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A two-dimensional, four-layer medel is developed to simulate the
low tropospharic {low over Barbados, W.I., under unsaturated quasi-non-
diverpent synoptic conditions. Observations indicate that under these
conditions the sub~cloud flow over the island is charvacterizoed by day-
time low-level divergence and minimum ¢loudiness associated with maxinuim
gsurface heating, and nighttime low-level convergence with higher
frequency of szhower activilty, especially over the westecrn half of the
island, Physical explanations are scught in the wodel for this unusual
behavior of the flow over a small heated tr'opica;l island.,

The mathenatical medel consists of layer-averaged eguaticns for
the conservaiion of momentum, mass, moisture, and thermodynanic enery
of a Poussinesq {luid in hydrostatic balance. Integrations are made
on #n f-plane with the effects of moisture cn momentun Jncludad Theough
the use of virtual poltential temperaiuce in the buoyancy expression of
the pressuce gradient Texm.  Turbulent diffusion processes ave parvas
netorized, but rolsture phase changes arve omitted, and conveciive
DICCeRses mst be inferved only trom the veritical molion fisids,

The model includes variable vertical diffusion and surfacs dras

coeificients, variable surface topography, impiied tine and spacae-dependen

ourface lwating, and variable initial conditions of the flow and nolstucs
fields, The luitial tenpcratura field is nevtyally stratificd, Stewteh

1

suciace lheating, and vardiable initial conditicns of tha flow and woisure

tenperature fleld is neutyally stvatificd, Stocteh

coordinates ave used to pennii high resoluticn in the vicinity of the
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island, and a large enough model width to minimize lateral toundacy

effects on the interior solutions.
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The results indicate that
The Elapan balance assumption as an initial condition should be
avoided in boundary layer models including topogeaphy and large
changes in surface friction characteristics.
Nonlinesr advection is important over topcgraphy, therafore
linear analysis is inappropriate for medels with topography.
Torography plays a dominant role in the modification of low-level
flow over isolated heat sources, and
Small variations in topographic geometry can lead to siznificant:
changes in flow geometry.

With specific reference to Barbados, the nodel case studies indicate

The low-level land-sea breeze maxima propagate off shore in the
absence of a mean flow.
Advection intensifies the perturbation circulations and inhibits

b3

the propagation of the low-level maxima.

The perturbation circulations are im:ensi:'c‘ied_ in the presence of
moistura and in the absence of a land-gea surface moisture gradient,
Tooography induces dowrward motions by day and upwand motlons at
night over the weslern slope with maximuom intensity of order 5 om

-1 \ . . .
s2¢ T near the time of maximum heating.

and

e atesh ere e sk coiaiibs e ety
and

Peacipitation inferred from perturbation flow and moisture fields
is wost likely at night over the western part of the island.
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CHAFTER I
INTRORUCTION

The comron cencept of low-level flow over a heated island under
unsaturated, quasi-nondivergent synoplic conditions requires that the
island behave as a daytime heat source and a nighttime heat sink within
a region of alwost constant surface temperature. Thermally induced
mesoscale low-level convergence with rising motions by day, and low-
level divergence and sinking motions by night would normally be expected,
Probability of showers is greater during the afterncon than at other
times. Under these conditions superadiabatic lapse rates during the day
and nighttime radiative temperature inversions near the surface are not
unknown.

Observational studies by Garstang (1967}, and DeSouza (1972) indi-
cate that, in the absence of synoptic scale disturbances, the sub-cloud |
flow over Barbados is characterized by low-level daytime divergence and
nighttime convergence, with maximum precipitation at night and minimum
precipitation during the early afterncon. DeSouza (1972) alzo Found
that the pericd of maxirum divergence and minirmun cloudiness spanned the
time of maximum surface heating, The observed temporal distoibution of
cloudiness and precipitation is similar to that observed by Carstang
(136%) over oceanic regions to the east of the iszland, and one may sur-

. o P S U T TN T FIvimnman san ke saeeelams nand e
(L36%) over oceanic regions to the vast of the island, and cne may sue-
mise that, either (a) the island has no influence on the prodominantly

oceanic regine around it, or (b) the island has such a stronyg infleence
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on the lowest layers of the prevailing flow as to reverse the usual
behavior of flows over heated 1slands. The hypothesis here is that the
latter alternative 15 more plausible ond the purpose of this study is to
nurerically integrate the hydrotherirodynamic equations with a view to
simulating, and investigating the mechanisms of the sub-cloud flow fea-
tures observed over Barbados, W.I., under prevailing conditions devoid
of synoptic scale disturbances. Physical explanations for the anomalous
conditions observed over Rarbados are sought in the odel results,

Garstang (1967), using a simple momentuin flux model, shows that
the vertical redistribution of horizontal romeniun in a sheared flow can
account for the observed downward rotions over the island by the down-
ward flux of momentum. Ulanski (1971), using data collected in the
Prandtl layer over Rarbados in the summer of 1968, and CeScuza (1972),
using data collected in the sub-cloud layer in the sumrers of 1968 and
1969, roth support Garstang's hypothesis by the results of their obser-
vational studies. They postulate that the daytime heating of the
sheared flow over Barbados causes a replacement of the rising werm low-
level air with its lower momentum by sinking bubbles of cclder air
with their higher momentum, thus establishing low-level divergence and
setting the pattern of sinking mwotion over the island. At aight, the
vertical éxchange of womentum is reduced due to lack of heating, and
frictional effects account for low-level converpence and rising wotions
over the island.

Although accounting for frictional and healing cffects of the
WUVOLT LIRD LODLdlble
Although accounting for frictional and heating cffccts of the

:

ground, the above studies tacitly neglect the effects of tonozraphy.
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producing daytime sinking motions over Tthe wesltern part of the island,
and the reverse effect at night.

The problem of flow over heat sources of limited extent has Leen
extensively studied in the past. A few pertinent results ave providad
by the linear models of Malkus and Stern (1953), Smith (1955, 1957), and
Olfe and Lee (1971), and by the non-linear medels of Lavoie (1968, 1872),
and Esteque and Bhumralkar (1969). Bhumralkar (1972) has applied the
rodel of Estoque and Rhumralkar (1969) to a study of air flow over Grand
Bahama. The heat sources in all the above studies arve flat, and except
for Lavoie (1972) and Bhumralkar (1972) all studies exclude moisture.

Although the widths of the heat sources vary up to an order of
magnitude and model physics differ, mwost of the results exhibit gross
similarities. Except for Malkus and Stern (1953), the medels show that
in the presence of a basic flow, upward motion develops over the down-
wind edge of the heat source, and downward motion occurs over the upwind
edge. Stern and Malkus (1953) obtained similar resulis by modifying the
treatment of the heating function, thus correc{ing ‘the anomalous circui~
lation which developed in the earlier study by Malkus and Stern (1953).
A1) models indicate that the strength and vertical shear of the basic
aurrent are important. Smith (1957) shows that with advection, downward
motions upwind, and upward motions downwind intensify, and their regions
expand and rove downwind with time. Estoque and Bhumralkar (1969) show
that size of the heal: source and orientation of the basic flow are im-
portant. The effect of orientation of the basic flow relative to that

of the heat source is also demenstrated by Laveie (1958, 1972) and mote

portant. The effect of orientation of the bhasic flow relative to that
of the heat source is also demenstrated by Laveie (1958, 1972) and moce
raecently by Piclke (1973) in a study of the South Florida seabreeze

circulation. Bhumcallar (1972) shows that increasing the flow along the
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heat source increases the intensity of the perturbation, while increas-
ing the flow normal to the heat source has the opposite effect.

Lavoie (1968, 1972) also considers the effect of topography in the
vicinity of the heat source. Raymond (1972), in an analytic study of air
flow over an arbitrary ridge with diabatic heating and ccoling, shows
that the shape and size of the ridge are important, and that heating over
the ridge dampens the perturbation in the air flow while ccoling has the
opposite effect.

The physical model used in this study assures the atﬁ@sphere in
the vicinity of the island to consist of ntl discrete horizontally strati-
fied quasi-~incompressible fluid layers, counting upwards from the surface.
The n+1th layer is assumed to te inactive, that is, it is assumed to be
sufficiently deep so that disturbances introduced at its lower interface
are completely damped internally. Thus, vertical velocities and x-di-
rected pressure gradients vanish, and y-directed pressure gradients are
constant somewhere within the layer. We shall assume that each layer is
vertically homogeneous in horizontal momentum, potential temperature and
moisture, and that each has a uniform undisturbed thickness Hk (away from
any regions penetrated by surface topography), where the subscript k
k=1,2, ..., ntl) identifies the general cth layer.

Our interest lies in the response of the pravailing flow to suc-
face induced disturbances in temperature and hunidity, and to the effect
of ‘the interaction betlween sub-geid scale influences and the larger scale

disturktances.

O Ue 1NLerdC Ll pelweerl suW~=pold sCale Ll iuences cdlild the Ladiied sddle
disturbances.
Tn order to maintain modest computer requirements, a two-cdinen-

sional {(x-z), four-layer wodel on an f-plane is considered. Suriace
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topography, when included, will be contained entirely within the lowest
layer. The undisturbed depth of each layer is 500 m except in the
presence of surface topography in the lowest layer. The Prendtl layer
is arbitrarily chosen to be 50 m deep, and variaticns in surface rough-
ness are neglected except Letween sea and land surfaces. Although
north-south homogeneity is implied in a two-dinensional medel, here,
north-south variations in pressure are retained for censistency with a
mean east-west geostrophic Tlow.

The hydrostatic assumplion and Poussinesq approximalion are
invoked in this model. Dutton and Fichtl (1969) discuss at length the
appropeiateness of these assumptions.

Although the assumption of vertical hcrogeneity within each layer
allows us to average out vertical advection terms, we expect goild scale
convective heat and moisture fluxes to be important, thus vertical advec~
tion of temperature and moisture at the interfaces is retained. The
convective transfer of temperature and moisture is achieved through the
interfacial vertical velocities which are obtained from the continuity
equalion by treating the interfaces as material surfaces. In addition,
sub-grid scale turbulent fluxes of all quantities are parameterized
through the interfacial stresses,

The basic assumptions governing the model are:

L. Norith-south gradients other than pressure gradients are neglected,
2. Pressure is hydrostatic.

3. Vertdcal variations in density, wind velocity, potential temp-rature,
2. Pressure is hydrostatic.
3. Veprtical variations in density, wind velocity, notential temperature,

and wmoisture within each layer are averaged cut.
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[orizontal variations in surface roughness are neglected except for
the variation from water to land surfaces.

Surface topography dces not penetrate any interface above ground.,

Radiational heating and ccoling, latent healing, and heating by
cunulus convection are neglected.
The geometry of the general model is shown schematically in

Fig. 1.
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CHAPTER IX
THE MODLL

The matheratical rodel comprises the hydro-thermcdynamic equations
together with mass and moisture conservation equations for a Doussinesq
viscous fluid in hydrostatic balance. The fluid is assumed to be strati-
fied into four active layers each 500 m thick in their undisturbed state
(except in the vicinity of surface topography), and each of which is
horizontally stratified but assured to be vertically hemogeneous in the
flew variables. Thus, the equations ave vertically averaged. The de~
veloprent of the model equations closely follows the metheds of Apdullah
and O'Brien (1968), O'Brien and Reid (1967), lavoie (1968, 1972), and
O'Brien and Hurlburt (1972). Sub-grid scale eddy fluxes arve parameter-
ized by the bulk aerodynamic method at the surface, and through the use
of a diffusion coefficient profile as suggested by O'Brien (1970) above
the surface. BRoth methods are included at the surface in the heat and
roisture equations since it 1s desirable o be able to drive the rodel
from a static initial state, when the bulk formulation for heat fluw
which is dependent on the flow field will not transfer any heat from
the swrface and no perturbations will develop.

