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ABSTRACT

The non-linear equations for an incompressible turbulent
atmosphere are integrated numerically to investigate the sea-breeze
circulation, Solutions are presented for various initial states of
the atmosphere. In addition, liquid water and water vapour are
incorporated to permit the study of the effect of the sea-breeze

circulation on a coastal fog bank.
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CHAPTIR 1

THE SEA-BREEZE

1.1 Introduction

In coastal areas, during conditions of strong insolation and
nocturnal cooling, there is a marked local diurnal variation in the
surface winds. During the day, a wind (called a sea-breeze) blows from
sea to land and duriﬁg the night, a reverse flow from land to sea (a

land-breeze) is observed.

1.2 Description of the Circulation

During the day, along the sea coasts or shores of large lakes,
a temperature gradient is established as a result of the differential
warming of the land and sea by the same heat source. According to
Defant (1951), the solar energy incident upon the water is distributed
through a deep layer by conduction or turbulent mixing, resulting in a
small temperature rise., The land, on the other hand, has only a shallow
layer heated by the sun; hence, a relatively large temperature fise occurs.
Observations by Hsu (1947) show that the surface temperature gradient is

concentrated slong the coast.

The heated land éauses the temperature of the air abofe it to
rige as a result of turbulent diffusion and thermal convection. In the
warmed layer, a pressure drop occurs as the atmosphere attempts to establish
hydrostatic equilibrium. Once the surface pressure gradient is established,

a flow from over the cool water to the warm land begins.



Aloft, the situation is reveréed. The heating of the layer
near the ground causes convection over the land. At higher levels in
the atmosphere, where a stable stratification exists, the convection
will result in a slight cooling of a deep layer aloft. The cooling
is so weak that the increase in density is not able to cancel the
effect of decreased density at the surface. This also results in a '
pressure gradient but opposite in sense to that near the surface and

a flow from land to sea occurs.

The circulation is completed with subsidence over the sea

as a result of conservation of mass.

Detailed observations of the sea-breeze are very scarce and,
as a result, only the broadscale features of this circulation are
known. Hence, it is difficult to judge the performance of a numerical

model in its simulation of this phenomenon.

1.3 The Calm Gradient Wind Case

The implication of calm gradient wind is that there is no
atmospheric motion in areas not influenced by the sea-breeze. Conrad
(1928), on five calm summer days, noticed that the sea-breeze began over
the coast between 7:00 A.M. and 8:00 A.M. and by watching ruffling of
the water surface, he observed its seaward progression until the sails
of a boat, one kilometer offshore, were affected at 9:00 A.M. Thus,
the sea-breeze circulation spreads slowly landward and seaward during

the day.



Wexler (1946) cites several e%amplas in the tropics where
the landward penetration of the sea-breeze r=ached over 150 kilometers
from shore and was detectable 125 kilometers out to sea. He states,
however, that in temperate latitudes the landward penetration is
limited to 30 or A0 kilometers. Hills and ferests appear to obstruct
the movement inland. The sea-breeze of Massachusetts is retarded by
Blue Hill, 180 meters high and 12 kilometers from the sea, while farther

north its penetration is greater.

The vertical structure of the sea-breeze circulation in the
tropics from observations by van Bemmelen (2922) under calm gradient

wind conditions is given in Figure (1-1).
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FIGURE (1-1) Vertical structure of the sea~breeze at Batavia.
Velocities are given in n/sec.



Since the vertical structure depends on the solar heating, cloudiness,
latitude, and season affect the results of Figure (1-1) by changing

the vertical extent of the circulation and the strength of the winds.

As the day progresses, the sea-breeze and upper land-breeze

are deflected by an ever-increasing amount from the action of the
Coriolis force. The hourly variation of the wind during a sea-breeze
situation at Hoek van Holland, as given by Bleeker and Schmidt (1947),

is presented in Figure (1-2).
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FIGURE (1-2) Hourly variation of the sea-breeze at a coastal station.
(Hodograph)



1.4 The Sea-breeze with an Offshore Gradient Wind

The sea-breeze circulation is greatly modified by the presence
of an offshore gradient wind. A sea-breeze which develops in opposition
to the gradient wind is termed a nCold Front-like" sea-breeze by Defant
(1951). The development of this sea-breeze takes place severa.
kilometers out at sea and then moves landwérd,often not reaching the
coast until mid-afternoon. In the morning, the offshore gradient wind
carries warmed air from the land out to sea and, as a result, the
temperature gradient is displaced seaward causing the sea-breeze to
develop out at sea. As the sea-breeze passes a given point on the land,
fhat location experiences a marked windshift accompanied by a drop in
temperature. Since these are the characteristics of a cold frontal

passage, this form of the sea-breeze is well named.

'"'he sea-breeze front does not move soO far inland as the sea-
breeze in the calm gradient wind case. In fact, the sea-breeze front
may not even reach the land or if it does, it can be moved "backwards"

by the opposing wind.

Observations by Koschmieder and Hornickel (1942) at Danzig
indicate that the vertical extent of the frontal sea-breeze averaged
400 meters and occasionally reached 700 meters while, in the calm

gradient wind case, the depth did not exceed 200 meters.

1.5 The Onghore Cradient Wind Case

When the gradient wind is onshore, a strong rise in temperature

of the air over land is prevented and the sea-breeze component of the



wind is then very weak. Sutcliffe (1937) found statistically at
Felixstowe, Ingland, that with a gradient wind from the sea on clear
days, the added sea-breeze effect from 6:00 A.M. to about 2:00 P.M.

~ was approximately 1 m/éec in the lowest 300 meters.

1.6 The Land-breeze

As a result of increased stsbility over the land during the
night, the land-breeze is weaker than its sea-breeze counterpart. The
typical seaward range of the land-breeze, as determined by smoke
observations off the coast of England, is ten to fifteen kilometers

and eight kilometers off the Baltic coast.

The vertical extent of the land-breeze is considerably smaller
than that of the sea-breeze. Zinner (1919) observed an average depth
of 180 meters for the land-breeze at Burgas on the Black Sea and an
average depth of 690 meters for the sea-breeze. The contrast between
the sea-breeze regime and the land-breeze regime is also evident from

Figure (1-1).

1.7 Previous Numerical Work

The first attempt to integrate the non-linear equations for
the sea-breeze was that of Pearce (1955) but his model used an
unrealistic mechanism for the input of heat to the atmosphere. In
spite of this assumption, the sea-breeze circulation de ~ioped and

the centfe of the circulation moved inland during the day.



Using a sinusoidal variation with time for the land temperature
and using diffusion to heat the atmosphere, Fisher (1961) modelled the
sea-breeze but did not account for changes in stability in the low
levels of the atmosphere. His results were in error after a few hours

because of computational instability.

Estoque (1961) published solutions of the sea-breeze with a
model that incorporated stability changes but assumed hydrostatic
equilibrium and only approximate mass conservation. In spite of these
restrictions, this model gave excellent results in that it essentially
duplicated the observations for the sea-breeze perfectly but was
unsuccessful in describing the land-breeze phase of the circulation.
Estoque's model seems plagued by computational instability. The author's
version of Estoque's model was étable only if strong smoothing was used

and Moroz (1968) found Estoque's model to be unstable after ten hours.

McPherson (1970) used Estoque's model in three dimensions to
study the affect of a coastal bay on the sea-breeze. The results of
this model showed the distribution of vertical velocity around the
bay. McPherson admits the use of a filter to keep the model stable

but did not publish solutions after 12 hours of meteorological time.

The most significant contribution by Estoque is the method
of computation near the ground and details of this are supplied in

Chapter 2.

The model used by Neumann and Mahrer (1971) incorporates an

improved sinusoidal heating function for the land, does not assume



hydrostatic equilibrium and gives essentially perfect mass conservation.
This model is very successful in duplicating the existing sea-breeze
observations. In addition, it is the first model to handle the land-
breeze part of the circulation adequately. It is this model that forms

the basis for the results presented in the present study.



CHAPTER 2

THE MODEL

2.1 Introductioh

Tn this chapter, the equations which define the sea-breeze
model are presented. Ultimately, this set of equations will be solved
numerically by use of finite-differences on a network of grid points..

Details of the grid will be given in Chapter 3.

In devising a model to study the sea-breeze circulation, one

ig faced with the problem of the strong vertical gradients of wind and
temperature near the earth's surface. As a result of these rapid
vertical changes, it is necessary to lncrease the number of vertical
grid points in order to obtain satisfactory resolution near the ground

in a study of this region using a grid point method.

Fisher (1961) placed the lower boundary of his grid at the
earth's surface and used a large number of grid points to deal with
the large vertical gradients of wind and temperature near the ground.
However, Fisher made no attempt to include the effects of static

stability.

In contrast, Estoque (1961) placed the lower boundary of his
grid above the region of strong gradients and used an interpolation
scheme to compute the profiles of temperature and wind in the boundary
layer below the grid. With this method, Estoque was able to account

for changes in the wind and temperature profiles as well as changes in
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. friction, resulting from changes in static stability in and below the
grid. This interpolation method will be discussed fully in later

sections,

In this study, Estoque's approach was used since it has the
ability to distinguish between regimes of forced and free convection

and because it requires fewer nmumerical computations.

2.2 Partitioning the Atmosphere

Following Estoque (1961), the region of the atmosphere that
is influenced by the sea-breeze is divided into two sub-layers. The
lower sub-layer extends from the earth's surface to the top of the
constant flux layer which is assumed to be at a height of 50 meters.
The upper sub-layer extends from 50 meters to a height where the effect
of the sea-breeze vanishes. Fstoque (1961) states that observations
suggest a value of two kilometers for this height. For numerical

convenience, a height of 1950 meters is used.

Estoque (1961) further states that the horizontal extent of
the region influenced by the sea-breeze is about one hundred times
its height. Again, for convenience, a value of 140 kilometers is

used.

The upper sub-layer is divided into a network of grid points.
The arrengement of the grid points is in equally spaced rows and
columns with the lowest row at a height of 50 meters and the top row
at 1950 meters. The columns are spaced so that the extreme left and

right columns of the grid are coincident with the lateral boundaries



of the sea-breeze region outlined in Figure (2-1).

