea breeze al-
so decreases. The difference of heating rates changes sign after sunset, so the land breeze de-
velops and intensifies. The heating rates have a maximum difference at midnight and the land
breeze also reaches its maximum. Afier that the land breeze weakens until sunrise.

The heating rate was assumed (o be a sinusoidal function, which agrees reasonably with
observation in the daytime, but is not realistic at night. To have a better representation of the
beating rate, different harmonics ¢™ have to be considered, with both the fundamental
mode (n = 1, period of one day) and other modes (n > 1, period shorter than one day). How-
ever, the fundamental mode accounts for the main contribution and produces the main fea-
tures of the sea—breeze variation in time.

The influence of the vertical distribution of @ on the sea—land breeze is interesting. As an
example, we use parameters in Table 1, but with & changed from 2x 107 m™" 1o
4x107% m™L. The surface wind field {Fig. 7a) is more or less the same as shown in Fig. 3. The
wind speed is smaller, The stream function diagram at 1200 LST (Fig. 7b) shows a lower

EC

BB e A e
9 12 15 12 2n o 3 6 ST

Fig. 6. The variation of the differential heating rate AQ (-um't of m 57'), the wind components
u and v (unit of m 5%} vs time in hours LST (horizonial axis). the winds refer to a postion { km in-
land.
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Fig. 7. The diurnal variation of the wind field at 22°N. {a) The wind vector as a function of the dis-
tance from the coastline {horizontal axis} and time in hours LST (vertical axis). The arrow below
the figure corresponds to 4 m s™'. (b) The strcam function ¢ at 1200 L.ST {sea brecze maximum} as
a function of the distance x from the coast (hotizontal axis} and height = (vertical axisj.

vertical extent of the sea—iand breeze circulation. When 4 is increased to 10 °m ™, the speed of
the sea—land breeze not only decreases but its vertical extent also decreases, to about 100 m

(diagrams not shown). From the above results, we see that the vertical extent of sea—land
breezes varies with & .

4.2 Latitude

Table 2 gives the values of D, and D,; at different latitudes, using parameters as in Ta-
ble 1. It also gives the amplitude of the stream function ¥ of the barotropic mode (m = 1).
From the table, as the latitude increases, £, and D, decrease, more rapidly at lower lati-
tudes. The amplitude of the stream {unction ¥ has a maximum value at about 30° latitude.
Since the amplitude of u is directly proportional to ‘¥, as a result of the two reasons cited
above, sea-land breczes are found more frequently at mid—latitudes, The wind speed and hor-
izontal extent are also larger. This result agrees with observation.

Table 2. The dependence on latitude

Latitude 0° 15° 220 30° 45° 60° 750 %0°
Dy 7 2% 80 63 44 34 38 29 km
2., 442 305 203 104 44 3 27 26 km
1w 318 340 364 379 201 232 205 197 m® 57!

Fig. 8a gives the diurnal variation of the surface wind at 60°N latitude, using the
parameters in Table | {except lor the Coriolis parameter J. Comparing Fig. 3a with Fig. 8a,
the flow field is not the same. The horizontal extent is smailer and the wind component v is
larger in Fig. 8a than that in Fig. 3a. Fig. 8b gives the stream function diagram at 1200 LST.
Compared with Fig. 4b, the stream function is weaker and the centre of the circulation has
shifted landwards.

With the same heating rate, a weaker and shallower sea-land breeze is developed at
higher latitudes because the Coriolis force is larger. The force changes the wind direction

LR 2T S PP S S o S S
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Fig. 8. The diurnal variation of the wind field at 60°N, {a) The wind vector as a function of the dis-
tance from the coastline (horizontal axis} and time in hours LST (vertical axis). The arrow below
the figure corresponds ta 4 m s™', (b) The stream function y at 1200 LST (sea breeze maximum) as
a function of the distance x from the coast (horizontal axis) and height z {vertical axis).

much more and the breeze cannot penetrate as much inland. The same reasoning applies to
the land breeze. Actually, there are fewer sea-—land breezes at higher latitudes, not only be-
cause ol the above reason, but also because the heating rate is weaker.

4.3 Stratification

Table 3 gives the values of |'¥], D, and D, al 22°N apd 60°N but with various values
of stratification N2, with other parameters as in Table 1. As the stability of stratification
increases, D, and £, also increase. The horizontal extent also increases, but |¥| decreases.

Table 3. The dependence on the stability of siratification at 22°N and 60°N

Latitude  22°N
NE 0.01 0.03 0.05 0.07 0.1 0.30 0.50 0.70 1.00 200 105!

D, 795 1383 1787 2115 2529 4382 5658 6695 8002 1131 km
D, 2024 3516 4542 5376 6427 L1136 14377 170.11 20333 ZR7S km
[y 3635 2102 1629 1377 1152 665 513 436 364 258 m®s’?
Latitude 66°N
N 0.01 0.03 0.05 0.07 0.1 0.30 0.50 0.70 1.00 200 10*s’!
Dy, 3.42 5.94 1.67 909  10.86 1882 2430 2875 3436 486 km
D, 332 541 6.98 8.26 987 1701 2210 2604 3125 44l km
% 2370 1336 1035 875 732 423 238 277 232 164 m’s?