The basic model equations are

b4
s ~a T an a [ anl 1 9T FETEN
The basic model equations are

%
2u su 1 3p 2 1 n 1 9T

A T W) Sy SR TS N o) IS S 1
ot 1R p X TR (KMH ex] p 9z 1)




%% = - %%—m %—g§-~ fu + g% [KHH %%j +-%-ggx (2)
%% + %g = 0

*g‘% = gy W 2?2‘ "o {<QH )%J Y3 SP'T A ()
%Ctl - g_?( - [Kr,».rﬂ %%} tE )
p = pg (1~ 8T (6)
R oo g - (7)

where all terms are defined in the list of symbols (Appendix A).

The layer-averaged equations are decvived from Fgs. (1) through (5)
by integration over layer depth. The hydrostatic assurption is included
in the pressure gradient term of the u-momentum equation. The pressure
gradient term of the v-momentum equation is assumed to balance the speci~
fied geostrophic u-component. Since moisture is included only insofar
as it preduces density gradients and consequently pressure gradients, iTs
effect on the flow field is parameterized by the inclusion of wirtual
potential temperature in the buoyancy expression of the pressure gradient
term, Thus density is not a prognostic variable in the medel, and densi-
ty gradients are replaced by temperalture gradients,

For computational economy a rodification of Schulman's (1.970)

stretched coordinate system (to be discussed later) is used together with

LOP COMPUTATIONA). econony & rodlI1CATION OL schulran's (LY/U)
stretched coordinate system (to be discussed later) is used together with
an explicit numerical. scheme. The layer averaged equations, derivad in

Appendix B, are listed below.
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The prognostic model equations with coordinate stretching are:

u-romentun
= o kg sl |k L i
W = =g s (g, D on lfk bs =7 Po e Bx Os
- IYl [rj’h . h B'o’]q bofy,
=il K P0j "3 "3 Tis) k
) 2 1 [x
K 1" + ! + = - ( 1
MH {S g + (57 "kss] Son P [TT TB] 8

v-rromentum

ke T T s' [{%<vk)s B Vkuksl v E (ug h uk) ¥

! 1 e e - ]
K [% Vig t(8h) VkSS] + ST [“P (B] (9
Ok Kk %
Mass continuity
- - t } A
hy = =s' (uh]g (10)

k
- 0,05 - (g0 de| - & leplviycao (U
B LYv®z’B OVACZE B A R LA Rl

Moisture

- _ ! - L A e 7oA . l:.n Lo(al 2
Yy = - 8" (ualg iy [WTQT ']BqB] P |5 Y TS q}css]
1 [ 1 ]
. ﬂf[(KWVqZ)B - (vaquTJ - F;'[éDgyil<Aq)BI (12)
K - L~ -

The last terms on the RHS of (10) and (11) are included only for the

i TNy e I Yiv 43 1 [ ~ o
ic L 4 1 &

The last terms on the RHS of (10) and (11) are included cnly for the
surface iaver., The Doussinesq equation cf stave, victual potential

temperature and diagnostic vertical motion equations ave:
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State
pE 0y (L - g'o") (1.3)

Virtual potential temperature

o = 0 (1 + 0.61q) (1)

Vertical motion

Wpo F oW - s' Y h. u. (15)

The explicit nurerical scheme adopted for the model integrations
consists of centered differences in time (leap-frog), Crammeltvedt's
(1969) scheme I conservative form for the advective terms, lagged in
tine for diffusion terms, and centered in space and time for all other
terms. Using the notation in Gramreltvedt (1969) and denoting the grid
interval in stretched coordinates by A, the terms of the finite differ-
ence analogues to Eqs. (8) through (12) can ke conveniently expressed

through the following sum and difference cperators:

A :
a, = E__é(si FA/2) - a(si m-A/Q)}
as = %’_?(Si *A/2) + a(si - A/QJ]
528_ 1 F v EN

- o d(sl A) ! a.(Sl - A)

from which it can be shown by simple manipulation that decivatives ay
te expressed as

sa
R 2]
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where the superscript (uv-1) implies lagged in time. Suppressing the
central time indicator (v), the finite difference forms of (8) through
(12) are

u-romentumn

ullf'l = u}g"l'i-ZAt - ;— s if; G]Sc ]s
- gl [sk 35 - 1 h, g GFTS | rf [r_j R
P Oic k s Porc k" ks lj::k‘-l-l kK s
+op .h.B5TS] }J + fv + K s uS o+ 2(§-L]2((1723
017371738 MH I3 Bk
v ]))] L1 ]:Tx _ X[ o-1)
S U e |
v-momentum
v]iﬂ' = v;:_l + 20t |- 8! [(ﬁi V}S()S - v G}is]

4 NI S
Ra |5 Vis 5 Wk )
1 y y](u-l)
+ -— | T
] POk h |'T B _

Heal and moistuce

Using E to denote either 0 or q

otl | vl T .t (TS =S
L N O L (O El)g
S e B mwE
n L' !
I )2 (=95
; 1 oS s')4 =28 L(u-1) )
1 KQH O Jks + ? [L\] N\Lk hk ‘j’
Rl r \ ( )-] (1)
roo a1)2 (=9 .
. TS 5')2 (=25 (v-1) )
] KQH O JkS + ? {A] \\Lk }'-‘( Js’
L PR B FET B
o P Bl [
3 FL_J. (AL)),(UEL)
Y B
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Mass continuity

h]\i*l = h};’“l ~ 24t [s' (x

|

2.1 lnitial conditions

(a) Morentum and mass fields

It is normally assured that the initial conditions for boundary
layer flow satisfy the Ekman balance, and initial conditions for the flow
field are solved as a balance ketwean pressure gradient, Coriolis, and
stress terms in the steady state equations of motion. However, ‘topography
is not considered in models adopting this assumption, therefore it is not
used in deriving the initial flow fields for this model.

In this study, so-called balanced initial conditions (herveafter
referred to as the undisturted state) are derived as steady state solu~
tions to the momentum and continuity equations (the unforced problem)
using guess fields from which to start the integrations. We thus treat
the undisturbed state as the state resulting after adjustment due to an
impulsive start of the model flow without heating or moisture.

Balance of forces computed from the undisturbed state over a flat
island indicate that the Ekman lLalance is approximately satisfied. Over
the real island the balance of forces is more cemplicated, with advection
and scmetires horizontal fricltion playing major roles. In order to exa-
mine the influence of friction on the halance of forces, a steady state
was generated over a water surface and the results cenpared with those

for the flat island. Over the water surface the Ekman halance was even

T gyUE A LA Ll v L [ T R BN N CINAL LU LA GG, Lol Lo \.\uuytu. LD R fF B O N ¥ [0 U b L e
for the flat island. Over the weter surface the Ekman halance was even
more closely satisfied. These results suggest that the assumption of

Ekman balance as initial conditions is valid over uniform surfaces devoid
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of both topography and drastic changes in surface drag ccefficients.
Tn the above experiments surface drag coefficients varied from l.5xlOw3
over water to l;O><lOM2 over land. Ve therefore suggest that the assump-
tion of Lkman balance in the boundary layer be avoided in medels with
topography and large changes in suwrface firiction characteristics.

The undisturbed states derived by the above iethod also indicate
that the velocity field adiusts to the mass field. Further, the undis-
turbed state is independent of shear in the guess field and depends only

on the imposed geostrophic profile. An examination of the divergence of

mass fluxes across the island computed as

1

(uh), - (uh)
2 () 2

X x2 - Xl

where subscripts 1, 2 refer to selected points on the island show that
the steady state continuity equation is closely satisfied by the
undisturbed condition. Fig. 2 shows the vertical profiles of the u~com~
ponent of velccity over the coasts and crest of the island, and corres-
ponding hcdographs for the undisturbed state with an imposed geostrophic
wind of 4 m Sec_l Frrom the east. Since there is no shear in the geo-
strophic profile, frictional resistance at the ground imposes a westerly
stress on the air causing a north-south Elran drift to develop in
response to the Coriolis acceleration, thus the northerly component in
the undisturbed state. Note also the tendéncy for the u-compecnents to
becore geostrophic in all layers except the lowest. IHere the departuce

from gecstrophy is wost pronounced over the crest of the island. A

becore geostrophic in all layers except the lowest. Mere the aepartuce
from geostrophy is wost prenounced over the crest of the island. A

&
counterpart experiment with linear shear in the gecstrophic profile was

conducted, The resulting undisturbed state showed all the cheracteristics
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described above except for the north-south Lkman drift. In this case
a southerly component developed during the adjustment process because
the surface frictional effect was absent and the Coriolis effect on the
imposed easterly flow resulted in a south-north component. In all ex-
periments used in this study a uniform geostrophic profile is imposed
for consistency with the imposed spaltially uniform initial tenperature
field.

The adjustment process is illustrated in Fig. 3, which shows the
time vaviation of the wind in the lowest layer over the crest of the
island from two imposed guess fields to the adjusted undisturbed states.
In both cases the flow is impulsively started over the island. The
inertial oscillation is clearly visible during the adjustment process.

(b) Temperature and roisture fields

Initial conditions for temperature and moisture are idealized pro-
files approximated from mean July and August, 1969 radiosonde data for
Seawell, Barbados and from the ship DISCOVERER which was stationed some
60 Jan east of the island. The soundings show a shallow layer (=150 m
deep) immediately above the surface with a weak super-adiabatic lapse
rate, a neutral layer above to approximately 1 km, and a deep slightly
stable layer above. Thus, neutral temperature stratification is con-
veniently chosen as the initial condition for the nocel cases to be
discuszed later. Provision is made in the computer program 1o aceormo-
date other temperature stratifications, however no experiments with
these changes are conducted for the purposes of this study,

Tho ammdinse alan cshaor that . eveent for a verv shallow laver of

these changes are conducted for the purposes of this study,
The soundings also show that, except for a very shallow layer of
& 2 £ X
almost constant humidity mixing ratio immediately alove the surface,

the mixing ratio decreases almest linearly with height up to heishts in
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excess of 2 km, thus a linear profile of humidity mixing ratio is adopted
as the initial condition for moisture.

Mean layer densities are computed from an idealized linear density
profile suggested by the radiosonde data. The above linear profiles are
defined in terms of surface values taken from the radiosonde data and
upper-level values approximated from those at the assumed rean level of
the inert layer. The sea surface value for humidity mixing ratio 1s the
saturation value corresponding to the assigned sea surface temperature

which is held constant in time.

2.2 PBoundary conditions

Due to the limited model region, Loundary conditioné are required
on all houndéries.