No influence of the seo-breeze at this height
1950
Upper sub-layer

E
= 2 Portion of the grid
o &
D
T

50

Lower sub-layer (Constant flux layer)
0 .

FIGURE (2-1) Partitions of the atmosphere.

2.3 The Co-ordinate System

The co-ordinate system used is a local tangent plane
Cartesian system. It is assumed that the coastline is infinitely long
and runs in a north-~south direction with the land to the east and the
sea to the west. The positive "x" axis points eastward (from sea to
land), the positive "y" axis points northward and the positive "z!"

axis points vertically upward.

The above orientation of the coastline is chosen for
convenience only and the sea-breezes described by the model are valid

with any orientation of the coastline.

11
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2.4 The Prediction Fquations

The equations that are solved numerically to predict the
sea-breeze circulation in the upper sub~layer are basically the Navier-
Stokes equations for an incompressible turbulent atmosphere on the
rotating earth plus the equation of continuity and the thermodynamic
equation. To close this system of equations, it is necessary to use
the equation of state for an ideal gas and Poisson's equation defining
potential temperature., Since the horizontal extent of the sea-breeze
region is small compared to the radius of the earth, the equations can
be written in local tangent plane co-ordinates. Neglecting radiation

and atmospheric moisture, these equations can be written as follows:

N .- 5> o D
St - " VIV -avp ‘“”‘V*“a'i( "‘Bz\) 3

(3.4.1)

V‘V=O (3.4.2)

0 _Gen, O
=" Ve %—(KW) (3.4.3)

pat = RT (34.4)
R

©=T ‘%“) P (2.4.5)

1}

where \/ three dimensional mean wind vector (=J_'gu.+§:\r +kuy )

ok = specific volume for dry air

P = pressure
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Ky = eddy diffusivity for momentum

® = potential temperature

R = specific gas constant for dry air

T = temperature

-

L = angular velocity of the earth

-

q = acceleration due to gravity
é,;,\g = unit vectors

reference pressure (1000 mb)

=
E
| il

= eddy diffusivity for heat

2.5 The Fddy Diffusivities

From the mixing length theory, Hess (1959) states that Prandtl

defines the turbulent shear stress:

du
T= Kq Az

and, as a result, the momentum transport by turbulence can be written:

3 D
5 G 5s)

Sutton (1953) generalizes the above by stating that the transport of

a scalar fluid property by eddies is given by:

dx _ 9 PYEW:
at '—5—(;_( XBQQ Bmé< ﬂg—’é_&%) %Z(Kl-

where 7( = scalar £luid property

) (3.5.)
Ky = eddy diffusivity in "x" direction
K1§= eddy diffusivity in "y" direction

K3 = eddy diffusivity in "z" direction



In this study, the quantities being transported by eddies are
the horizontal momentum of the wind and the potential temperature.
Outside the boundary layer, the changes in the horizontal gradients of
these quantities are far less than those in the vertical and as a result,

only the vertical term of (2.5.1) appears in the prediction equations.

From the expressions for the eddy diffusivities given by
Lumley and Panofsky (1964), it can be seen that they are a maximum at
the top of the constant flux layer. The magnitudes of the boundary
layer eddy diffusivities drop o near zero at sufficiently great heights
in the atmosphere where grdund induced turbulence vanishes. The manner
in which the diffusivities decrease with height is not known. Estoque
(1961) used a linear decrease and McPherson (1970) assumed an exponential

drop., In this study, a linear decrease is used yielding:

K(z) = K(h)%}% (2.5.2)

where k<

h

H = height at which eddies vanish =

eddy diffusivity

height of constant flux layer

It is required that the height at which the eddies vanish is
the same as the height at which the influence of the sea-breeze is
negligible. Hence, H is set equal to 1950 meters and as previously

mentioned, the top of the constant flux layer is 50 meters.

Lumley and Panofsky‘(1964) state that over a large range of
stabilities the diffusivity for heat,Kh, and the diffusivity for
momentum,K“\, are not significantly different from each other. However,

they also point out that this question is highly controversial. For the
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lack of a better assumption, therefore, it will be assumed that Kh

and Km are equal,

2.6 The Assumption of Incompressibility

Batchelor (1967) derives the following three conditions
necessary for air to behave as if incompressible:

xA

-%{ <qa (2.6.1)
2
“m} < | (2.6.2)
.

Y (2.6.3)
P
where \(‘)/ = ratio of the specific heats for air
N = the dominant frequency of oscillations in the flow field
C = speed of sound . |
P = pressure
| Q = density

The spatial distributions of the wind vector a are characterized
by a length scale L (meaning that in general T varies only slightly over
distances small compared with L) and that the variations of the magnitude

of U with respect to position and time have the magnitude U.

Fquation (2.6.1) states that the flow velocity must be small

compared to the speed of sound. The second equation (2.6.2) states the



frequency of any oscillatory motion in the air must be small compared
to the frequency of sound and (2.6.3) restricts the vertical scale of
motion to be much less than the "scale height" (defined as Eg%‘ )
of the atmosphere. It will be shown a posteriori that the model,

outlined in this chapter, satisfies the above conditions.

2.7 The Iower Sub-layer

Tn the lower sub-laeyer, the vertical fluxes of heat and
momentum are assumed to be constant in the vertical. Hence:

3 38
= (K53

Y (U
76—2-<K %2\)

eddy diffusivity

il

O (ax.)

i

O (33.9)

where P(
U
0

fl

I

2 A 1
total horizontal wind (U TN 5

i

potential temperature

The purpose of the lower sub-layer equations is to provide
the lower boundary conditions (necessary for computation of the
vertical derivatives of the potential temperature and wind) for use

by the prediction equations of the upper sub-layer.

In practice, the equations for the lower sub-layer are used
to "adjust" the values of temperature and wind at the lower boundary

of the grid (z=h) to ensure that these values are consistent with the

16

profiles, the values present at the ground (z=0) and the values present

ot the second row of grid points (z=h+A z where A z is the spacing
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between the grid rous).

Tn order for the prediction equations in the upper sub-layer
to use the values produced by the boundary layer equations, continuity
in the wind and temperature and their vertical first derivatives 1is
required. In order to accomplish this, the constancy of the heat and
momentun flux is extended from the top of the lower sub-layer to the
first interior gfid row of the uppef sub-layer, that is, to a height

of h’*‘A Ze

Since both statically stable and unstable regimes may exist
in the lower sub-layer, two sets of boundary layer equations are
required. The gradient Richardson number is used as the indicator of
stability. The transition.from stable to unstable and from unstable
+o stable is assumed to occur at a critical Richardson number Ric .

The unstable regime is assumed to occur with:

Ri £ Ric (21.3)

and the stable regime with:

Re > Ri, (319

where the Richardson number is evaluated at z:(h+£>z)/2 and defined as:

NETC T

average potential temperature in lower sub-layer

1

where

total horizontal wind

1

L C i
l

acceleration due to gravity
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Following Priestley (1959), the critical value of the

Richardson number is taken to be -0,03.

2.8 The Unstable Regime

Using dimensional analysis and the assumption of a constant
heat flux, Lumley and Pancfsky derive the following equations for

determining the temperature profile and eddy diffusivity in an unstable

&) 7
(2—)? 773 (2.2.2)
D

K - <qu> 2% (223

average potential temperature in the constant flux layer

boundary layer:

3

9 - B+3C<

ws
W)=
w{p

(a.8.1)

wl'_ \—/Mp @0

I

where

a non-dimensional constant

1

an integration constant
air density

= gcceleration due to gravity

1|

T o .o @ O <l
I

heat flux

Cp = specific heat of alr at constant pressure

X~
]

eddy diffusivity

Starting from these equations, Mahrer (personal communication)
derives an expression for the eddy diffusivity at the top of the lower

sub-layer in terms of the values at the ground and those at the second
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row of grid points.

AMthough Priestley (1959) states that (2.8.3) is not valid
below one meter, it will be assumed to be valid at z=z, wvhere z, is
the roughness height. The potential temperature at the roughness
height 1s set equal to the surface temperature. In addition, since
Lumley and Panofsky state that the value of the constant C is near

unity, 1t was set equal to one,

From (2.8.3) it can be written that:

2 -4 1
) (%) (ae2) an

NG
L Y(%) 2,3 (3.2.5)

69%\+Z&1

|
o)
+
o
T
lI

O,

i
oo
+
w
/t\

where the subscript h+Az refers to values at the second grid row and
the subscript o refers to values at the ground. Subtraction of (2.8.4)

and (2.8.5) gives:

P(i_é\)% Z(ef 3“&2 J'\\] l) (®h+Az‘@o) (A2.L)

and substitution into (2.8.3) yields the diffusivity at z=h:

K: *‘2 v % \n+Az eo> (33.7)

where

- (a([aeet] -2}

/)
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To determine the values of W ,V, and O at the lower boundary

of the upper sub-layer (z=h), the one-third power law of (2.8.2) is used

in the form:

x \ *
0=Az7+B (2.3.3)
* *

The two constants A and B can be determined from:

O = Gmm at Z =h+Az
o

N at t < £,
which yields the following result for the potential temperature at z=h:

On = *0Oyira “L( 1-4) 8, (2.%.9)

where

6= WTo z:%
((\r\+Az —%-2; %)

If it is assumed the profiles of wind and temperature are similar, then:

since the wind at z=z, is zero. The components of the wind follow
logically from (2.8.10):

(23.1)

Vi = Nnaps f\)-h—*A (3.8.17)
* A2
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2,9 The Stable Regime

Estoque (1959) derived the following expressions for the wind,

temperature and diffusivity at the lower boundary of the upper sub-layer:

% U\r\*ﬁ‘i
K =[O0 aR)) Trae (20
On = A Bnune *1-A) G, (2.9.3)
where K, = von Karman's constant = 0.4

Ry = Richardson number
A = a constant = -0.03

|+¥\%i (©\~Qz\'\)d\R(’

B, + 0. Az
N (ke(h+25_\—
RN

The values of the W and U components at z=h are computed from (2.8.11)

and (2.8.12).