Fig. 9a gives the diurnal variation of the surface wind at 22°N, using parameters as in
Table 3 and N2 =10 57 instead of 107 572 Comparing Fig. 3a with Fig. 9a, the wind
speed is doubled: the former is about 5 m 5™, while the latter is about 10 m s

Fig. 9b gives the stream function diagram at 1200 LST, using the results of Fig. 9a.
Comparing Fig. 4b with Fig. 9b, the centre of the stream function increases to 3 times the
original value when the stability of stratification is weaker. The speed of the sea breeze in-
creases, but the horizontal extent decreases. Comparing the stream function diagrams at 1300

LST, the result is about the same. This comparison indicates that with weaker steatification
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Fig. 9. Same as Fig. 7, but ¥* changed from 107 s 10 16 572,

stability, the speed of sea—land breezes is stronger but it decays more rapidly with the distance
from the coast. The wind speed is higher along the coastline and by continuity, so is the verti-
cal wind speed. Thus rainfall or thunderstorm tends to occur when the stratification stability
is weaker. This result should be of interest in weather forecasting.

4.4 Frictional parameter

Many studies of the sea—land breeze circulation use the same frictional parameter for the
sea and the land; however, the roughness is not the same in the two cases. Since the vertical
extent of the sea—land breeze circulation is not too high, the frictional parameter of the land
and the sea can be assumed to be constants in each domain. In the following discussion, we
keep &, = 0.25%,, and vary the two together.

Table 4 gives the values of D),, D, and ¥ at latitudes 22°N and 60°N with different
values of the frictional parameters in unit of day™, using other parameters as in Table L.
From Table 4, the frictional parameters have a larger effect on the sea-land breeze at lower
latitudes. The larger the friction, the smaller the horizontal extent of the sea—land breeze. At
higher latitudes, the frictional parameter does not affect the sea—land breeze as much. 1t can
be said that the horizontai extent at lower [atitudes is more sensitive than that at higher lati-
tudes to changes of the frictional parameter. The frictional force decreases the stream function
and also reduces the wind speed.

Table 4. The dependence on the frictiohal parameter at 22°N and 60°N. {k, = .25k, }

Latitude 22°N
k, 1 2 5 7 10 15 20 day !
D, 247.25 139.74 80.02 67.84 56.83 4577 38.94 km
D, 937.08 474.09 203.33 154,54 119.43 93.17 80.02 km
K4l 489.9 451.9 364.4 3295 293.2 2534 226.8 m? s
Latitude a0°N
&, i 2 5 7 10 15 20 day”’
D, 31.14 3169 34.36 35.04 37.02 36.05 33.69 km
D, 10.96 31.00 11.25 31.52 32.06 33.18 4.36 km
4] 238.4 2374 2316 226.5 217.8 203.3 190.4 m® s!

From the above reason, it can be seen that if we use different frictional parameters over

{
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the tand and the sea, the horizontal extent will be different in the two cases: farger over the sea
but smaller over the land. The sea—land bregze circulation is not symmetrical. From the pre-
vigus figures, this situation can be ¢learly observed.

5. Conclusions

This study assumes that the land and the sea are subjected to different heating rates and
have different frictional parameters. The heating rate is described as a single sinusoidal func-
tion with a period of one day. Using the Boussinesq approximation, an analytic solution of a
linearized two—dimensional baroclinic model is studied. The conclusions are as follows.

(1) The speed of the sea—land breeze is directly proportional to the difference in the heat-
ing rates. When the sea and the land are heated, a sea breeze occurs, peaking at noon. As the
sea and the land cool off at night, a land breeze occurs, peaking at midnight. These results
agree qualitatively with observation.

(2} The vertical extent of the sea—land breeze varies with both H and 8.

(3) The sea—land breeze depends sensitively on the latitude. With the same heating, the
horizontal extent is much larger at lower latitudes than at higher latitudes, and the speed is al-
s0 higher.

(4} When the stratification of stability is weak, the wind speed is higher for the sea—land
breeze. The horizontal extent is smaller. .

(5) The frictional force reduces the wind speed. At lower latitudes, the greater the
frictional force, the smaller the horizontal scale of the sea—land breeze. However, the horizon-
tal scale is not sensitive to the frictional foree at higher latitudes. With different frictional
parameters cver sea and land, the horizontal extent becomes asymmetric.

In this study. the healing rate is a sinusoidal function with a period of one day. This has
the effect that the two halves of the day are mirror irpages, so that the land breeze and the sea
breeze have equal strengths and opposite directions. This feature is not realistic, and should
be improved by taking a more realistic heating function and keeping more temporal
harmonics (n > 1).

Assuming constant values of the frictional force over land and sea and a straight
coastline are also not entirely realistic. Also, the effect of prevailing background wind in the
sea—land breeze is not included. These should be improved in further studies. Finally, with
strong sea-land breczes, gravity currents occur (Sha et al, 1991), which require the non—linear
governing equations, for which one may need to resort to numerical simulations,
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