(a) Upper Loundaries

Horizontal velocity components, temperature, hunidity mixing ratio,
density and pressure are specified and held fixed in time. The upper
boundary condition on pressure enters only indifectly in the computation
of the buoyancy part of the pressure gradient term in the u-momentum
equation. Pressure is not a predicted variable in this model. The upper
condition on density appears in the reduced gravity part of the pressure
gradient term in the u-nomentum equation. Temperature and humidity
mixing ratio, assigned as mean values in the inert layer are held con~
stant in time on the czsunption that sensible heat and moisture fluses
into the inert layer from kelow have little effect on the initial

conditions within this layer. We note that latent heal release 13 not

into the inert layer from kelow have little effect on the initial
conditions within this layer. We note that latent heal release is not
included in the wmodel. An easterly geostrophic flow, independent of

Time, is imposed as an upper boundary condition on the flow field.
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Thus we assure

Yrop T Yy T T T by

I
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Yirop
which implies a fixed north-south slope to the interface between the
active and inert layers,

(b) ILower roundavies

Since the aim of the study is to obtain an explanation for an
observed anomaly in the low-level flow over the island (in response to
surface conditions), the model is forced by the surface boundary condi~
tions on temperature and moistuce. The surface condition on moisture
is prescribed from an idealized surface value of humidity mixing ratio
obtained from radiosonde data. Over oceanic areas, the surface value
of the humidity mixing ratio is prescribed as the saturation value cor-
responding to the sea surface temperature which is held fixed in tire.

The surface temperature on the island is prescribed in terns of
a time and space~dependent function representiné land-sea temperature
differences., The spatial dependence is assured to be sinusoidal with
maximum amplitude in the middle of the island and decreasing to zero
amplituce at a distance of 1 km off shore. The choice of a smooth
variation at ccastal regions instead of a sudden change in heating be-
tween sea and land helps to suppress the development of 2ax tempera-
ture waves which form az a result of the centered differencing scheme
used for the advective terms (see Fisher, 1961). The suppressicn of

20%x temrorature waves which form in this rpamer is very important 1o

used for the advective terms (see Tisher, 1961). The suppressicn of
24% temperature waves which form in Lhis mamer is very inportant 1o
Tthe success of the nodel since growing 2ax oscillations in the height

field develop in response to the temperature waves leading eventually
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wo computational instability and explosive destruction of the solutions.
This problem is bypassed in rodels using an upstream differencing scheme
because of 1ts inherent viscosity.

The time variation of the surface temperature 1s specified as a
truncated Fourier representation of land-sea temperature diffcrences
derived by Holley (1972) from radiometer data collected over Barbados in
1969 during the EOMEX experiment.

The surface boundary condition on temperature over land may be

represented in the form

T(x,t) = TC) |1+ cos 2T (x - x.)
R 0
where 1
° = E \' ) 2 gﬁ.rl.t_:. <9 2_@_1.:_
ORI [Qn L N]
n=1
3, is the 24~hour mean land-sea temperature difference;

N is one day;

R is the horizontal distance over which heating is applied;
g is the distance of the center of the island from the west houndarys;

X 15 the distance from the west boundary of points lying within R/2 of x.
The function T(t) is shown in Fig. 4, and the coefficients a, and b~ are

given in Table 1.

Table 1. Ceefficients as bn of the function T(t)

n a, b
n n
2.85
1 -5.28 -0.92
0 2.85
1 -5.28 -0.92
2 1.85 0.30
3 0.22 -0.35
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Fig. 4., Amplitude of the time dependent land-sea surface femperature
difference, T{t), at the center of the island. The initial time cor-
responds to 0600 LST. ‘The dashed line is the 24 he. mean.
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responds to 0600 LST. The dashed line is the 24 L. mean.
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(c) Lateral Loundaries

Cyclic boundary conditions are assigned to the lateral boundaries
to ensure mass conservalion within the nodel region, This, however, in-
treduces the problem that the model now reprecents a series of islands
separated by the width of the model region, and the solutions upwind of
and over the island may, in time, be affected by downstream propagation
of island generated disturbances. This problem can be minimized by in-
creasing the width of the model region so thal the boundaries ave far
enough away from the island to allow propagating disturbances to be
sufficiently damped before reaching the btoundaries, thus suppressing
their effects and allowing the interior solutions to be representative
of flow over a single island. In order to retain a limited number of
grid points within a sufficiently wide model region, and to maintain
relatively high resolution (small grid interval) over and in the inme-
diate vicinity of the island, a stretched coordinate system (after
Schulran, 1870) is adopted. This system will be discussed later.

Since internal gravity waves are the fastest moving disturbances
generated in the model, and are most likely to propagate through the
boundaries both up and downstream, experiments were conducted to examine
their éffect on ‘the imterior solutions both in a limited width model
using a regular grid, and in an extended width model using stretched
coordinates. Model depth for these experiments was 1 k. In the case
of the limited width model, the wcdel width was 120 km with a geid in-

terval of 2 lm, and grevity waves wore generated either by disturbing

of the limited width mcdel, the nedel width was LZU Km WLTR & grid L=
terval of 2 km, and grevity waves were generated either by disturbing
an interface hetween layers in a static field over a flal surface, or

by impuleively starting a flow over topography. ALl solutions with

————

N I ——

e ——
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this wodel blew up after 1 or 2 hours of integration. At the time of
conducting these experiments, results had already bheen obtained from
the 1 km deep model with stretch ccordinates for the case of dvy flow
over topography with and without heating for pericds of up to B days
with no sign of instability, therefore specific experiments on gravity
waves only were not conducted. Tt was concluded from the available
resulls that gravity waves were not detrimental to the sclutions in
the case of the extended width model using stretch ccordinates and that
the interior solutions were not affected by gravity waves propagating
through the boundaries.

The question of the effect of the stretch ccordinates on the
gravity waves will be considered later. It is still necessary to in-
vestigate the effect of the boundary positicns on the interior sclutions
since phenomena other than gravity waves propagating through the bounda-
ries could be affecting the interior solutions. This is accompiished by
varying the  model width and comparing the interior solutions. It was
found that for model widths in excess of 600 km the differences in the
interior solutions were negligible when compared with differences in
solutions from smaller model widths. Tests were conducted with 60, 180,
and 300 km wide regular grid models, and with 300, 600, and 1000 km
stretched grid models. The 300 km test also showed that the results
from Loth regular and stretched grids were in agreerent. The number
off grid points was kept constant for tests with the 600 and 1000 km

stretched grid models. Thus, the tests also served the pucpose of
of grid points was kept constant for tests with the 600 and 1000 km

stretched grid models. Thus, the tests also served the purpose of
examaning the effect of grid rezolution on model solutions. Tests on

the effect of grid resolution were also made with the 600 km wide wodel
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by varying the number of grid points. Tt was fornd that this effzct was
also negligible. Thus, all further erpevinents in this study are made
with a 600 km wide wodel utilizing 65 grid points inclusive of boundary
points. Minimum grid distance is 1 km near the center, with a maximum
of 47 km at the boundaries. There are 23 grid points over the island
which is 24 lon wide, and a total of 49 grid points over a distance of

80 km centered at the center of the mcdel region. This configuraticn
gives rather high resolution over and in the inmediate vicinity of the

island, and lower resolution towards the boundaries.

2.3 Model depth

Corpariscns between 1 and 2 km deep models were made by generating
the dry thermally driven flow over real topography. The strength of the
mean layer velocities decreased in the 2 km medel relative to that in the
1 Jn model due to the greater layer depths. Vertical profiles of the
u~components over selected points of the island derived from the mean
layer velocities in each case showed that the léw«level inflow occurred
at a greater height in the 2 km model than in the 1 km redel, again, be-
cause of the greater layer depths in the former, but that the height at
which the raxinum in the return flow aloft cccurred remained approxi-
mately the same in both cases. A possible explanation for this resuli
is that the vertical profile of the vertical diffusion cocfficient for
romentum is the sare below 1 km for both medels and remains constant
above 1 Jan in the deeper model. The rajor difference betlveon the veloc-

1ty profiles cccurs at the top of +the models where, in order to satisfty

above 1 Jan in the deeper model. The major difference between the veloc-
Ity profiles cccurs at the top of the models where, in order to satisty
the fixed boundary conditions, unrealistically steep gradirnts result

In the shallover wedel. More specifically, in the 2 km medel the
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vertical gradient of horizontal velocity at the uppor Loundary is appro-
wimately zero. Similar observations are made of the vertical profiles
of the potential temperature fields in the two models. As a conssquence
of these results the wodel depth for the experiments in this study 1s
chosen to be 2 km, It should ke noted that this depth is not fixed in
time Lecause a rigid lid is not imposed at the top, i.e., w = 0 is not
assurcd, however the vertical variations in the upcor boundary rewain

gmall in time because of the fixed conditions on pressure and deinsity.

2.4 Stretch ccordinates

The stretch ccordinate system used in this model is adapted from
Schulian (1970). TFor this study stretching is applied symmetrically
about the center of, and continuocusly across the model region. ‘lhe
stretching function is defined as

(X = X

s(x) = ¢ [éx + tanh l?ﬁi?ﬂ—i + tJ

where b and ¢ are chosen such that
s(0) = 0 and s(l) = 1,
x is neasured from the west boundary of the grid and is normalized by

the model width, i.e.,

Xg is the normalized position of the center of the model region, thus
Ky = O
0 0.5

o (= 0.044) i3 a stretching scale factor. The value of ¢ was found

empirically to suit the model.

g (= U.UHY) 15 3 STratenNing SCate 1allUi’s LU VellUs UL g WD Luuiig
empirically to suit the model.
a = 0.5

X
o = tanh -—
U




and

QU %) ~1
c a + b+ tanh I“_ETHHJ]

The first and second derivatives in x are given by

= = 5! 52- and 0 = g
o

where

Experiments with this coordinate system showed that gravily waves
had apparently no adverse effects on the solutions in a 600 lm wide mrodel
over a pericd of U days, while in a limited width model with regular grid
gravity waves quickly destroyed the solutions. It is suggested that
gravity waves are effectively suppressed by the stretched ccordinates in
this model hecause the grid distances in the ocuter region near the
boundaries exceed the wavelength of these disturbances generated by the
rodel and that the system also introduces canputational srcothing through
the extra term arising from the finite difference form of the horizental
diffusion term in the «uations. For the u-momentum equation this term

takes the form

2
](\"‘T_{ I:S” 'a—u + (S, )2 ?_l%]

i

The additicnal smoothing referred to above is provided by the expression

g EE

95

. The ratio

fols

2 .,
[s" Ny (51y? [

28

(o3
198}

|
.1\‘) [t

<%

[s” Wy g2 “l

s

(=34
]

mereases culwaprd from the center of thz nodel region to a maximum value

of 0(1L) in the region where the prid interval is approximately twice the




27
length of the gravity wave, It is surinised that the combined effects of
this extra smoothing and loss of resolution are respensible for suppres-

sing the gravity waves.

2.5 Experiﬁents and model. parareters

The results of four case studies comprise the basis of ‘the
present investigation. The main characteristics of these casas (A - D)
are listed in Table 2, together with the characteristics of comparative
case studies (E ~ L) used to establish the effect of variations in
physical properties of the mecdel. Physical constants in the model are
listed in Table 3.