There is a marked discontinuity in the results for the stable

and unsteble regimes at the critical Richardson number (Ric).
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2,10 The Boundary Conditions

Following Neumann and Mshrer (1971), the following boundary
conditions are used., Since the sea-breege has no influence on the top
boundary of the upper sub-layer, the meteorological variables will not

change with time at this point. As a result for the top boundary (z=H):

9
o (u,f\r’ P,@)

1

0 (210.1)

1

w =0 (2.10.2)

On the lateral boundaries, the conditions that exist at a
large distance from the coastline (where the influence of the sea-breeze
is negligible) are approximated, At the lateral boundaries:

L (v, p,6)

ox

i

0 (2.10.3)

w =0 ('&.\0.4)
On the lower boundary, the conditions are generated by the
equations for the lower sub-layer discussed previously, using the

boundary conditions at the earth's surface., At z=z,:

w=n=w =0 (2.10.%)

Ts
T(t)
—\i (T(&)*TQ = coast temperatu:e

sea temperature

land temperature

The coast is given the average of the land and sea temperatures to

better represent Hsu's (1967) observations.

The form of the temperature wave i1s given by the first four
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harmonics of Kuo's (1968) results for temperature change at five
millimeters below the land surface on a clear summer's day. Kuo's
results were scaled to give a peak-to-peak temperature change of about

!
25 C, The surface temperature of the land as a function of time is:

TU) =T, « 13 aim (154 - 10°) +3.5 alm (30t +15°)

0.5 nire. (45¢ +b&) + 0.6 aov (60t - 11S) (3.10.7)

where tlis the time measured in hours from the time of equal land and

sea temperatures (= 8:00 AJM.).

15
10 -

< df

o

N | | time (hours)

o 0 3 M2 IF 12E
...5 n

-10 k-

FIGURE (2-2) Form of the temperature wave applied to the land surface.

1
the argument of the sine function is in angular degrees



CHAPTER 3

THE COMPUTER MODEL

3.1 Introduction
In the previous chapter, the theoretical model for the sea-
breeze circulation was presented. In this chapter, the method used

for solution by computer of the equations of Chapter 2 is outlined.

3.2 The Prediction liguations

In order to reduce the number of significant figures
required during numerical computation, one can express the horizontal
velocity components and potential temperature as the sum of an initial

value and a "small!" perturbation, i.e.:

W= U+ (3.0

vos o+ (3.2.3)
/

g = B, +0 (3.2.3)

where the primed quantities are the perturbations and the subscripted

quantities refer to the initial state.

Further, it is convenient to split the pressure into three

parts as follows:

¥

P = P +P/ + P (3.2.4)

where Po = initial pressure
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hydrostatic perturbation pressure

O “O
I

= non-hydrostatic perturbation pressure

The sum (p +p’ ) satisfies the hydrostatic equation:

—%?:(P° +PI> = ——-ﬁa‘__q (3.2.5)

The initial horizontal wind field is assumed to be geosﬁrophic
and as a result, the initial horizontal pressure gradient terms can be

approximated by:

. 9p, =§f0‘o N d\{%P_g - (3.3.L)

° Jx
%Po )
Ao .’g(-\—_%) = "SU\Q
where S = 20 am
$ = latitude

e

x
" 9p. O (3a3)
ﬂ%

initial specific volume

Ao

1l

h = gpecific volume

The initial temperature field is a function of height only

and is of the form:

Tz = Ty — 0,2  (3a9)

where loz = temperature at height z
—roo = initial temperature at z=0

%o

initial lapse rate (the initial rate of decrease of the

temperature with height)
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If it is further assumed that the initial horizontal wind
field is a function of height only, the prediction equations of
Section 2.4 become, upon incorporation of the assumptions stated aboves
)
QW - _(ueu) W oy Qu A ou BUL 0K Qu

At olnd WSz T 32 ’32 ’az D2
(2.%.9)

am _RT Q9 RT 99 :

0y’ _(y,su) QU w9 4 oK O K'bwr

+ ¢ dz Bz (o}
I GV LL Jv. _ _dv.
S mm NaE Wk e
a}__ﬂ_ = — (U +\WL B__L_X_Y @_L_l__)’ _RT ,-5—13. ,
dt (v 3’%& s P 9 F A (Li.u.m
AR
&.Q.I = — +U/ :5.@_, - ,B + %K ia- +9
ra_t (u° \.L) W faz(eo 8) + ;5—2' faz(eo @)
KD
+ N O +Q (3.2.13)
0z" (6.+6")

where ¢ = latitude of the point
0. = angular velocity of the earth
T = temperature

K = eddy diffusivity
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= gpecific gas constant for dry air

Coriolis parameter

"'(71‘—*'577
11

= total pressure

The total pressure above is defined as:

— — ’ % '
P= P *P+P (3.2.1%)

Since it has been assumed that the initial pressure may be a function
of all three space variables, it is convenient to define an average
initial pressure which is a function of height only, using the

hydrostatic equation for a constant lapse rate atmosphere;

q
() - Rl )

where ﬁoﬁ)zzaverage initial pressure at height z

(3.2.14)

Polo) = initial pressure at height z=z,

The average pressure is used only to compute the specific volume in the
prediction equations and as a result, the error introduced is less than

one percent,

3.3 The Grid

As mentioned previously, the upper sub-layer is covered with
a network of grid'points‘in the form of equally spaced rows and columns.
The lowest grid row is coincident with the lower boundary of the upper
sub-layer (at z=h). The highest row of the grid is located at z=H
where the influence of the sea-breeze is assumed to be negligible, The

first and last columns of the grid are placed at the lateral boundaries
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of the sea-breeze region described previously.

The grid rows are numbered consecubively upward, starting
from one at the lowest row to M at the top row, vhere M is the total
mmmber of rows. Similarly, the columns are numbered consecutively,
starting} at one at seaward lateral boundary to L at the landward lateral

boundary, where L is the total number of columns.

The notation used to refer to the value of a variable'X at
a given grid point is ’X L, d where the grid point in question is

located abt the intersection of the .Lth column and the JS,U" TOW.

To refer to the surrounding points of a given grid point,

(L, _,Q , the notation as outlined in Figure (3-1) is used.

A=ty gt L4+ RRABNE L

R ? [, gy Ao, g
Az le—Ax—>

L=, g ¢ Jo, A=V L, 40

FIGURE (3-1) Indexing of the grid.

The equal spacing between the rows is Az and that between
the columns is Ax where A~ and A z refer to distances measured in

the real atmosphere.
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3.4 Computation of the Hydrostatic Pressure Perturbation Field

If the initial pressure field is assumed to be hydrostatic,

then from (3.2.5) the following can be written :

9y - fi_(:P:g ___F‘:__*E') (3.4.1)
02 RAT, i

The derivative is approximated by a one-sided finite-difference scheme:

ia——P—' AZ (P..L, N PJL,%) (3.4.9)

This is substltuted into (3.4.1) to give:

’ Alq Po_\ Poj) _ , __A_ﬂ _ j-l
Pl% R <T03 T.L,_é PVL;%‘}(P\TL,,& \ (3.4.3)

This equation is used in succession on each column of the

grid where the equation is integrated downward, usi‘ng PIJ;, j equal

to zero on the top row.

3.5 The Finite-difference Equations for AJ ’ and 6

The finite—differencé equations for AF "and O are

written with forward differences for the time derivatives:

{8@*% N —A-.{ (elh*‘- 8::%) (’5.3.\\

,a'\f'j.,' o ___\___ "“‘_ !
o 4 Ak(’\&"& '\IL,Q (3.5.9)

where N = the index of the time step

At = time increment

The advection terms use "upstream" differencing:



30

_(uoux’) r%—g-c v — Z&L& (u°+U:i,jr) ("\&"J} —f\);’_(,)-é) (3.5.3)

fox‘(ud+kf) greater than or equal to zero and:

~(u+w) ’%—E -3 (u W) (g Wiy~ Vig) (3549

for(u°+\ﬂ) less than zero. Similar expressions are used to replace
/

the advection term in the 69 equation.

According to Haltiner (1971), the upstream difference
approximation is computationally stable for a linear equation containing
only this term if:

Ax (3.5.5)

At < \L°+U~/

and it is used with a forward time difference. It is difficult to
determine the stability criteria for a complete set of non-linear
equations; hence, it will be assumed that the above linear stability
criteria provide a close stability approximation when applied to the

prediction equations.

The convection terms use "upstream" differencing as well

giving: 1§E}£, L _l_ ( , 5
—W a7 Az W , ")‘ We; 20 (3.5.b)

\ ’ !
_ Ewi,vs(r“i,«w“'“i,{) Wi, ;<0 (3.57)

The linear stability criterion for the above is:

174
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Az
¢ ==
At - (2.5.9)

The diffusivity terms are approximated by:

z +K’bz‘ A VAV K (/\)—-Lw@""_vi,a“)

+ KJL. A ( .x'.Ja-n U.;,,JB_\ “(3\’\)’;,,0 (3.‘3.9\
where Kli: %K‘/‘az

ne linear stability criterion for the above is:

A w
A‘t < '&\z\ (3.5.\0\)

he finite-difference

From Haltiner, t

By use of the preceding approximations, t

prediction equations for the AF -component of the wind and the

potential temperature become:

nl _ ‘n A£ ’n o tn At \'\.
,\)’J:_'-'% _’U:“l‘ja E(uos+u&,%)('\)}‘*\lﬁ*r\)‘_&,% Az -

A{— n N ) A"C
+§E‘i ('\I.i.,.)aer\_l\r A= \) +E K (/Ul A0 ’\Zu‘- (A'\f \
A’c

At /"
+ — K,\'. ('\fox“ - 03\ K ('\5’0\)“ +‘\)‘03—|—‘A'\X°S)

QA2
(%.5.11)
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/N ’n

- _é&__( -\-,“5(6/“-—/“ —.étw“
) iy Ag Yo WPy ) A A

’'n RN At mn
(Sojw— 803 N ej,,gp\ _ej.,%) * A1 K& ( @o'p\

n In A-t .
—eos*' +8~’Lr’a*‘ N 8“‘;)"3“)' N Azl KJL ( 903*‘ * SQJ-\

Ih 0

N
_‘3\903 + e&,%*\"_ei,.}b—\ - ‘AB‘L)_& (3,5.\'\\
where Ooj = initial potential temperature of the | th  row.