The diffusion ccefficients for momentum, heat, and moisture are
assurred to be equal, however the horizontal coefficient is not the sare
as ‘the vertical coefficient. The vertical diffusion coefficients are
defined in the manner suggested by O'Brien (1970). The value of the
ccefficient and its vertical derivative at the top of the Prandtl layen
(50 m) are approximated from wind data obtained from the 16 m towers on
Barbadcs (LaSeur and Clary, 1973, personal communication) on the
assutption that the log-linear profile 1s valid within this depth.

Thus we have

k = kuvz
and

A n

"a—i = ku

where k is von Karman's constant (= 0.4);

u® is the friction velocity (taken as 0.4 m sec — from the

where Ik is von Karman's constant (= 0.4);
P e S . . __l .
u® is the firiction velocity (taken as 0.4 m sec — from the
Barbados data); and

z is the depth of the Prandtl layer (assuned = 50 m),
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Table 2. List of hypothetical case studies. u_ is the specified
geostrophic wind &

Case u, (m sec™h) Topography Remarks

A 0 sinusoidal Cases A-G forced by space-
B 0 real time dependent land-sea

C =1 flat surface temperature differ-
D -4 real ence, and roisture profiles
E -2 real discussed in Section 2.1(b)
F ~6 real

G -8 real

i -y real Dy 1

I -l real Surface humidity mixing

ratio constant in x, and
equal to value on land,

J -1 flat Laﬁdmsea curface tenpera-
‘ture difference constant
in space and tinme.

K -l real Land-sea surface tempera-
ture difference constent
in space and time,

(1

Remarks in cases H-K indicate deviations from forcing applied
to cases A-G,

(1

Remarks in cases H-K irdicate deviations from forcing applied
to cases A-G,

e —
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Values of parareters and variables

U

e

CD (over land)

Cpy (over water)

Ko Koo Hum

Ax

1.0x1072

1.5x1073

103 m2 sec"l

3 2 -
107xu_ m" sec
gI

17 gm kg"l

23 gm kg“l

7 g kgt
300 K
300 K

1.16 kg m°

0.80 kg T
3.15:107° sec
9.8 m sec?
15 sec

10 sec

1 km

47 I

10"2 Kfl

0.286

1

~1

(u = 0)

(u_ # 0

(except in Case

(uF = 0)

.

£ 0
(1157 )

2

(rnimum)

(reaxdmuan)

i)
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Therefore, at the top of the Prandtl layer we assume

K = 8 m2 secml and %g = 0.16 m secnl.

The vertical diffusion ccefficient is assured to be 10 n@ Secml at and
above 1 km with zero vertical slope at 1 km. The values of the vertical
diffusion coefficient at all levels within the model region are computed
at each grid point and each time step frem the profile defined above.
Schematics of the profile over water and over the crest of the island
conforming to the above specifications are shown in Fig. 5. No expepri-
ments are conducted to examine the effect of varying the structure of
the vertical diffusion ccefficient profile.

Model integrations are made over a minimum of 24 hr and a maxi-
mum of 10 1/2 days. The 24-hr integrations are carried out to examihe
the thermally generated circulations in an initially static state. When
a mean flow is specified, the model is integrated without heating and
roisture for 7 1/2 days to obtain a steady state which is used as the
initial undisturbed condition. Heating, with or without moisture, is
then applied for 24 to 72 hrs. An oscillatory steady state is obszrved
in the flow fields, and even after a total of 10 1/2 days of integration
there is no sign of destructive instability in the medel resulis.

It is of interest to note that Neurann and Mahrer (1572) have
integrated a modified version of Estoque's (1961) sea-breeze model
(flat island) over three daily heating cycles from a state of rest with

similar results.

similar results.
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HEIGHT (KiM)

Fig. 5. Vertical profiles of the vertical diffusicn ccefficient
over water (soiid) and over lthe crest of the island (dashed)




CHAFTER ITT
RESULTS

Although our goal is to find physical explanations for the anomalous
flow over Barbados under synoptically unsaturated, quasi-nondivergent con-
ditions, it is useful to consider the model results without reference {0
observations in order to understand the characteristics of the model. The
results are presented in part as vertical profiles of zonal velccity com-
ponents and hcdographs of the flow field over the coasts and the crest of
the island. 1In the flat island case which provides a reference for
determining topographic effects, the grid point corresponding to the posi-
tion of the crest of the island is used as the inland point. These poinis
will subsequently be referred to as the reference points. In addition,

the spatial distribution of the perturbations generated in response to

surface forcing is shown and discussed in terms of perturbation stream-
functions which are derived as differences between the streamfunctions for

the forced flow and the unforced or undisturbed flow, i.e.,

e

pre) = ) - (o)

where ¥(t) and P(0) are calculated from the total motion fields using the
technique described by McNider and O'Brien (1973). The streamlunctions
are displayed in stretched coordinates to emphasize the details over the

island. For a general discussion of the model characteristics the

are displayed in stretched coordinates to emphasize the details over the
island. For a general discussion of the model characteristics the

results of four case studies are presented., The forcing in the four

32
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cases censist of time and space-dependent surface heating, and moisture
profiles as described in Section 2.1(b). The forcing due to moisture
included in this manner is constant in tims at the surface.
The four cases examine the following phenomena:
A. The moist symmetric double seabreeze circulation generated from an
initial state of rest over sinusoidal topography.

The noist double seabreeze circulation generated from an initial

I

state of rest over the real island.

C. The effect of surface heating on an easterly flow in a moist
atmrosphere over a flat island; and

D. The coimbined effects of surface heating and the real island on an
easterly flow in a moist atwosphere. The strength of the imposed
easterly geostrophic flow is 4 m sec—l in hoth Céseg B and C,

We use the term real island to denote smcoth topography approxi-
mated from topographic maps of Rarbados for the widest east-west cross
section of the island. This section corresponds to the east-west line
aiong which three 16-m observational towers were sited during the field
experiments.

Tdeally we should have considered the thermal flow over a flat
island in Case C as a standard of veference, however, due to loss.of
resolution, the thermal flow generated in the 2Z-Jan deep nedel with equal
initial layer depths over a flat island was so weak that it was essential-
ly indistinguishable from computational noise. This problem could have

Leen rectified by using thinner lower layers, however, direct comparisons

=¥ TN e e T I EEE

been vectified by using thimner lower layers, however, direct compariscns
of the intensities of the resulting flow fields from 1he cases with topo-

graphy vwould have been misleading since a relatively thick lower layar is
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necessary to accomrodate the topography. The preblem of the intersection
of an interface with the topography has not yet Leen solved for this wodal,
Thus, the model is restricted only to shallow topographic profiles as is
the case for the idealized cross section of RBarkados chosen in this study.
The crest of the island in this mcdel is 204 m high.

An alternative to the thermal flow over a flat island is provided
by Case A, the double seabreeze over sinusoidal topography. The sinus-
oidal hill allows the generation of a thermal circulation because off the
thinner low-layer depth akove its crest which is 200 m high at the center
of the grid, and provides for symnetry in the flow field as would be ob~
tained with a flat island. Model integrations are made over a 2b-hr period
(1 heating cycle) in each of Cases A, B, and C, and for 48-~hr (2 heating
cycles) for Case D. Integrations are initiated at 0600 LST and we associ-
ate the intensity of the perturbation circulations with the maxima in the
u-component of velocity, which usually occur in the lowest mcdel layer.

3.1 Case A: Sinusoidal topography,
u =20
.-g—-——

Howrly output of the streamfunction patterns show that the thermally
generated circulation over sinusoidal topography is symmetric at all times
during the heating cycle. The maxima in the u-compenent of velocity (Tig,
8) show that the symretric seabreeze intensifies to a maximun near naon
then decays to a minim'm hetween 1600 and i?OO LST when the land breeze
develops. The land breeze attains its maximum between 1900 and 2000 LST

after which it decays gradually during the night with a secondary maximun

develops. The land breeze attains its maximum ketween 1900 and 2000 LST
aftter which it decays gradually during the night with a secondary maximun
cceurping at the time of minimum surface temperature (0400 LST). MNote

from Tig. 4 that the surface temperature has a waximm ab approximately
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Fig. 6. Time variation of the maxima in the u-component of the

symmetric sea (S) and land (L) breeze circulations (Case A).

initial time corresponds to 0600 LST.
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1300 LST and a minimum at approximately 0400 LST with weros at 0600 and
2000 LST. TFig., 7 shows the perturbation streamfunctions at 1300 and
o400 LST. By the end of the heating cycle the land breeze is rather weak
and it will be seen under Case D that the seabreeze redevelops in response
to the resumption of heating.

Upward vertical rotions associated with the seabreeze attain a maxi-
mun in excess of 1 cm sec—l by 1000 LST and sinking motions during the land
breeze reach a maximum just less than 1 cm sec"l by 1900 LST at the top of
the lowest layer over the crest of the island. The region of vertical mo-
tion over the island, which is always symretrically placed relative to the
topograpny, expands continuously in time. Initially, for both sea and
land breeze circulations, the region is approximately 12 km wide (or about
half the width of the island) with its edges about 6 lan inland of each
coast. It is observed that the maxira in the lowest layer u-component are
closely associated with the edges of this region of vertical motions and
also nmove away from the island in time. Fig. 8 shows the propagation avay
from the island of the maxima in the u-component of the western cell of the
symretric circulation for both the sea and lanc breeze. The diagram is
symretric about the time axis. Thus, the model indicates that i1n the sym-
wetric thermal circulation over a small island with sinusoidal topography,
the maxima in both the land and sea breeze develop approxieately midiay
between the crest and ccasts and propagate seaward in time. An oxplana-
tion for this phenomencon will be given in the discussion of the asynmetric

Seabreeze (Case B). Figs. 6 and 8 together show that at the time of maxi~

Tion ror this phencmencn Will Ce glven 1N THEe ULSCUSSIOn OL LIS cdbyiilic Ll
Seabreeze (Case B). Figs. 6 and 8 together show that at the time of maxi-
mum intensity, the maximum in the u-compenent in both the land and sea

brecze is located offshore, Furtber, Fig. 8 indicates accelerated
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Pfopagation away from the island aftee the times of maximum and minimum
surface temperature. This acceleration is also observad in the hourely

gtreamfunctions (nct shown).

3.2 Case B: Real island, u_= 0

[e=]

This case differs from the previous case only in the shape of the
topography, thercfore all differences between the results can be atiri-
buted to the geometry of the topography. The streamfunction patterns
indicate that an asymretric double seabreeze develops in response o
heating with a more intense circulation on the east of the disland than
on the west. The eastern cell is also more intense than that in the
gymretric case. TFig. 9 shows the relative intensities of the east and
vest circulations. The brcken S--line represents the tine variation of
the maxima in the eastern seabreeze circulation, and the solid S-curve
shows 1he same for the western cell. Comparison of the broken S-curve
with the S-curve in Fig. 6 shows the relative intensitics of the eastern
cells between the asymmetric and symmetric ciréulations. Fig, 9 shows
further that the western cell of the asymretric seabreéze intenciiies to
a maximum between 0900 and 1000 LST, while the eastern cell attains its
maximum between ncon and 1300 LST. The land breeze (Li-curves) develops
between 1600 and 1700 LST, attaining a mavimun on the west of the island
between 1800 and 2000 LST (so0lid L-curve). On the east of the island
the maxima in the land breeze circulation occur in the second layer
rather than in the lowest layer between 1700 and 0100 LS, afier which

the maxima cccur in the lowest layer. The land breeze atlains its maxi-

rather than in the lowest layer between 1700 and 0100 LST, afier which
the maxima cccur in the lowest layer. The land breeze attains its moi=-

Tan intensity on the cast at approximately 1900 LST with a secondary

aximum cecurring at approximately the time of minimm sueface tenperoture
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(ou00 LST). This is deronstrated by the two sections of the broken
L-curve in Fig. 9.

The hourly streamfunctions show that by 1800 LST a closed circu-
lation in the land breeze has formed near the east coast below the 1 ln
level while a closed circulation on the west has forrmed far downstream
and above the 1 km level, The eastern cell expands eastward and down- ,
ward in time. The western cell of the land breeze disappears after the
time of minimum surface temperature just as the western cell of the sea~
breeze does after the time of maximum surface temperature. Fig, 10
shows the perturbation streamfunctions for the times of maximum and mini-
mun surface temperature.

We note that in both the symmetric (Case A) and asymmetric (Case B) ’
circulations, the surface forcing functions and all other featurss are
identical. In particular, the surface heating is symretrically distri-~
buted in space about the center of the island, therefore the asymrelries
and variations in intensities in Case B relative to Case A can be atiri-
buted to the difference in the slopes of the topography on the east and
west sides of the island. A Tourier decomposition of the real topography
shows that 95 per cent of the variance is accounted for by the first
harmonic, 2 per cent each by the second and third, and 1 per cent by the
fourth harmonic. Thus, we find that small deviations from eymeelry in
the geometry of the topography are responsible for noticeable changes in

the resulting flow, indicating that we may expect topography to play an

important role in the modification of the low-level flow over islands.

LtNe resuiiing LLlOwW, LNULCcllLil LHELL WS HICLY CALSUL  LUJALL Gt ity G oty oy

important role in the modification of the low-level flow over islands.

Upward vertical motions in the seabrearze circulation atiain a

. . . -1 . . - .
maximum 1n excess of L om sec 7 over the island at the top of th: lowest
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layer by 1000 LST. Maximum sinking rotion in the land breeze at the top
of the lowest layer is just less than 1 om sec“l by 1900 LST. As in the
syimtetric case, the maxima in the hocizontal flow in both the land and
seabreeze circulations are closely asscciated with the edges of the
region of vertical motion over the island and both propagate seaward
in time. Fig. 11 shows the propagation of the mwaxima in the w-component
of both the sea and land breeze away from the island in time. Note that
the sea breeze is re-established at the start of a new cycle earlier on
the west than on the east as indicated by the point denoted with an S at
24 hr on the west side. As in the symmetric circulation the maxima
develop over land and imove seaward. In conjuction with Fig. 9 we observe
that at the time of maximum intensity the maxima in the western cells are
inland of the west coast and some acceleration is evident in the propaga-
tion of the maxima across the ccast. On the east, however, the maxina
are off shore at the time of maximum intensity. The change in location
of the land breeze maximum from the second layer to the lowest layer is
reflected in the discontinuity in the L-curve on the east side of the
island after 0100 LST. Accelerated movement of the maxima away from the
island after the times of maximum and minimum surface tempevature 1s
evident in Fig. 11. Thus, in both the symmetric and asymretric double
sea (land) breeze circulations, we observe that the mawima in the low
level flow drift awav from the island in time, accompanied by an expan-
sion of the region of vertical motion over the island at the top of the

loviest layer. Observaticnal evidence in support or contradiction of this
sicn of the region of vertical motion over the island at the top of the

loviest layer. Observaticnal evidence in support or contvadiction of this
result is lacking and it is contrary to results obtained in single coast

sea breeze nodels (see for example, Fisher, 1961 Estoque, 1961, 1962),
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or in double seabreeze circulations over larger land widths (see, for
example, Smith, 1957). The result also differs from those of Malkus
and Stern (1953) and Estoque and Bhumralkar (1969). However, except
tor Estoque (1961, 1962) in the above models, the surface heating of
the source is either independent of space or of Loth space and tine,
and topography is excluded.

The following explanation is advanced for the result observed in
the present model. The spatial dependence of the surface heating places
the source of maximum heating at the center of the island with a
sinusoidal decrease towards each coast. A small region of effectively
reduced mass due to heating is established over and near the center of
the island early in the heating cycle. By continuity, an influx of low
level air from the far field is accelerated towards this region, but is
decelerated by the increased surface friction cver the island and by
convergence towards the center. Therefore, we expect maxira in the in-
flow to be established between the heat source and the coasts. As the
width of the heat source increases with time to that of the island, the
maxima must recede seaward away from their original positions. As sur-
face heating decreases and ccoling becomes effective, low-level outflow
is esgtablished with raxira developing between the center of the island
vhere maximum ccoling cccurs and the region where the developing cut-~
flow of the land breeze converges with the opposing inflew of the de-
caying seabreeze. Again the maxima develop initially over the island

and move outward as the cooling region expands in time. The region of

- . . —n ¢ a k] ' R T L = O P e [ T e [ S

and move outward as the cooling region expands in time. The region of
vertical motion over the island at the top of the lcwest layer develops

between the maxima in the low-level flow due to the method of computing

P —————— . ——
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w at the interfaces, i.e., at the top of the lowast layer,

aul

WpoF Wp oy 5

1
For the seabreeze (inflow) Vp > 0, aul/ax < 0 between the maxima, there-
fore wy > 0. The opposite is true for the land breeze (outflow). Thus,
expansion of the region of vertical motions over the island at the ‘teop
of the lowest layer is due to the seaward propagation of the maxima in
the low-~level flow.

These results suggest that an observaticnal investigation of the
seabreeze over Barbados might be appropriate; we can speculate immedi-
ately that the results should be different in some respects because the
spatial distribution of surface heating in reality is most likely asym-
melric with a maximum near the west coast.

Cases A and B demonstrate the relative importance of asymmetries
in the geometry of topography on the low-level flow over a small heated
island. The importance of the topography itself, withoul regard to its

shape is examined in the following Cases C and D,

3.3 Case C: Flat island, Uy % - T

Vertical profiles and hocographs of the undisturbed state at the
coasts and over the point corresponding to the crest of the real island
are shcwn in Fig. 12, Note that the shear due to surface firiction ap-
pears below the 500-mb level and that the flow Lecomes approximately
geostrphic abtove. This is due to the fact that the lowest model layer

extends initially to 500 m and that the velccity ficld adjusts to the
geostrphic above. This is due to the fact that the lowest model layer

extends initially to 500 m and that the velccity field adjusts to the
rass field during the generation of the adjusted undisturbed conditions.

Note further that a single profile is presented indicating that
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negligible differences exist between the three profiles. The northerly
components shown in the hodographs have been discussed in Section 2.1(a)
on initial conditions. The following are also observed in the adjusted
flow field.

In the lowest layer the upsiream zonal component decreases towards,
then increases dovmward of, the east coast. The opposite cccurs in the
second layer, however the changes in wind speed across the mcedel region
are approximately 1 per cent of the wind at the east coast and may be
considered negligible. The meridional component in the lowest layer in-
creases approaching the east coast from upwind of the island, decreases
dovmwind of the east coast over the island, and increases again downwind
of the west coast. The decrease in speed across the island is approxi-
mately 16 per cent of the wind speed at the east coast. Doviward vertical
motions of the order of 1 mm :seo"1 are observed at the top of the lowest
layer over the island. Ralance of forces computed at selected points in
the model region shows an approximate Elaran balance in the undisturbed
flow over the flat island and mass flux divergences between the reference
points indicate ‘that the steady state continuity equation is approxirate-
ly satisfied.

Figs. 13 and 14 show the vertical profiles of tha u-compenent, and
hodographs at times of maximum and minimum surface temperature for the
reference points. Al the time of maximum surface temperature an increase
in the u-component in the low~level flow, and a decreass in the mid

levels over the east coast with the oprosite result over the west coast
in the u-component in the low-level flow, and a decrease in the mid

levels over the east coast with the opposite resull over the west coast
suggest the establishuent of a double seabreeze circulation with masinum

inflow (sea to land) near 300 m and maximun outflew (land to sea) near

————
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800 m. The hodographs for this time show low-level veering and slight
backing aloft over the east coast which is consistent with the super-
position of the seabreeze circulation in the undisturbed flow. The
interpretation of the result on the west ccast is somewhat more compli~
cated. Here the backing in the lowest layer and veering in the second
layer are consistent with a shallow seabreeze cell, however backing
above the 1 km level is evident in the v-component. The reason for
this result is not clear. By comparison we find a stronger perturbation
circulation resulting from an imposed mean flow over a flat island than
for initially static conditions over topography. The reason for this
result will be discussed later when a similar observation will ke made
for the results of Case D.

The time variation of the perturbation circulation exhibits the
following features. By 0800 LST a slightly larger seabreeze cell develops
on the eastern than on the western side of the island. The region of
upward vertical motion associated with the seabreeze is centered over the:
center of the island or directly over the heat source. By 1000 LST the
western cell bLecomes larger than the eastern cell, but the intensity of
the low-level flow is approximately the same in each. The region of
vpward motion is now centered slightly to the east of its original posi-
tion. Thereafter, the intensity of the flow increases, attaining a
maximum at the time of maximumn surface temperature, then decreases with
the decline in temperature when the western cell becomes nore intense than

the eastern cell. Roth eastern and western circulations move awvay from

the decline in temperature when the western cell becomes more intense than
the eastern cell. PRoth eastern and western circulations mrove awvay from
the island after the time of maxinum surface temperature, and by 1300 LST

the eastern cell has disappeared but the western cell is still evident
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far downstream of the island. The flow then undergces a transition from
the daytime seabreeze to the nighttime land breeze which first becomes
evident as a small low-level circulation near the west coast by nudnight,
During the last six hours of the heating cycle, the land breeze develops
with a deep circulation on the west and a shallow cirvculation on the east
of the island. Unlike the circulation generated in static initial condi-
tions over asymmetric topography, the asymirelries in this case are due to
the existence of a large-scale flow. Fig. 15 shows the perturbation
streamfunction for the times of maximum and minimum surface temperature.
Upward vertical motions of approximately 2 cm sec:"l at the 500 m level
occur over the island with sinking motions off shore in the seabreeze.
The oppositevoccurs in the land breeze.in which ‘the downward motions over
the island at 500 m average 6 mm sect.