The above equatlons assume (\1°+ W f, ,«‘) and WY 3, 3 are both .
negative. If either or both of the above are positive or zero, it is
necessary to change the corresponding advection term according to

(3.5.3) and/or (3.5.6).

3.6 Chorin's Method for the W and W Fquations

The method originated by Chorin (1968) is used to predict
the u. and Uy fields. His method allows the equations of motion
to be used in component form instead of resorting to the vorticity-

strean function method,

Tn Chorin's scheme, an auxiliary velocity field is defined
by removing the non-hydrostatic pressure terms from the o and
W  equations and writing them in finite-difference form similar to
the J " and el equations previously described. Approximating the
pressure gradient term in the w/ equation by a centred difference,

the auxiliary velocities are:
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X = = M A'h n
U\QU’_% (uo ) (MM,% L é SA’L(U; 4 AZ L4, (uoy‘_

- %:. wl, (- - ,fgﬂ% (P = Py
iz (W) K0 R (020
+ K;“,:Z; (Woper = U ) + K A* 8 (WIS, (VY
TANAt AP W, +U(;:,; (3.6.)
Wi .-t (ue oWl - W) 230 e At

ﬁ: Wiy (o - wly) Wiy (3.6.2)

The non-hydrostatic pressure terms are reintroduced and the

following are obtained from the equations of motion :

PLtY auvx A'\CO&\MIS ( ﬁn*-\ * N )
\AJ',-H'_% = LLJ.;*\,,-a o YA i, X, (3.6.3)
7 ARy aux Atdl_"s X na X na
ui—\,.& B uj;—\,j o AN ( P.i,,,s - L—'&,_&) (3. 6.4)
n+l - AUN _ A'td\i'_,a“ i r”’l _ * s
wJ.’&H - w_;;i%“ ‘AA z ( P-Lnyl P._{_,_,s ) (2.t. S)
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AJC A X Nl * N
N ovRr L, 4! ( _ \
{\k}’ P y P\L,é-’k

"L’Jb.\ U\)’j_,gg\ ’é\Az Ly (Ibg-(o)

The first pair of the above equations is divided by AAL and the

gsecond pair by DQAAZ |, After subtracting and meking the approximation

that :
OKJ\.H,}a = Oki—\,.js = OKJ.,JX\-\:: d\i.,)a-\ = OKUL,.JQs
the following is obtained:
/ na I nat

na aun Qo

\)\i#\,& - U\.)'.-l,.ja + LU.L.,.%-H - wj_'_&_\ = \X‘LHL"& —_ \)\'i'b‘l-"'b

AN ANz QLAY

+ LU‘:::"‘ _ LUZV:~\ At [ 2o nal *an
‘AAE - 4_A,:(-1 RS ( P‘J\.\-A, _;;_. lp‘,\.,% + PJ'_‘Q,% )
At * o F o ) L)
v ob (P -8, + P, (L.
where d\%% = _R_Ii,j

P

The left side of the above equation is the divergence of the wind field
at the (n+1)th time step which, in accordance with the equation of
continuity, is assumed to be zero. The first tﬁo terms of the right-
hand side form the divergence of the auxiliary velocity field. The
remaining two terms are a finite-difference Laplacian whose nodes are

separated by two grid lengths. By defining:

(SR S

U

.A.*\,Jb

VR LXK a.ux

o
— U\L-\,)é N UJ_L’%H—- W5 ant _ D\/qu
AAYX RVAY 1

(3.6.%)
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equation (3.6.7) can be written:

4 AZ’) o.ux Azl M % P * nat
Atdg, DV, A ( b )

P WY L5 7 T

M ( Pi.,\,},n B (A‘D.\'.,Jg + p&,.&-q) (?).(a,q)

Chorin solves (3.6.9) for the pressure field, using an

QX

iteration procedure and by setting W on the lateral boundaries

QR

equal to W™  and setting W on the top and bottom boundaries

equal to W™ in (3.6.8). Hence, it is required that W™ and

nel

w are known on the boundaries specified above. In this work,

% net

a sequential relaxation method is used, setting P =0 at the

boundaries for all time steps.

3.7 The Relaxation Procedure

Equation (3.6.9) is solved by iteration. At each step in
the iteration procedure, (3.6.9) is evaluated with the pressures from
the previous s_tep and in the case of the first iteration step, the
values calculated at the previous time step are used. In general,
these will not satisfy (3.6.9) and a residual pressure term will remain

defined by:

A Ak mne Az‘k *xm, Nt ﬁm nat * MmN
. + +
Ax T ALY Ta EE R

Az )*m]m\ 4A21 ., (3.1.1)
AX o PL’JS AN X- ST DV’;"S ) P\JWS

—A(

™
where R P = residual
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™M = iteration index

The value of the pressure at the point (&, 4) is adjusted so that

the residual vanishes., This new pressure is the (m+l)th iterate:

% o el PO SO E ko, nat Xy na
AEP& +AZXP.3. + P+ P
A'X_ S Ja A'X_ A=, A Ay ArX L, A=

AN *v“+\,n+l AN
N 3‘<sz: ) Pd’-ws Atoai

Subtraction of (3.7.2) from (3.7.1) gives the iteration equation:

A A WA Y1) B TE

This equation can only be used in the area of the grid which is two or

D\/ =0 (312)

i

more columns or rows from the boundaries. To derive the iteration
equation for the region one grid length away from the boundary, we
make use of the fact that the appropriate component of the auxiliary
velocity on the boundaries stated in Section (3.7) is replaced by the
appropriate component of the "n+l" velocity fileld, which forces the
normal derivative of the pressure across the boundaries equal to zero.
Hence, every pressure at a point one grid length from a boundary has

an equal image pressure lying outside the boundary.
On Figure (3-2), the following pressures are equal:

X )

I P,A‘-H - Pg).,y\
1P, - Po
I P -\ Pa,%-\
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1
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1

]

Boundary Column

FIGURE (3-2) The image pressures.

Using the above, (3.7.1) and (3.7.3) can be used one grid length from

the boundary. The iteration equation for the column & =2 is:

* mal,nsl * o Nt Rg N
A & (3.71.4)
X N 2
) ) ) AZ 4‘3\
AY
™ 2% mynn * ) sl o, a
RY = AT PT™ oy P 4By
) A ») 343 Ay

a: nal 4 AZ
RUNTTR

- (8%, Doy (319)

Similar expressions are used at other grid points lying one grid length

from the boundary.

There are four points in the corners of the above region which

require a third iteration equation derived also by the use of imagess:
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m
A i ne LT AR RQ,’\
. P as Az 20
RO
JAN

*m‘v\-\r\

" AZ’L T % v, N Az
RQA" £ P:m. + P‘A,"‘- a <Af+]> P%.‘l

ANE aux
- Ao DV., (3.7.7)

A similar expression is used for the other three corners, Figure (3-3)
shows a corner of the grid and indicates which iteration equation is

used for each of the grid points.

Boundary
(3.7.5) . 1(3.7.3)

(3.7.7) (3.7.5)

Boundary

FIGURE (3-3) Use of the three iteration equations.

The iteration procedure is applied sequentially to each point of the
grid as many times as necessary to reduce the residual at every point
to less than some pre-determined maximum error. In practice, the

iteration procedure converges more rapidly if an over-relaxation is
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used at each grid point. If such a procedure is used, (3.7.3), (3.7.5)

and (3.7.7) respectively become:

wm
¥ xlna % ™ Nnal >\ R\L.&
P;L)Jé = PJLM-6 + TAT (3.1.9)
X m-)-\)\‘\»\ g:)m,n%ﬂ )\ R[\;\'%
= . +
2,4 2,4 (éél: +:i> (3.7.9)
A&y
™
¥ ovad Nl = a,nal >\ R pYRY
Paa = Paa + (AZI - 1> (3.7T10)
A

where >\ = over-relaxation factor

The value of }\ which gives the most rapid convergence is most accurately
determined by equerj_Inént and was found to be 1.7.

¥ nal
Once the values of P have been determined, (3.6.3) to

N+l nal

(3.6.6) are used to find W and W .

3,8 Computation of i:he Vertical Velocity at the Lower Sub-layer Boundary

Figure (3-4) shows a portion of the grid near the lower

boundary.

The equation of continuity written in centered differences

for the point P is:

7N 7 D
0N h  — \)\i—\ h

J:.+\,-i' v A
AAYT

(3.9.1)

>
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A-1 i d+l
4
/nsl 7/ ny)
_ U._L..|,| LU:i.,l u.i,+\,|
4=1 2. & S Z=h
7t P u’ n+t Z= .b.
° u..\-l,bi ® .'M\,%; ® a

FIGURE (3-4) Boundary value of the vertical velocity.

since the vertical velocity is zero at the earth's surface, If a linear

increase in the wind is assumed in lower sub-layer, then:

s Nk \ , axt

Wi, 7 X Yy (3.3.2)
103 _L ; A .

Wi b F N (3.2.3)

Even if this assumption is in error, the vertical velocity field is
hardly affected since it is not too sensitive to the values of W7 j
Substitution of the above into (3.8.1) gives the result:

N+ ¥\ ( 7 A 7 N4 )

L= T (S iV
Ll 4‘A'31 A-1,1 SRR

3.9 Filtering the Velocity Fields

wr (3.2.4)

A one dimensional three-point filter is applied at each time
step to all three components of the velocity field., The form of the

filter is:



F = (\—S) b+ %(Fﬂ‘ +F,;_,) (3.9.1)

where yﬁ. = ynfiltered values

filtered value

v M
Koo

a constant which determines the response of the filter

To control non-linear instability, it is necessary to remove
two to three gridlength waves with the filter. According to Haltiner

(1971), the response of (3,9.1) with 8=0.5 is:

_ ')_T\'A'X,
R ey T

.where R = response

\_ = wavelength of a wave in units of JAG'S

The response is the amplitude of a glven wave after application of the
filter divided by its amplitude before filtering. Clearly for a two

gridlength wave, the response is zero. Tigure (3-5) shows the response

O

Response
i o~
O )]

T T

Ay
33
|

0 1 | 1 ! | 1 1 1
2 3 4 5 6 7 8 9 10
Wavelength in gridlengths

FIGURE (3-5) Filter response.
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for other wavelengths.