By comparing the forced solutions with the adjusted initial state

we observe that, in the lowest layer, the western maxima in the parturba-

tion u-component of both the land and seabreeze remain virtuaily station-

ary within 1-4 km of the west coast. On the easl the seabreeze maximum
propagates from approximately 3 km inshore to atout 4 km offslore, while
the land breeze maximum remains fixed about 1 km offshore. The region
of vertical motions at the top of the lowest layer over the island.is
again closely associated with the perturbation maxima. Although com-
parison with Case A is not entirely feasible, we may ascrike the differ-
ences between the results, i.e., the changes in the propagation of the

perturbation maxima, 1o the effect of nonlinear advection of the mean

ences hetween the results, i.e., the changes in the propagation of the
perturbation maxima, 1o the effect of nonlinear advection of the mean

flow,
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3.} Case D: Real island, U, = - b m sec T

The combined effects of the island and the surface heating on the
flow are demonstrated in this case. Fig., 2 shows the vertical profiles
of the zonal components and the hcdographs for the adjusted undisturbed
state over the reference toints. The profiles and balance of forces com-
putations indicate an approximate geostrophic flow in the upper two layers,
however, no simple balance can be determined in the lower layers as in
Case C. The balance of forces indicates that over the island both advec-
tion and horizontal friction play important roles in the lowest order
balance. The role of advection both here and in Case C, is an indication
of the importance of the nonlinearity of the model. Thus, some of the
main results cannot be obtained by linear analytical methods. The import-
ance of horizontal friction may ke, however, peculiar to- the model and
unrepresentative of the atmosphere. Tt is associated with the determina-~
tion of the horizontal diffusion coefficient which was chosen to control
the development of 2Ax oscillations. The suppfession of 2% temperature
oscillations was mentioned in Section 2.2(b) on boundary conditions.
During preliminary tests, 2Ax oscillations were generated by the centered
differenice form of the advection term in the temperature equation (see
Fisher, 1961). The horizontal diffusion ccefficient required to sufifi-
cilently smooth these spurious oscillations and prevent their growth was
determined by assuming the balance

u OX = K@xx

For grid scale motion
uoe, = K@xx

For grid scale motion

K = uAx .

T e

P ——

e ————
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gince the diffusion ccefficients are assumed to be the same {or all
quantities, the diffusion coefficient for momentum is conveniently
defined as the product of the magnitude of the imposed geostrophic flow
at the upper boundary (ug) and the minimum grid distance in the model

2
(1 km). When ug = 0, the diffusion ccefficient is taken to be 107 n?

K (ug =0) = K(u_=1msec ).
The maximum imposed geostrophic flow in this study is 8 m secml, thus

K = 8x103 m? sec—l
max

which is of the order of the comronly used value (104 m? sec—l) for the

herizontal diffusion coefficient. Consequently, we maintain that the

argurent for the inapplicability of the Fkman balance assumption over

topography remains valid. The profiles (Fig. 2) clearly show the super-—

geostrophic zonal component developed over the crest of the island due
to the decrease in layer thickness which demonstrates the adjustment of
the velocity field to the mass field. The spatial distribution of the
velocity components display similar characteristics to those observed
in Case B, however, due to the maximum over the crest of the zonal com-
ponent in the lowest layer, there is a decreass in this ccmnonent: down-

vind of the crest. Further, the v-component in the lowest layer becomes

less than that in the layer above over a distance of approximately 204 km

westward from just east of the crest. The region shifts eastward with

heating and is situated over the island at the time of maxinum surface

TR LAVLAL WL LA L UL e e LS A TR o) AL L Nenas L Ll L Sl L N Vel L

heating and is situated over the island at the time of maximum surface
temperature, extending a few kilometers upwind of the east ceast. Tt

returns westward as the land ccols., This shift is due in part to the
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changes in the v-component resulting from the Coriolis effect on the
u~component of the perturbation flow. By comparison, the undisturbed
condition for the flow over the flat island does not show a decrease
in the v-component in the lowest layer relative to the layer above it
anyvhere in the model region. However, with heating this differential
develops over a region from approximately 30 km east of the east coast
to about the midwestern section of the island, due again in part to the
Coriolis effect on the perturbation zonal flow, which causes a decrease
in the northerly component in the lowest layer and an increase in the
layer above on the east of the island. The opposite occurs on the west
of the island. Sinking motions of up to 7 cm sec™! are observed at the
top of the lowest layer mainly over the eastern slope of the island
above the region of increasing easterlies. Maximum sinking motions
between 2 and 7 cm sec-l occur at all levels above the crest of the
island. Weak sinking mrotions dominate the upper levels east of the
island with wavelike wotions over the island. ‘The region of sivking
motion associated with the wave structure is found over and o the east
of the crest. We observe that the maximum sinking mrotions in this case
are an order of magnitude larger than those over the flat island in the
undisturbed state.

The developrent of the perturbation circulation in tine shows
that on the eastern side of the island the circulation is simdlar to
that for the flat island. The seabreeze circulation on the east de-

velops to a maximum by 1300 LST then decays, and by 1700 LST the
Tthat tor the tflat island. 'I'he seabreeze clrculation on the east de-~

velops to a maximum by 1300 LST then decays, and by 1700 LST the

circulation disappears.
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The similarity in the time~dependent behavior of the eastern sea-
breeze cell to that of the flat i1sland may be attributed to the fact that
the major distuecbing influences on the flow are applied downwind of the
east coast.

As in the flat island case, the propagation of this cell is most
pronounced after the time of maximun surface temperature. A noticeable
difference from the flat island case occurs in the western circulation
which is now centered over the crest of the island with upward motions
at 500 m of order 7 cm sec—l concentrated over the eastern slope and down-
ward motions of order 3 cm sec—l over the western slope. As early as 0800
LST, the western cell of the seabreeze is more intense than the eastern.
The increase in intensity of the circulation persists until approx:im-
ately 1400 LST. The western cell of the seabreeze remains over the
island during the day then its center propagates rapidly upward tetween
1700 and 1800 LST. Fowever, a secondary cell forms off shore between
1600 and 1700 LST above the 1-km level and drifts downwind and vpward,
disappearing by 2200 LST. The transition flow Letween the sea and land
breeze is more complex and more intense than in the flat island case.

The nighttime land breeze circulation is evident by 2300 LST, an houw
earlier than in the flat island case. This circulation develops alimost
abtove the crest of the island. The land breeze persists witil heating
is resumed with maximum intensity at 0500 LST. Upward vertical irotions
of order 2 cm sec_l occur over the western slope and sinking motions of

-~ "‘l . * E 1 -
order 1-7 ain sec ~ over the eastern slope of the island. TIig. 16 shows
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order 1~2 am sec — over the eastern slope of the island. [Iig. 16 shows
the perturbation streamfunctions for the sea and land breeze at the
time of maximum and minimum surface temperature during the first

heating cycle. The vertical profiles of zonal components aud hedographs
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at the tirmes of maximun heating and cooling are shown in Figs. 17
and 18, respectively. The effect of the double sea (land) breeze
is evident from the time variations in the profiles. On the resunption
of the heating cycle the sea (land) breeze cycle repeats. itself.
Fig. 19 shows the perturbation streamfunctions at the time of maxilmum
and minimun surface temperature during the cccond heating cycle. By
comparison with Fig. 16 we observe that, although the actual values of
the isolines differ, the spatial distribution of the circwlations is
alrost identical, and the flow intensities depicted by the gradients of
the streamfunctions are essentially equal. The cyclic repetition of
the flow in response to the repetition of the heating éycle 1s demons=-
trated in Fig. 20 which shows the u~ and v-components in the lowest
layer over the reference points for two heating cycles (U8 hrs). Table
4 lists the u-components of the seabreeze circulation at 1300 LST for
Cases B, C, and D. The perturbation circulation for the flow over
topography (Case D) is, in general, stronger than that over a flat
island (Case C) with all other conditions equal, or the thermal circu-
lation generated over topography in an initially static condition (Case
B). Further, the strength of the former is usually greater than the
combined strengths of the latter two, which is an indication of the
nonlinearity of the problem. The increase in intensity of the per-
turbation flow in Cases C and D relative to Cases A and B is due to the
existence of a mean flow in C and D which causes incroased fluxes of

sensible heat and moisture from the surface mainly through the increased

existence of a mean [low in C and D which causes increased fluxes of
sensible heat and moisture from the surface mainly through the increased

influence of the bulk aercdynamic terms.
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Fig. 20. u (upper) and v (lower) compcnents in the lowest layer
over the east coast (dashed), west ccast (dotted) and hill crest
(solid) as functions of tlme for Case D. The v scale is magnified
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Fig. 20. u (upper) and v (lower) compenents in the lowest layer

over the east coast (dashed), west ccast (dotted) and hill crest

(solid) as functions of time for Case D. The v scale is macnified
10 times relative to the u scale.
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Table 4. Zonal perturbation velccity components over the coasts for
Cases B, C, and D at 1300 LST. legative values
indicate easterly winds. Units are m sec™l.

Case B Case C Case D
Layer W 20 e EC e £C
1 0.06 -0.22 0.4 ~0.49 0.93 -0.58
2 ~0.07 0.0u -0.43 0.43 ~0.68 0.84
3 ~0.01 0.05 ~0.11 0.08 ~0.28 0,06
I -0.0u 0.0u 0.00 0.01 -0.01 0.0u
“WC - West Coast +EC - Fast Coast

The western maxima in both land and seabreeze remain within 2 km
dovmwind of the crest of the island in time. The maxima on the east
drift from approximately 6 km inland to about 7 km offshore. By com-
parison with Case B, we may account for the change in propagation
characteristics of the maxima by nonlinear advective effects of the mean
flow. By comparison with Case C the repositioning of the western raxiima.
may be ascribed to the existence of topography.

3.5 Perturbation temperatucre and
roisture fields

e have discussed the perturbation flow [ields resulting from the
surface heating of roist air over selected topographic configurations
with and without an initial flow. We now lcok briefly at the pertur~

bation temperature and moisture distributicns. Cross sections of

with and without an initial flow. We now lecok briefly at the pertur-
bation temperature and moisture distributions. Cross sections of
perturbation temperature for Cases B and D at the time of maximum sur-

face temperature (1300 LST) are shown in Fig. 21. DNote the symretry in
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Case B due to lack of advection by the mean flow, and the downwind
plune in Case D due to advection. 'The cross section for Case B also
indicates that topographic effects are less detectable in the pertur-
bation temperatures than in the perturbation flow f{ields.

Cross sections of tre perturbation neisture fields for Case B
at the times of maximum and minimum surface temperatuwre are shown
in Fig. 22. In the absence of a mean flow the perturbation molsture
maxima are concentrated over water at approximately 750 m with a dry
regicn over the island below 500 m. A comparison of the perturbation
roisture fields for all cases with mean flow indicate that they are
essentially independent of the strength of the mean flow, and attain
a quasi-steady state after the first 24 hrs of heating. Cross sec-
tions of the perturbation moisture fields representative of this
steady state are shown in Fig. 23 for Case F at 1300 and O400 LST of
the third day of heating. There is a daytime concentration of moisture
at approximately 850 m over land and at 750 m over waler, with a maxi-~
mum over and to the west of the hill crest in the region of downward
perturbation motion. At night, the maximum shifts offshore.

The redistribution of moisture (Figs. 22, 23) is wost likely
due to turbulent fluxes rather than to vertical motions. The all
positive perturbations for cases with mean flow (Fig. 23) is dve to
an effective and constant noisture source at the surface, and less
effective moisture sinks anywhere in the medel region.

At night, the region of upward motion over the western slope

could interact with the available roisture to produce convective shower

At night, the region of upward motion over the western slope
could interact with the available mroisture to produce convective shower
activity. These conclusicns are highly speculative since no attempt is

nade to parareterize latent heat release and condensation processes.
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3.6 Effect of variation of physical
properties

A brief discussion follows on the effect: of constant heating,
nmoisture, and changes in geostrophic wind spced on the wedel results.

(a) Constant versus variable heating

The results of Cases A through D indicate that the time and spa-
tial dependence of the surface heating cause offshore propagation of
the perturbation circulations and the maxima in the low-level flow.

The results also show that nonlinear and topographic effects medify
both the geometry and behavior of the circulation featurss. We now
consider the effect of maintaining the surface heating constant in
space and time by examining the perturbation over both the flat and
real islands forced by the mean land-sea temperature excess of 2.85 K
(Cases J and K). Only a seabreeze circulation results in these cases.
The specified easterly geostrophic wind is Y m sec—l.

Over the flat island (Case J), constant heating produces maximun
intensity in the eastern seabreeze cell at aﬁproximately two hours after
the start of heating. A relatively steady state is reached after eight
hours. The intensity of the western cell of the seabreeze and of the
minor upper circulation cell on the east oscillate with a pericdicity of
approximately 10 hours. The oscillation is due to the inpulsive appli-
cation of heating to the model. Over the real island (Case K) the
intensity of the eastern sea breeze cell gradually decreases during the
first six hours then reaches a steady stafe. The western cell, which

as with variable heating is centered over the crest of the island, in-

first six hours then reaches a steady state. The western cell, which
as with vardable heating is centered over the crest of the island, in-
tensifies to a maximum by the tenth hour then weakens slightly to reach

a steady state after fourteen hours. 1In hoth cases the western maximum

R ——— — —




70

rerrains within 4 km off the west coast. The region of vertical rotion
at the top of the lowest layer is closely asscciated with the pertur-
bation raxima in the flat island case but not in the real island case.
Maximum vertical motion at this level is of order 1 cm sec—l at approxi-
mately 2 kmn inland from the east coast.

(b) Lffect of moisture

The effect of noisture is demronstrated by comparing Cases H and
I with Case D. Comparison of Cases H and D shows the total effect of
moisture, and comparison of Case I with Case D shovis the effect of
surface moisture gradient on the perturtation flow. In Case I the sea
surface evaporative flux is reduced to that of the land. Comparative
results for the east and west coasts at the time of maximum heating are
listed in Table 5. Apart from the results in layer 3, we observe that
roisture causes the perturbation flow to be at least 70 per cent stronger
over the west coast and up to 30 per cent stronger over the east coast
(Case D vs. Case H), while the absence of the land-sea surface moisture
gradient allows for an increase of order 10 per cent over that with

increased sea surface evaporative flux (Case I vs. Case D).

Table 5. Zonal perturbation velocity components over the coasts for
Cases D, H, and I at the time of maximum temperature

Case D Case H Case I
Layer WC EC WC EC WC EC
1 0.93 ~0.58 0.55 ~0.55 1.02 -0.70
2 -0.68 0.84 ~-0.37 0.64 -0.78 0.92
1 0.93 ~0.58 0.55  ~0.bY L2 -0.70
2 -0.68 0.84 ~-0.37 0.64 -0.78 0.92
3 -0.28 6.06 -0.15 0.08 -0.29 0.05

I ~-0.01 0.04 0.00 0.01 0.00 0.0
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(¢) Lffect of wind speed

The effect of varying the strength of the specified geostrophic
wind, and therefore of the mean undisturbed flow, 1s shown by comparison
of Case D with Cases E, I'; and G in which the easterly geostrophic wind
is 2, 6, and 8 m sec‘l, respectively. These tests tacitly involve the
effect of shear in the lowest layer. A test of the effect of shear
throughout the medel depth was not possible with the cases chosen Le-
cause of the uniform geostrophic profile specified for reacons cited in
Section 2.1(a) on initial conditions.

Except for intensity, Case E exhibits similar characteristics to
Case D with a somewhat shallower western seabreeze circulation and de-
layed development of the land breeze, the closed circulation of which
first becomes evident at 0200 LST, three hours later than in Case D.

In addition to greater intensity of the verturbation flow relative
to Case D, Case F also shows that the entire circulation system on the
east drifts slowly westward due to stronger advection. By 0200 LST an
extension of the land breeze circulation appeérs over the crest of the
island at approximately 1 km. In time this cell expands, intensifies
and sinks to the 500 m level becoming the eastern seabreeze cell during
the next heating cycle. As in Case D, the western seabrecze cell is
centered over the crest of the island with a region of sinking motion
over the western slope.

The strength of the nmean flow in Case G is reflected in the posi-
tion of the western seabreeze cell over the west coast with rising

motions over the entire island below 1 km. The land breeze circulation

tion of the western seabreeze cell over the west coast with rising
motions over the entire island below 1 km. The land breeze circulation

15 evident by 1700 LST, much earlier than in Case D and is centered
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atove the crest of the island at 1 km as opposed to 500 m in Case D.
Figs 24 through 26 show the perturbation streamfunctions for Cases

E - F at the times of maximum heating and ccoling.
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CHAFTER TV
CCHMPARTISCN WITH OBSERVATTIONS

~ A major result of the observational study of the houndary layer
over Rarbados which provided the impetus for this investigation, was
the anomaly of sinking motion mainly over the western part of the island
during the day, and increased convective shower activity over the west
coast at night.

Although methods of data analyses differ, the model results show
encouragingly that in the presence of a mean flow a region of downward
rotion develops over the western slope of the real island during the
day, while no such region appears over a flat island. An imrediate im-
plication of this result is the importance of topography in the modifi-
cation of the low-level flow over isolated heat sources.

General comparisons of the mcdel results with observations is
complicated by the differences in data analysis techniques. In the
observational studies, the island effect is determined by comparing
the downwind proparties of the flow with the conditions at the east
coastl, where it is assured that the latter are vepresentative of the
undisturbed conditiors unwind of the island. 1In the numerical model,
island effects are deduced by comparing the perturbation circulations

over a flat and a simulated real island representative of the Barbados

I R et et ) Ty B e e S R S T e I e K

over a flat and a simulated real island representative of the Barbados
tepography. The perturbation circulations are derived as time responses

to forcing on an initial undisturbed balanced state.
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Some discrepancies between model results and observations are
evident. Tor example, although the downward motions over the western
part of the island seem realistic, the cross section of the perturba-
tion circulation differs from that suggested by observations in which
rising motions are indicated off both coasts. The occurrence of rising
motions over the western part of the island at night in the model dis-
agrees with observations which indicate rising motions over the east
coast.

During the day the perturbation temperature field in the ircdel
shows the development of a plume downwind of the heat source, similar
to the observed conditions. However, the maximum perturbation tempera-
ture in the nodel is confined, by design, to the center of the island
while the maximum observed temperature departure occurs al approximately
500 m centered a few kilometers off the west ccast. The observed pecr~
turbation moisture field shows a maximum deficit or drying of approxi-
mately 0.6 gm kg—l at 500 m centered a few km.off the west coast, with
little change between day and night. The medel develops a moist layer
near the 800 m level with maximum ccneentration over the weslern slope
by day and over water by night in the presence of a mean flow. TIn still
air, the maximum concentration occurs over water with a dry zone over
land kelow 500 m. Fowever, for cases with mean flow, if the model solu-~
tions over and dowrwind of the island are compared with those over the
east coaslt as in the observational studies, we find in the lowest medel

layer a daytime temperature plume with a maximum of order 2 K over the

R L B S N R B e N T T e T e = eI e S I T e e e S e L e

layer a daytime temperature plume with a maximum of order 2 K over the
western slope and a nighttime deficit of order 0.1 K off the west coast.

The perturbation noisture fields derived by tThis method show a deficit
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of order 1 gn kg—l by day and 1.5 gm kg_l by night over the west coast.
These results are in closer agreement with observations and suggest that
the choice of data analysis techniques and reference standards are
important to the results.
Comparisons of horizontal divergence fields between rodel results
and observations are not made for two reasons:

(1) in an x-z layered model, horizontal divergences of mass
transport are more representative than velocity divergences,
however observed mass transports are not available;

(2) topographic influences are neglected in the observed
divergence fields. Schaefer (1972) alludes to the
importance of topography by showing that significant
diffevences arise in divergence computations in different

vertical ccordinate systems.

(& |




CHAFTER V
SUMMARY AND COMCLUSTONS

A two-dimensional four-layer mcdel is applied to an investigation
of the boundary layer flow over Rarbados, West Indies. The main feature
of the study is the inclusion of topography together with variable sur-
face heating in a non-linear numerical model which also includes variable
surface drag ccefficients and variable initial conditions of the flow
fields. Initial conditions for cases with a basic current are genevated
with a dry version of the model as 7 1/2 day integrations to steady state
from guess fields. Integrations with heating are carried out for as many
as 3 days beyond the initial conditions without noticeable instability.

A search of the open literature reveals that this combination of fea-
tures has not been previously attempted in medels of this type.

Moisture is included insofar as it affects mcmentum, and its
effect is parameterized through the virtual temperature correction in
the buoyancy term of the u-womentum equation. Latent heat release and
condensation are excluded so that convective processes are not tireated
directly and are inferred only from the distribution of the perturba-
tion vertical motion and moisture fields.

Model integrations are initiated from an initial balanced field

or from a state of rest. Surface heating and moisture fluxes cre re-

FModel integrations are initiated from an initial balanced riela
or from a state of rest. Surface heating and moisture fluxes are re-

distiributed upwards by parameterized turbulent diffusion processes.
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The major results of the model are surmarized as follows:

1. Ekman balance as an initial condition should be avoided
in boundary layer models which include topography and drastic
changes in surface friction characteristics.

2. Nonlinear advection is important over topography, there-
fore linear analysis is inappropriate for medels with topcgraphy.

3. Topography plays a dominant role in the medification of
low-level flow over isolated heat sources, and

4. Small variations in topographic geometry can lead to
significant changes in flow geometry.

With specific reference to Rarbados, model case studies indicate the
following:

1. The low-level land-sea breeze maxima propagate offshore
in the absence of a mean flow.

2. Advection intensifies the perturbation circulations and
inhibits the propagation of the low-level maxima.

3. The perturbation circulations are intensified in the
presence of roisture, and in the absence of a land-sea surface
moisture gradient.

4. Torography induces downward motions by day and upward
rrotions at night over the western slope with maximun intensity
of order 5 cm secml rear the time of maximum heating.

5. Precipitation inferved from perturbation flow and roisture

fields is most likely at night over the western part of the island.

O. FreClpPlTAULlOll JILELLSU LLUHL UGL LULIAL LI 5 isre vas i e me = e —
Fields is most likely at night over the western part of the island.
The propagation characteristics are unusual features of the Barbados

land and seabreeze circulations which differ from previous model and
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observational results of seabreeze circulations, and for which no cor-
robtorating or contradictory observational evidence is available. This
sugpests that an observational study of the Rarbados seabreeze night be
appropriate. For this purpose the scale of the circulations depicted
in the perturbation streamfunctions implies that the network of 16 m
towers used in the observational studies is inadequate, and that at
least two intermediate observing sites are necessary. Observations
would also be required from at least two ocean sites within 50 lan of
each coast in order to monitor the propagation of wind maxima. Simul~
tanéous multi-level airborne observations along selected cross sections
would be required to obtain the three-dimensional structure of the
circulations.