3,10 Ordering of the Steps

To help clarify what has been presented so far, it is helpful

to show the steps followed in the computer model.

a)
b)

c)
d)

e)

f)

g)
h)
i)
3)
k)

1)

m)

n)

determine initial values

4

] 4
compute V) v and \L. at z=h using the lower

b

sub-layer equations of Sections (2.8) and (2.9)

Pilter W , A and W fields using (3.9.1)

apply %%;f() boundary condition to W s WJ' and

O  rfields
compute temperature using (2.4.5)
compute hydrostatic pressure perturbation from (3.4.3)
compute U and W™ rields using (3.6.1) and (3.6.2)
compute O ™ ana VY from (3.5.11) and (3.5.12)
apply temperature wave to land surface (R.10.7)

[vEV} 2

caleulate DV  from (3.6.8)

determine non-hydrostatic pressure perturbation using

equations of Section (3.7)

n¥l »\

compute W and WJ using (3.6.3) and (3.6.5)
repeat steps b) to 1) until desired length of forecast
1s achieved

display results

A fully documented listing of the computer program is included in

Appendix A.



CHAPTER 4

THE RESULTS OF AN TNTEGATION WITH THE

ATMOSPHERE INITTALLY AT REST - THE COMPARISON MODEL

4.1 Introduction

The computer program, used by Neumann and Mahrer (1971),
was modified by including the vertical Coriolis térm, changing some of
the lower sub-layer equations and increasing the peak-to-peak amplitude

of the temperature wave applied to the land from 20 C to 25 C.

The purpose of duplicating Neumann's and Mahrer's results
is to provide a standard by which to compare the results that are
presented in succeeding chapters and for this reason, the model will

be referred to as the "Comparison Model",

4.2 Initisl Conditions and Fields

The modei was integrated for a period of twelve hours
starfing at 8:00 A.M., using a 20 row by 29 column grid. In the
computer program, an extra row is added to the grid to store the data
for z=0, making the grid 21 rows by 29 columns. The finite-difference
data concerning the grid as well as the initial lapse rate, horizontal
wind components, surface temperature and surface pressure are presented
in Table (4-1). From these data, the initial fields of Table (4~2)

were computed.

. The size of the time step was chosen to satisfy (3.5.5),
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(3.5.8) and (3.5.10). The largest expected values of the W component,

UJ component and eddy diffusivity were:

L\W;N ~ 5 m/sec
Winex ~ 0. %5 m/sec

K wox 30 ml/$€£.

Hence, the restriction on the time step for each of these values was:

A
AN T = (000 sec
At =S fyz = 400 sec
A
Nz
N %’\Zl = 16l sec

To have a margin of safety, the time step used was 150 seconds.

NUMBER OF HORIZONTAL GRID POINTS 29
NUMBFR OF VERTICAL GRID POINTS 21
HORTZONTAL SPACE INCREMENT (m) 5000.0
VIRTICAL SPACE INCREMENT (m) 100.0
TIME STEP (sec) 150.0
LAPSE RATE (deg/m) 0.0065
U COIVE?‘(.)NENT (m/sec) 0.0
V GOMPONENT (m/sec) 0.0
SURFACE TEMPERATURE (K) 299.0
SURFACE PRESSURE (mb) 1000.0

TABLE (4-1) Grid data and initial conditions.



ROW TEMPERATURE POTENTTAL
(K) TEMPERATURE (K)
1 : 299.0 299.0
2 298.7 299.2
3 298.0 299.5
4 297 ok 299.8
5 296.7 300.1
6 296.1 300.5
7 2954, © 300.8
8 294,.8 301.1
9 29/..1 301.5
10 293.5 301.8
11 292.8 302.2
12 292.2 302.5
13 291.5 502.8
14 290.9 303.2
15 290.2 303.5
16 289.6 303.8
17 288.9 3042
18 288, 3 304.5
19 287.6 3049
20 287.0 305.2
21 286.3 305.6

TABLE (4-2) Initial fields.

PRESSURE
()

1000.0
994.3
983.0
971.8
060.7
949.7
938.8
928.0
917.3
906.7
896.2
885.8
875.5
86543
85542
8L5.2
83542
82544
815.7
806.0
796.5

HETGHT |

(m)

0.0
50.0
150.0
250.0
350.0
450.0
550,0
650.0
750.0
850.0
950.0
1050.0
1150.0
1250.0
1350.0
1450.0
1550.0
1650.0
1750.0
1850.0

1950.0

45
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A latitude of 43 N was chosen for the integration since this
-4 -1
allowed the Coriolis parameter to be set equal to 10 sec . Because
the sea-breeze does not depend strongly on the latitude, this choice

of latitude does not severely restrict the applicability of the results.

/.3 Results
The computer program displayed the wind and temperature fields

every two hours of meteorological time, that is, after 48 time steps.

The results of the model at 10:00 A.M. showed that the centre
of a weak negative circulation {negative in the mathematical sense) was
evident at a height of about 350 meters above the coastline. At this
time, the strongest onshore wind of about 0.5 m/sec was at the coast
. and a weaker flow of larger vertical extent was present aloft. The
turning effect of the Coriolis force was beginning to be felt since a

small Ar -component was present.

The noon results (Figure (4-1)), as expected, showed that
the circulation had strengthened. The centre of the circulatioﬁg
located 3 km inland was at a height of nearly 500 meters., As was
previously the case, & weaker return flow existed aloft. The maximum
ascent velocity was 3 cm/sec with the maximum descent about the same.
The action of the Coriolis force continued to strengthen the Ay —-com-
ponent of the wind and as well, a striking vertical temperature

gradient was present near the ground.

At 2:00 P.M,, which was shortly after the time of maximum

temperature of land surface, the results (Figure (4-2)) showed that
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the onshore flow had reached nearly 3 ﬁ/sec. The centre of the
circulation was now 8 km inland at a height of about 600 m. At this
time, the maximum descent was slightly over 4 cm/sec with the maximum
ascent about 50 percent larger. Because of the distorted scale of the
diagrams, continuity may not appear to be satisfied, i.e. it is not
necessary to have large vertical velocities in order to have large
horizontal velocities. The temperature field showed a slight upward

bulging of the isotherms near the region of greatest upward motion.

Although the land had been cooling for nearly three hours,
the results for 4:00 P.M. (Figure (4-3)) showed that the sea—breezé
continued to intensify. The strongest onshore wind was about 4.5 m/sec.
By this time, the Coriolis force had turned the onshore flow nearly 15
degrees from a line perpendicular to the coast. The effect of the
high turbulent friction over the land was clearly shown by the strong
horizontal gradients of the W ~component of the wind. This effect
via continuity was responsible for jncreased ascent over the land.

The centre of the circulation which continued to accelerate inland was
located 20 kilometers from the coast at a height of 800 meters. The
bulging of the isétherms in the region of strongest ascent continued
to increase although the vertical temperature gradient near the ground

nad weakened with the continued cooling of the land.

Figure (4-4) gives the results for 6:00 P.M, which showed
that the sea-breeze had started to decrease in strength. The wind had
been turned by 30 degrees from the action of the Coriolis force. The

enhancement of the ascent by friction was even more striking than in
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the previous results. There had been so much cooling over the land
that an inversion was present. Although the horizontal and vertical
velocities had decreased only slightly, the core of the circulation

was 30 kilometers inland at a height of approximately 900 meters.

The results for 8:00 P.M. (Figure (4-5)) showed that the sea-
breeze was dissipating with an onshore flow of nearly 4.5 m/sec,
turned 40 degrees by the action of the Coriolis force. The vertical
velocities are probably in error since the core was near the lateral
boundary. The temperature field showed a strengthened inversion over

land and an isothermal layer above it to a height of 400 to 500 meters.

Figure (4-6) gives the hourly variation of the wind at the

coastline for the twelve hour period of integration (cf. Figure (1-2)).

16
14
I8

12 / 20

A O '_-'_——' l
LAND 10 m/sec

—— COAST

SEA

FIGURE (4-6) Predicted hourly variation of the wind.
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Lot Verification of the Incompressibility Assumption

Batchelor's criteria were applied to the results given by

the Comparison Model. Condition (2.6.1) states that:
Y

Q{<<\
C

Since the strongest wind was about 5 m/sec, (2.6.1) is verified.

Since the smallest time scale that could be resolved in this model is:

AAL = 300 sec ¥

L
n
the inequality (2.6.2) is satisfied, The most stringent condition is
(2.6.3): L
09~ 2 (4.4.1)
¥p

It is first necessary to determine the scale length L:

W
oL \@.L.x_r
2%
Evaluating (4.4.1) at 4:00 P.M, gives:
L~ 200w

Hence, (2.6.3) becomes:

Qb | 0.0b << |
dp

From the application of Batchelor's criteria, it can be seen that the

assumptbion of incompressibility is reasonable.



4.5 The Fnergy Ijuation

A check was made to see whether the model conserves energy.

The first law of thermodynamics in the form:

., dl _xdp (4.5.1)
dl(. dJc dt

where  ( = heat input

T = temperature
Cp = specific heat at constant pressure
A = specific volume
P = pressure
= time

was integrated over the entire grid with the exception of the boundary
points. Equation (4.5.1) can be rewritten in terms of potential

temperature as:

i? _g P if (4.5.2)

and upon substitution of (2.4.3) becomes:

dd . T o, O 20}

Substitution of (4.5.3) into (4.5.1) and expansion of the total

derivatives gives:
T 9( Be)

oT
P A\ Dz i aed

02

o ol Lo ob

Pt B

fo 8 o
XY SLS T

A (4.5.4)
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Equation (4.5. 4) integrated over the grid yields:

e T 0
e %Zw 62) Ax Az At

A= .&:'A
() = (3)
2 ECP 3¢ AxAzAt +} ECP\L A AxAzAt
= J6=3- A=A .)aza
=l M- (B)
Z chwBT AcaAzAt 2 Zo\(%%AmAzAt
a4 Lo 472
= Me % (o) L-! M‘ {7)
2 zd\u—P— Ax Nz At — dea Ax Az At
FEENEV FEDFEN (4.5.5)

where A\t = time step

Ax. = horizontal space increment

Az = vertical space increment
M = number of grid rows
L = number of grid columns

Term (1) of the above is the heat entering the grid through
the lower boundary by turbulent diffusion, term (2) is the increase
in enthalpy, term (3) is the heat leaving the grid through the
lateral boundaries, term (4) is the heat leaving the lower boundary
of the grid by convection, term (5) is the change in potential energy
in the pressure field and term (6) is the production of mean and

turbulent kinetic energy via the action of the pressure field. The
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major part of term (7) is the increase in potential energy and the

rest of this term is the production of kinetic energy.

Figure (4-7) gives the cumulative magnitude of each of the
terms of (4.5.5) since 8:00 A.M, Terms (5) and (6) are not included
since they are small. The maximum imbalance of equation (4.5.5)
occurred at the twelfth hour when the right hand side was six percent

larger than the left hand side.

1

The centre of the circulation is located at the intersection
of the zero isopleth of the u-component and the zero isopleth of the
vertical velocity.
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CHAPTER 5

SYNOPTIC CONTROL OF THE SEA-BREEZE

5.1 Introduction

The motionless atmosphere in which the sea-breeze of the
previous chapter occurred is rarely observed. In an attempt to
approach physical reality more closely, the effects of initial
atmospheric motion, initial lapse rate and ground heating on the sea-

breeze circulation were studied.

Estoque (1962) presented the results of similar solutions
using a model which assumed hydrostatic equilibrium aﬁd which also

used only an approximation to the incompressible continuity equation.

5.2 The Effects of Increased Stability

The initial conditions and grid parameters used for this
integration are given in Table (5-1). These data were the same as

those for the Comparison Model except that the initial lapse rate had

been made more stable., From the initial conditions, the initial fields

of Table (5-2) were computed. To prevent an inordinate number of

figures, only the results for 10:00 A.M. and 4:00 P.M. are presented.

The results of this solution parallel those of the previous
chapter except for a few interesting details. The 10:00 A.M. results
(Figure (5-1)) were rather unexpected since they showed that the

increased stability had strengthened both the onshore wind and the



NUMBER OF HORIZONTAL GRID POINTS
NUMBER OF VERTICAL GRID POINTS
HORIZONTAL SPACE INCREMENT (m)
VERTICAL SPACE INCREMENT (m)
TIME STEP (sec)

LAPSE RATE (deg/m)

U COMPONENT (m/sec)

V COMPONENT (m/sec)

SURFACE TEMPERATURE (X)

SURFACE PRESSURE (mb)

TABLE (5-1) Initial conditions and grid parameters for the stable

lapse rate case.

return flow aloft. The stable air above the unstable layer near the
ground produced a sharp vgrtical change in the lapse rate in the low

levels., Due to the P< <3 term in the thermodynamic equation, a

97>

relatively strong rise in temperature occurred, which resulted in an
increased onshore flow. Aloft, the stable stratification produced
strong cooling thus causing an increased return flow as well.

the vertical penetration of the landward flow had been reduced.

In contrast, the 4:00 P.M. results (Figﬁre (5-2)) showed
that the intensity of the sea-breeze had been diminished by the
increased initial stability. The centre of the circulation was
located 9 km from the coast at a height of approximately 500 meters.

The strength of the sea-breeze and vertical velocity were less while

29

21
5000.0
100.0
150.0
0.0010
0.0
0.0
299.0
1000.0

60

However,



ROW TEMPERATURE POTENTTAL PRESSURE HEIGHT

(K) TEMPERATURE (mb) ' (m)
(%)
1 299.0 299.0 1000.0 0.0
2 298.9 299.4 994.3 50.0
3 298.8 300.3 983.0 150.0
A 298.7 301.2 971.8 250.0
5 298.6 302.1 960.8 350.0
6 298.5 303.0 949.9 450.0
7 298. 4 303.9 939.1 550.0
8 298.3 304.8 928.4 650.0
9 298.2 305.7 917.8 750.0
10 298.1 306.6 9074 850.0
11 298.0 307.5 897.0 950.0
12 297.9 308.4 886.8 1050.0
13 297.8 309.3 876.7 1150.0
14 297.7 310.2 866.7 1250.0
15 297.6 311.1 856.8 1350.0
16 297.5 312.0 -~ 847.0 1450.0
17 297.4 312.9 837.4 1550.0
18 297.3 313.9 827.8 1650.0
19 297.2 314.8 818.4 1750.0
20 297.1 315.7 809.0 1850.0
21 297.0 316.6 799.8 1950.0

TABLE (5-2) Initial fields for the stable lapse rate case.



1850

1650

1450 |

1250

1050

850

Height (M.)

650

450

250

501

1850

1650

1450

1250

850

Height (M.)

650

450

250

50

FIGURE (5-1) 10:00 A.M. results for the stable case.
are given in m/sec, vertical velocities in cm/sec and temperatures in C.

1050

) ) 1 i 1 1 1

1 1 ] /] i 1

=0 %0
(Km.)

1 /N 1
—40 -20 0 20
Landward Distance from the Coast

HORIZONTALVELOCITY

— U Component ———V Component

-

26

———— -——

-

- T T T L I S LI TS S STt

[ W T TR BT RS PR TP S S N SN LI

20 0 20 40 60
Landward Distance from the Coast (Km.)

. TEMPERATURE AND VERTICAL VELOCITY

—— Vertical Velocity
—=— Temperature

-40

62A

Horizontal velocities



63

1850
1650
1450 [
1250
1050

850

Height (M.)

650

450

250

50 L 1 1 ": L1 1 1 ]
—40 -20 0 20 40 60
Landward Distance from the Coast (Km.)

HORIZONTAL VELOCITY

—U Component ———V¥ Component

1850 [

1650
1450
1250
1050 i

850

Height (M.)

- 650

450

250

50

- Landward Distance from the Coast (Km.)
TEMPERATURE AND VERTICALVELOCITY
—— Vertical Velocity
—~-= Temperature

FIGURE (5-2) 4:00 P.M. results for the stable case. Horizontal velocities
are given in m/sec, vertical velocities in em/sec and temperatures in C.



6k

the return flow sloft was greater than in the results for a less stable
atmosphere. The flow was less than in the Comparison Model because

the rapid vertical change in the lapse rate had been removed by
diffusion. In addition, the heat input to the atmosphere was ﬁsed to
overcome the increased density aloft, produced by the strong cooling
which resulted from the stable lapse rate. This effect via the hydro-

static equation caused a relatively weak onshore flow.

5,3 An Offshore Flow of 3 n/sec

NUMBER OF HORIZONTAL GRID POINTS 29
NUMBER OF VERTICAL GRID POINTS 21
HORTZONTAL SPACE INCREMENT (m) 5000.0
VERTICAL SPACE INCREMENT (m) 100.0
TIME STEP (sec) 150.0
LAPSE RATE (deg/m) 0.0065
U COMPONENT (m/sec) -3.0
V COMPONENT (m/sec) 0.0
SURFACE TEMPERATURE (X) 299.0
SURFACE PRESSURE (mb) 1000.0

TABLE (5-3) Initial conditions and grid data for the offshore gradient
wind case. :

Table (5-3) gives the grid paremeters and initial conditions
used for this solution. The initial fields were the same as those
given in Table (4-2). Only the results for 10:00 A.M. and 4:00 P.M.

are included.
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FIGURE (5-3) 10:00 A.M. results for an offshore wind. Horizontal velocities

are given in m/sec, vertical velocities in cm/éec and temperatures in C.
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The results for 10:00 A.M. {(Figure {5-3)) showed that the
sea-breeze had noﬁ yet been able to counteract the offshore flow.
The vertical velocities, however, had a similar spatial distribution
to those of the Comparison Model with the exception that the line of

zero vertical velocity had been displaced nearly 10 km seaward.

Shortly after 12:00 A.M., a landward flow began over the
sea 5 km from the coast and at approximately 1:00 P.M., the sea-breeze

reached the coast.

Figure (5-4) gives the results for A:00 P.M. A sea-breeze
front, similar to that described in Chapter l,‘was located nearly 10
km inland from the coast. The combined effects of turbulent friction
and convergence at the front produced an area of strong ascent while
only weak subsidence occurred over the sea, As expected, the landward
penetration, vertical extent and strength of the sea-breeze were
retarded by the offshore flow but the ascent and return flow aloft

were strengthened by the opposing wind.

5./ An Onshore Flow of 3 n/sec

With the exception of the initial W -component, the initial
conditions, initial fields and grid parameters were the same as the
offshore case. The initial conditions and grid data are given in

Table (5-4).

The results for 10:00 A.M. (Figure (5-5)) showed that a weak

sea-breeze circulation had begun but the vertical velocity pattern was



68

1850
1650 |

1450 [

1250 [ !
1050 [ /

850 J S

650 -

Height (M)

450

250 [

2
t

50

1 1 1 1 Il i

20 %0

| 1 I} i 1

40 =L 0 56

Landward Distance from the Coast (Km.)

HORIZONTALVELOCITY

—U Component ———V Component

1850 [

1650

1450

1250
1050 |

8501

Height (M.)

P:0) TR PSR T SRR

4501

2501

50

000 20 40 0
Landward Distance from the Coast (Km.)

TEMPERATURE AND VERTICALVELOCITY
—— Vertical Velocity
—-— Temperature

FIGURE (5-5) 10:00 A.M. results for an onshore wind. Horizontal velocities
are given in n/sec, vertical velocities in cm/sec and temperatures in C.




69

1850
1650 '
1450 |
1250 [
1050 [

850

Height (M)

650 [
450 [

250 [ 3

2

50

ry
| | O SR SN NS PR I W | i ¢

[ | | I

= 0 20

Landward Distance from the Coast

40 60
(Km.)

HORIZONTAL VELOCITY

— U Component

~—=V Component

1850 7 el

1650 [
e
1250 18
1050

850 [

Height (M.)

0[22 -

450

2501

-

] T

20

Landward Distance from the Coast

40 60
(Km.)

TEMPERATURE AND VERTICALVELOCITY

—— Vertical Velocity
—-= Temperature

FIGURE (5-6) 2:00 P.M. results for an onshore wind. Horizontal velocities

are given in m/sec,

vertical velocities in cm/sec and temperatures in C.



70

displaced landward by the onshore gradient wind.

NUMBER OF HORIZONTAL GRID POINTS 29
NUMBER OF VERTICAL GRID POINTS 21
HORIZONTAL SPACE INCREMENT (m) 5000.0
VERTICAL SPACE INCREMENT (m) 100.0
TIME STEP (sec) 150.0
LAPSE RATE (deg/m) 0.0065
U COMPONENT (m/sec) 3.0
V COMPONENT (m/sec) 0.0
SURFACE TEMPERATURE (K) 299.0
SURFACE PRESSURE (mb) 1000.0

TABLE (5-4) Initial conditions and grid data for the onshore gradient
wind case.

The results for 2:00 P.M. (Figure (5-6)) showed that the
familiar pattern of vertical velocity was displaced far inland, In
addition, vertical velocity over the sea was nearly of the same
magnitude as that over land. The maximum onshore flow at 2:00 P.M.
was about 4.5 m/sec‘and was located over 20 km inland., After 2:00 P.M.,
the results were probably in error due to the approach of the circulation

to the landward lateral boundary where W is constrained to be zero.

5.5 The BEffect of Reduced Insolation

Since radiation 1s implied in this model through the
temperature wave applied to the land, it is possible to study the

effect of reduced heating by decreasing the amplitude of the temperature
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wave,

The model was run with the same initial conditions and grid
data as the integration of Chapter 4 with the exception that the
heating of the land was halved. The results for 4:00 P.M. are given
in Figure (5-7). Although the strength of the horizontal wind field
was approximately half that of the full heating case, the vertical
velocities are greatly reduced as a consequence of the much lower

turbulent friction which has a non-linear temperature dependence.

5.6 Summary

Increased stability generally decreases the strength of the
sea-breeze since stability inhibits the diffusion of heat energy into
the atmosphere. Similarly, decreasing the ground heating reduces the
influence of the sea-breeze since less heat energy is available for
conversion into mechanical energy. The results show also that a
linear relation between heating and stebility and the strength of the

circulation does not exist.

The complex non-linear relation between the prevailing
synoptic wind pattern and the sea-breeze circulation is shown by the

results for offshore and onshore initial winds.



CHAPTER 6

THE INCLUSION OF MOISTURE IN THE MODEL

6.1 Introduction

Since water can exist in two states at above freezing
temperatures considered in this study, it is necessary to use two
additional equations in the model; one for water vapour and the other
for liquid water. In addition, it is necessary to modify the
thermodynamic equation to account for the transfer of latent heat

produced during phase changes.

6.2 The Prediction Equations for Water Vapour and Liguid Water

The quantity used to describe the concentration of both the
vapour and liquid is the maxing ratio which is defined as the ratio
of the mass of liquid or vapour to the mass of dry air containing the

vapour or liquid:

r = mass of liquid water
w T magss of dry air

= Rass of water vapour
¥V T mass of dry air

where Y, = mixing ratio for liquid water

Iy = mixing ratio for water vapour

The rate of change of the mixing ratio with time following

the air motion (neglecting the fall-out of water droplets since this

is small) is caused by diffusion and condensafion/évaporation, resulting
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from vertical motion and a correction term for ensuring that the air
does not become supersaturated or subsaturated with liquid water
present. The correction terms result from the fact that the time
step used is too large to adequately represent the processes of

evaporation and condensation. Hence:

%{v = Doy *Wa *Cy | (6-3:3)
D_r_'ur = DL\!’ +WUJ +C"U (‘0-%4‘)
Dt

where U = rate of change due to diffusion
W = rate of change due to vertical velocity

C. = correction term

If it is assumed that the eddy diffusivities for heat, water

vapour and liquid water are equal, then the diffusion terms are:

D“’:%z(K'%%’ | (6.2.5)
Dw = %(K %w (Q‘l(a)

The following shows that diffusion is more important than drop-
et fall-out. Figure (6-1) shows a grid box bounded on the top by a

mixing ratio of 1 gm/kg and on the bottom by a mixing ratio of 0 gn/kg.

Y'=!f5m/k3

r=0

FIGURE (6-1) Grid box for diffusion/fall-out calculation.

The increase of the mixing ratio at the point P from diffusion is:
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Petterssen (1959) gives the mean fog droplet size as 10-15 p which
have a terminal velocity of 3 mm/sec. The increase in the mixing
ratio due to fall-out is:
aﬁ" = \; V = 00| =093
dt Az 100
Lal-ont .
= 3x|Q e

Hence, diffusion ié more important than fall-out.

In the atmosphere, the amount of water changing phase per
unit time following the motion is the time rate of change of the
saturation mixing ratio for water vapour. To account for mixing ratio
‘changes resulting from vertical motion, it is necessary to express the
rate of change of the saturation mixing ratio as a function of the

. vertical velocity:

gg‘“ = g (UJ,T) p) = Wy (6.2.7)

where Yayq. = saturation mixing ratio for walter vapour

Since the total mass of water substance must be conserved:

Wy = = Wy (6.2.9)

From Hess (1959), the saturation mixing ratio is approximately related

to the saturation vapour pressure by:

s = € %?. (6.29)

R
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e
rqyg A = _-53 ((c'}cn

where Y4 = saturation mixing ratio
€ = ratio of molecular weight of water to the effective
molecular weight of dry air
Cs '= saturation vapour pressure

P

]

total pressure

Hess (1959) also gives the saturation vapour pressure as a function
of temperature:
L/ | \
e= 6"\ _<—_. — == ulﬁllo
s wp i lgn — /| (e

saturation vapour pressure

1]

where Cs

L
Ry
T

1

latent heat of condensation (assumed constant)

]

gpecific gas constant for water vapour

1]

absolute temperature

In order to begin to find an expression for (6.2.7), (6.2.9) is

differentiated to obtain:

__l__ Sil}ps oY) _l_ Sifiﬁ — —J- Ciil b
f ot T et pat

Substitution of the hydrostatic equation in the form (ignoring pressure

changes resulting from the weight of liquid water and water vapour)

dg _ _
4 - gt sy
__ P9
Vil

gives:
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Thus, (6.2.11) becomes:

1 dows o L odes 4 Qw 6.2.13)
fys AT &t Tmr P

Differentiating (6.2.10) yields the Clausius-Clapeyron relation:

| des - L 4T (L.214)

e, dt RoTo dt

and substitution into (6.2.13) produces:

\ Clrr\;s = L dT + qw (L. 15)

——

vs dt ReT dt  RT

The first law of thermodynamics for an ideal gas (dry air) can be

written:
dQ - o dT _ «dp 6.2 1
4t "t TS at (b:316)

where CR = healt transferred to the gas
Cp= specific heat capacity of dry air at constant pressure

oA = specific volume

Assuming that the condensation takes place as a result of saturated

adiabatic expansion, (6.2.16) becomes:

dfw _dT
L <P It tqu (6.3AT)

Flimination of E%g- between (6.2.17) and (6.2.15) gives:
dys S
=VUS = — wy (Q.‘&.\%}
dt

where
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Hence by (6.2.7) and (6.2.8)

Wy = = Sus (b.21a)

Wy Quw (6.3.90)

Because of the remarks prior to (6.2.17), equation (6.2.18) is valid
only if a phase change taekes place, that is, only if the air is
already saturated. If the vertical motion does not result in a

phase change, then S=0.

In order to correct the errors caused by the time step
being too large, the values of Var and Yur at each grid point
are checked at every time step to ensure that:

a) ‘the air is not supersaturated

b) the air is not subsaturated with liquid water present

If condition (a) is not satisfied, the value of [lny is lowered to
Vars  and the liquid water mixing ratio is increased by the same
vamount. Since this correction is computed over a time interval,
At, it is necessary to divide the above result by At in ordef to
obtain the change in the mixing ratio per unit time. Hence, the

correction term becomes for fay > lass :

Q«ﬁ“(f«y-—\fm) /A’c (6.2.%Y)
Cw=‘( Vs ™ \?,)/At (L.2.39)

If condition (b) is not satisfied, the air is brought to saturation
and the mixing ratio of the liquid water is lowered by the same amount;

however, the total correction cannot be greater than the total amount
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of liquid water present. The correction terms are for l’f\;é s

and Yy 20 :
Cﬁu: NM/V\{\’,\,S-#‘,\,)Q,.} (L)'A'}A)
Cur= = rum {Y"\,s—ﬂ%) Mo } (b, 24)

where min = the smaller of the two arguments

The left-hand sides of (6.2.3) and (6.2.4) are expanded in

a way analogous to (3.2.12) to obtain the prediction equations:

A
Dtw - Wy _ iy Oy 4 DK D or
== = U+ 4 = v AL
Se = (W) G —w s Ry KRR
-~ Qw + Cq (6. 25)
2
%rw Bruy ’arur 'BK '5\’ Z} s
= = UgtW) =¥ — W ¥ 4+ o W 4
B =~ (uent) Fy —us Sl o 40 Gk g
+ Suw + Cy (6.3.26)
These equations, written in finite-difference form similar to (3.5.12),
become: A{'
n+l n M n n
¥ ‘U.x.‘)v = rl\)‘i’& - Ex_ (uo-"u.}.,,o (rv.i-u,jx— r'\&,%)

‘;A{SZ'% W ; LAt K (r\r; = OV )

.-L)‘) '&A ,,\,%‘
At ] . .
- 3 uy ( r'\fmﬁ—r’\h’}.‘) + C“’i,& AL
At n ( "
) A CVsm F'UH - (3\\”’\7:,,3) (L.y.a)
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rwi, = rwiy - %—é(ug u’:%‘)(rw:“.%—ruo:ﬂ

t " n n
(ﬁA? K X ( rwl,%—u - \’lx)%*_,)

n n
+ At SM T

At " B n

_ At

E\ K;( "UUI,%“ ‘H’UJ:E,_,H = CA\’UJLA (6.2.2%)
where YU = Vi
= YN

The above equations assume (U,*U:E A\and UJ,‘:% are both negative. If
elther or both of the above are positive or zero, the differencing

scheme for the advection terms must be changed as stated in Section (3.5);
In addition, the stability criteria (3.5.5), (3.5.8) and (3.5.10) are

valid.

6.3 The Boundary Conditions for the Liguid Water and Water Vapour

For the reasons stated in Section (2.10), the boundary
conditions are:

a) at the top boundary

%t'(r\,) ) = O (631)

b) at the lateral boundaries

%ﬁ(m)m) = 0 (L.3.2)



c¢) since the total water is conserved and there is no

advection, the boundary condition at the surface is
% (T + 1) =0 (6.3.3)
T :

hence

Vas + My = connk. (6.3.4)

6.4 Modification of the Thermodynamic Fguation

Writing (6.2.17) in terms of potential temperature gives:

LSw =Icp (j% ¥ Co ii (6.4.1)

From equations (2.4.3) and (3.2.3):

g—g= %z(K%&) %z( Be) (6.4.9)

Substitution of (6.4.2) into (6.4.1) and expansion of the total

derivative gives:

26" - _ () 28 -0y 3 _ 20

3t 3% % V%

, (6.4.3)
?51. Co
which is the thermodynamic equation modified for latent heat released

dﬁring vertical motion.

The following expression (which is a finite-difference
approximation of the rate of change of the saturation mixing ratio

for water vapour with temperature) is used to determine the effect

81
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of the "correction" terms ( Cnu- andcw—) on the thermodynamic equation:

farm _ Ar\n’
yelle N (b.4.4.)

where Aﬁg = the change in the mixing ratio of liquid water resulting
from the application of the correction terms
AO = temperature change at a given grid point resulting from

the change in liquid water mixing ratio

Yy = saturation mixing ratio of water vapour

Differentiating (6.2.9) and (6.2.10) gives:

- v

since Ary=Cus, equation (6.4.4) can be rewritten to obtain the
expression for AB’

o ReT G

B8 Tl

’
vhere AD = change in potential temperature per unit time

After the inclusion of (6.4.6), equation (6.4.3) written in finite-

difference form is:

‘ny A-‘; N ‘n
6 h (uo}*‘uml.,% ( 6@.\,%

rn \_ " "
LT Ax =6yy) * o ALS, i
_ Dt o

ot wi'%(eln 6/,.:6) N At | n (en en \

LM Y4, ANz - g+ A
N

At n n n n 2
e LV LWL P AR BT LA

where Q = e°+e/



The advection terms in this equation have been written for negative

n n
(Uso"'Uk_(,’_,‘) and wj_'%.

Changes in the equation of state and Poisson's equation
resulting from the inclusion of water vapour and liquid water are

ignored in this study.
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CHAPTER 7

THE DISSIPATION OF AN ALREADY EXISTING COASTAL FOG BANK BY

THE SEA-BREEZE CIRCULATION

7.1 Introduction

So far, only the results of a "dry" model have been presented.
If the moisture equations of Chapter 6 are introduced into this study,
the investigation of many "practical" meteorological situations becomes
possible. This chapter shows the influence of the sea-breeze circulation
on coastal fog. The fog is assumed to be already in existence at the

initial time and its subsequent dissipation is studied in the model.

7.2 Initial Conditions and Fields

The fact that this model does not deal explicitly with solar
radiation presents many problems which must be rectified by the use of

rather drastic assumptions.

The first problem that arises is the form of the temperature
wave that is used to heat the land. Since the shape of the temperature
wave depends on the amount of insolation reaching the ground, it is not
possible to use Kuo's temperature wave because the fog reduces the
amount of solar energy reaéhing the surface and also reduces the out-
going long wave radiation. Hence, as a first approximation, a simple

sine wave of the following form is used to heat the land:

_rlcmz! = _E) + SM\ (lSt)
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wherewn;ng = temperature of the land

_F; = initial surface temperature

t

n

time in hours measured from 8:00 A.M.

Geiger (1966) gives the variation of the sea temperature
averaged over a depth of approximately one meter. The amplitude of the
variation is about 0.1 C, 1s sinusoidal in character and reaches a
maximum at 4:00 P.M. Since the amplitude above is the result of
averaging over & depth of one meter, the temperature at the sea surface
is much larger. As a result, the following wave of amplitude 1.0 C is

used to heat the sea:

T = o +0.5 + awm {\5({—»1%

where‘W;@Q = gea surface temperature

To
t

1}

initial surface temperature

time in hours measured from 8:00 A.M.

Tt will be assumed that none of the water vapour condensed

falls but remains suspended in the air.,

The fog bank at the initial time extended from seaward lateral
boundary to landward lateral boundary and was toppéd at a height of 550
meters. The initial liquid water mixing ratio in the fog was set at

1 gn/kg and zero elsevhere.

The initial distribution of the water vapour mixing ratio was

a function of height only:
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Y‘m O%Z% 550 m

A5R0-2 _
\2,(550) —5(5555 550 Z 1950 m

é;ﬂ
Pamman Y
™~
~—
1"

3>
o
!

where Y§(23 = mixing ratio at height z

Yya = saturation mixing ratio

This distribution gave saturation in the fog and a linear decrease of

the mixing ratio above the fog.

To comply with observations, the initial temperature distribution
was chosen to give a weak inversion in the fog bank and a stable lapse

rate above it:

T(z) = T, +0.00!2 0%2% 550

T(z) = T(s550)-.005 (2-550) 5504221950
where 12}3 = temperature at height z

To = initial surface temperature

Using the same finite-difference parameters and number of grid
points as in previous solutions, the initial fields of Table (7-1) were

computed.

7.3 Results for the Atmosphere Initially at Rest

As a result of the assumptions mentioned above, it was felt
that meaningful results would not be obtained after 8 hours. Results
are given for the mid-point (12:00 noon) and the end of the period

(4:00 P.M.).



The noon results (Figure (7—1)3 showed that an offshore flow
was present, resulting from the use of heat to evaporate the fog bank.
The vertical velocity pattern showed weak subsidence over the sea and
weak ascent over land. The fog bank over the sea was basically unchanged
since the initial time while that over 1énd had either cleared or "lifted"

to form a stratus cloud.

By 4:00 P.M. (Figure (7-2)) a weak sea-breeze had formed and
the vertical velocities had strengthened. The fog and stratus over land
had completely dissipated. The fog was still present over the sea but

its liquid water content was less than half its initial value.

7., Results for an Initial Onshore Flow of 3 nV%ec

As before, only the noon and 4:00 P.M. results are presented.

The noon results (Figure (7-3)) for this case showed that the
fog had either cleared or lifted to stratus. Although the configuration
of the fog bank over the sea was not significantly different from the

initial time, its liquid water content had been greatly reduced.

The 4:00 P,M. results (Figure (7-4)) showed that the fog had
completely dissipated. Due to the increased forced convection resulting
from the initial onshore wind, this case was more efficient in dissipating

the fog bank than the case with no initial wind.



ROW TEMPERATURE
(%)
1 299.0
2 299.0
3 299.1
A 299.2
5 299.3
6 299.4
7 299.5
8 299.0
9 298.5
10 298.0
11 297.5
12 297.0
13 296.5
14 296.0
15 295.5
16 295.0
17 R94.5
18 294.0
19 R93.5
20 293.0
21 292.5
TABLE (7-1)

Initial fields for fog dissipation study.

HEIGHT
(m)
0.0
50.0
150.0
250.0
350.0
450.0
550.0
650.0
750.0
850.0
950.0
1050.0
1150.0
1250.0
1350.0
1450.0
1550.0
1650.0
1750.0
1850.0

1950.0

LIQUID WATER
(en/kg)
1.0
1.0
1.0
1.0
1.0
1.0
1.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0

WATER VAPOUR

(gm/xg)
20,07
20.25
20.60
20.96
21.32
21.69
22.07
20.97
19.86
18,76
17.66
16.55
15.45
14.35
13.24
12.14
11.04

9.93

8.83

7.73

6.62
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FIGURE (7-1) 12:00 A.M. results for the atmosphere initially at rest.
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FIGURE (7-3) 12:00 A.M. results for an onshore wind.
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CHAPTER 8

CONCLUSIONS

8.1 Contributions to Knowledge

The original work contained in this study is the inclusion of
the Coriolis term in the vertical equation of motion, the use of a non-
hydrostatic mass conserving model @o study synoptic control of the sea-
breeze and the inclusion of equations for moisture to study a practical

meteorological problem.

8.2 Validity of the Model

In spite of all the assumptions made, a comparison of the
results of this study with observatlons shows that the sea-breeze is
well reproduced by this model. The greatest difference between the

theoretical results and the observations is in the vertical extent of

the sea-breeze. Koschmieder and Hornikel (1942) observed that the
vertical penetration of the sea-breeze under calm gradient wind
conditions was less than that under of fshore gradient wind conditions.
However, this study predicts the opposite. Table (8-1) summarizes the

model's performance in representing the available observations.

8.3 Suggestions for Future Study

The energy equation should be used in each of the sea-breeze

cases studied in order to fully understand the circulation.



P/

CASE

OBSERVED FEATURES
DESCRIBED BY MODEL

OBSERVED FEATURES NOT
DESCRIBED BY MODEL

calm gradient
wind

~ hodograph

- spreading out of
wind from coast-
line

- weak reverse flow
aloft

2)

offshore gradient
wind case

- beginning at sea

-~ front well.
represented

- less landward
- penetration than
calm wind case

- higher vertical
penetration than
calm wind case

onshore gradient
wind case

- sea-breeze weak

~ average increase
of wind 1 m/sec,
model gives 1.5
n/sec

fog dissipation

~ no observations
available

TABLE (8-1)

Performance of the model.
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In the cases where a synoptic wind is used, the model should
be allowed to reach a steady state, i.e. the synoptic wind should be
allowed to produce an Fkman spiral before the temperature wave is

applied to the land.

The most significant improvement that could be made is the

inclusion of radiation in the model.

The model could also be improved by more accurate equations
for the lower sub-layer. More realistic results could be obtained if
Chorin's method is modified to use a compressible equation of continuity.
With the shallow convection restriction removed, the number of
meteorological problems that could be investigated is greatly increased,

such as the enhancement of cumilus development by the sea-breeze.
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APPENDIX A

The following is a listing of the computer program used

in the fog dissipation study of Chapter 7.

SUBROUTINE MAPPA is courtesy of Y. Mahrer.
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