Although the medel dees not reprcduce all the ohserved character-
istics of the boundary layer over Barbados, the results indicate that
dovmward vertical motions over the western part of the island during the
day are directly asscciated with the topography. Topography is neglected
in the observational studies (Ulanski, 1971; and DeSouza, 1972) and in
the momentum flux medel (Garstang, 1967), in which the sinking motions
are attributed to the dowmward flux of mcrentum associatzad with colder
air bubbles subsiding thfough the boundary layer to replace rising warm
air. Tt is argued in the above studies that vertical shear of the un-
disturbed horizontal wind throughout the boundary layer plays an 3inpor-
tant role in the vertical transfer of worentum. We nolte that the shear

of the horizontal. wind in the undisturbed state for the medel occurs

LAl 10O.Le LIl uile vVeir'LLlCal, Locdisier Ol jrofieliLuit,. W [l LeE Ll LI Ol
of the horizontal wind in the undisturbed state for the madel occurs
mainly in the lowest layer, and that over the island the sense of the

shear imrediately above the (irst layer is opposite to that novmally
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expected in the atmosphere. Nevertheless, the perturbation developed
in response to surface heating shows daytime sinking motion over the
western part of The island. lModel tests show that this does not occur
over a flat island. TIn this respect, the model suggests that topography

presents a different mechanism for the daylime sinking rotions.
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A. LIST OF SYMBOLS

linear slope in coordinate stretching function.
24 hr mean land-sea temperature difference
(constant term in Fourier expansion of surface
forcing). .

Fourier cosine coefficients of surface heating.
constant in coordinate stretching function.
subscript denoting bottom of a medel layer.
Fourier sine coefficients of surface heating.
multiplicative constant in ccordinate siretching
function.

surface drag ccefficient.

specific heat capacity at constant pressuce.
height of topography above reference level.
symbol for evaporative flux in moisture equation;
symbol for 0 or q in nurerical scheme.

Coriolis paramweter.

acceleration of gravity.

layer depth.

total depth from reference level to top of inert
layer depth.

total depth from reference level to top of inert

layer; subscript for horizontal.
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sensible heating rate.
von Karman's constant; subscript for general
model layer.
horizontal diffusion ccefficients for momentum
heat and woisture, respectively.
vertical diffusion ccoefficients for momentum
heat and woisture, respectively.
local standard time.
pressure,
pressure at bottom and top of inert layer.
humidity mixing ratio. |
humidity mixing ratio at an interface between
two layers.
surface humidity mixing ratio over land.
saturation humidity mixing ratio over water.
vertical sensible heat flux.
gas constant; horizontal space scale for surface
heating.
coordinate stretching function.
first and second derivatives of ccordinate
stretching function.
temperature; subscript denoting top of a model
layer.

mean layer temperature.

layer.
rean layer temperature.
temperature deviation from initial value.

subscript denoting top of active mcdel region.
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u east-viest velocity component .,

s friction velocity.

ug east-west geostrophic wind component.

Up east-west velocilty component at top of Prandtl
layer.

v north-south velocity component.,

Vg north-south geostrophic velccity component.

v vector wind.

W vertical velccity component.

Wb topographically induced vertical velccity at
top of Prandtl layer.

X distance of central grid point from west Loundary.

A.2 CGreek symbols

8 coefficient of thermal expansion.

g! rodified coefficient of thermal expansion.

€ differences between layer densities.

0 mean layer potential temperature.

e potential temperature at an interface between layers.
o' potential temperature deviation from initial value,
0% mean layer virtual potential temperature.

K R/Cp

v time level index.

£ vertical deviation of interface from undisturbed

_—
™Aey iy An

£ vertical deviation of interface from undisturbted
position.
p rean layer density.

mean density of inert layer.
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I initial mean layer density.

g scaling factor for ccordinate stretching function.

T interfacial stress.

¢ height of uppermost interface above reference level,

P x-z streamfunction.




B. DERTVATION OF MODEL EQUATIONS

B.1 Introduction

The equations are derived in general for an n-level mcdel, and
are developed following the methods of Abdullah and O'Brien (1.966),
O'Brien and Reid (1967), Lavoie (1968, 1972), and O'Brien and Hurlburt
(1972). Abdullah and O'Brien (1966) studied internal gravity waves of
finite amplitude in a stratified incompressible atmosphere with a
layered model. O'Brien and Reid (1967) used a two-layer model to study
the response of the ocean to a stationary axially symmetric hurricane.
Lavoie (1968, 1972) investigated lake éffect storms with a layered
model, His model region consisted of three layers, however all intsgra-
tions were made for the middle (or so-called well mixed) layer. O'Brien
and Hurlburt (1972) applied a two-layer model to the study of coastal
upwelling. lMore recently Thompson and O'Brien (1973), and McNider and
O'Brien (1.973) have used two- and four-layer models, respectively, in
further studies of coastal upwelling. The equations are derived with
the inclusion of the stretch coordinates.

Assuming north-south homogeneity, independence in x of the hori-
zontal diffusicn coefficients, and neglecting vertical advection of
rorentum as discussed in Chapter 1, the equations of motion for the

model kecome

9 ~
model Lecome
Bu, o L1op o, su, Lot (21)
ot X p 3 1?%Iax2 p dz ’
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2 y
v, ov 1 9p P a"v 1 9t ~
5t " Yo% "B'”a?"fu”ﬁmgxz'a”a? (B-2)
ou oW _
= + T C 0 (B-3)
20, 20, 00 0y, 2% (B9
t z  pc. T's 172 -
d ox 92 0 cp T QH 3X2
3 3q 9q 82q
—a—t' 1 u ‘;(E + w a_Z— = E + KWH ;}:é- (B"‘S)
P o -
Y gn (B-6)
o = pg (1 - 8T (B-7)

B.2 The layer averaged equations

Igs. (B-1) through {B-5) are integrated over layer depth h of
each layer with the assumption of vertical homogeneity of velccity,
temperature, moisture, and density within each layer. In the following
developrent the subscript k is used to identify the kth layer, supen-
scripts x and y to denote direction of stresses, and the letters B, T,
to denote the neight of the lower and upper interfaces cf the kth layer
measured from the reference level. Subscripts indicating grid position
in the horizontal. are omitted for simplicity. The subscripts t are used
to denote local time differentiation while subscripts x and s are used

for space differentiation. Multiple differentiation is denoted by the

appropriate multiple subscripts.

appropriate multiple subscripts.
(a) u-romentum

The layer averaged version of (B~1) is




90

u, fug o= S ' p, dz + fv+ 1 T
t x ph R Fx Rm e ph | T 7 B

Using (B-6) and Fig. 1, the pressucre at a point P in layer k at a

height z above the reference level is given by

n X
(z) = P+ p.h. *+ gp [ h, +D - z]
P N R J

where PI is the pressure at the interface between the uppernost active
layer and the inert layer, and D is the height of the topographny akove

the reference level. The equation for p(z) is conveniently rewritten

as

n

n
p(z) = P + gn 2 h.+D-z}—g Z {(p -p.) h}
I "helym ) jeie b 3T
We now let
n
¢ = ) h.+D
j=1

By our definition of the inert layer, if we consider the height H to

Le the level at which aPH/ax = 0, we may define the pressure P

P as
Py = Py tgep (H-¢)
where PI is the inert layer mean density, then
6 o) T (- 0s)
(z) = P.vg pH (p _p)d¢~-p2z-~ p, = p:) I ]
H kI +k<"‘ < ]“k"‘l J ]

- o I RN,
px(z) = gl (pk - pI) Q>X -+ p_kX (b—p}O{ 2 - ‘E {({)]_“D.

Y

Averaging in z within the kth layer, all terms r=tain their form except

that




T n
1 J kx (L2 2
= o ., Z2dz = ———-[z - % )
hk B kx ?.hk T B
0 .
_ o Tkx .
T h, [(ZT = ap) (g ZB)]
I k‘l
But z; - z5 = h, since z;, = jzl hj +D and zp = :Z] hj + D
- 3=
Therefore

K /B 4=1
and
1 T r o 1
— (z) dz = ¢ - + - [ - h. - = ]
hk !B Py , © ﬁpk pI) ¢)x pkxl¢ Pl b j:£+l 3 2 hk
n
0 _
- -~ 0. h. + (5 - 5.] h. T
j=ﬁ+l {(pk pj) Ju Pk ijx j%]
n . ..
- k + 1 - J -
-8 [}k L Mk Prx j=£+l.{€k hjx hj pjx.}J
where ek = p, - p.. and ej = o - P
- k k I k k 3’

It will ke shown later that the horizontal gradient of density
may be approximated by horizontal potential temperatwre gradient in
the form
by = =Py B'O)
where g' is a function of the coefficient of thermal expansion and
height (pressure).

Tt was shown in Section 2.4 on stretch ccordinates that the

height (pressure).
Tt was shown in Section 2.4 on stretch ccordinates that the

first and second derivatives in x are given by
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9 4 D 22 o L2 9
5; = 8 35 and 5 = ) vy + (s!) —
ax 3s
where s’ = gi, s' = E—%—and s(x) 1s the stretch function. Incorpo-

ax”
rating the above transformations, the virtual potential temperature

correction, and the flux form of the advective term, the layer

averaged u-rromentum equation for layer k is

= Lo gl [k, L e
Y 777 8 g oox [?k Ps T 7 Poe e B O
e )
- &) h, + .. h. B! 0% ‘}] + fy
§j=k+1 kK ds U033 Ty gt :
“n 142 1 X X (B
R 18" Wes (s") ukss] + o B {TT X } (B-8)

(b) v~romentum

The pressure gradient term of the v-morentum equation is sinply

assumed to balance the imposed geostrophic u-component of the wind, i.e.,

H
o

S S
5y £ ug

Other terins in this equation are treated analogously with similar terms

in the u-momentum equation, thus the equation becomes

(g - VkuksJ tr (”g - )

Vig = 78!

Py

? 1 ) 37 X7 .
+ s (s! e oo Ty =t
ﬁﬂ{ [ Vs T 18 ) Vkss] ¥ Pox M 1?l Té] (B-9)

(¢) Mass continuity
Applying the assumption of north~south homogeneity, the continu-
v mmvindidan Foen chalTao Aantrantt Aan afton Thotben and FaehiT (10589) g
Applying the assumption of north-south homogeneity, the continu-
ity equation for shallow convection after Dutton and Fichtl (1969) is

§E+_3.‘17_: 0

o 9%
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Integrating with respect to z we have

u

h o

+ —- =
Wop WB 0

. . . th :
Treating the interfaces bounding the kX layer as material surfaces, we
let & represent a deviation from their undisturb:d positions, end define

the surfaces by

i
Fe = h, + D~ §
T 321 7 T
kil
F. = h. +D - £
B 331 ] B
where g%—= 0 satisfies the kinematic condition at the surfaces. Thus
dopy . 5 T, 4yl
at =T R

By definition g%—= W is the topographically induced vertical motion
at the top of the Prandtl layer, and é% (ET) = g is the vertical
rotion at the upper interface.

We write for the upper interface

k dh.

- . 1 3.
wp F W + =Z 5t (B-10)
=1

and similarly for the lower interface
k-1 dhj

Pl aE
J=1

Substituting in the integrated equation we have

u dh

oAy -
e @ =0 (1D

u dh

ko e -
hk‘a*}z“'"‘é‘:’t*‘— 0 (B-11)

which can be rewritten in strelch ccordinates as

5! = as
oy ts' (uh)g = 0 (B-12)




gl
From (B~10) and (B-11) we derive the diagnostic equation for the verti-

cal motion at the top of level k as

k
W = W, -~ Y h. u. (B-13)
T P 321 1 X
where w., = db u oD
p = 4t T Up ax
For computational purposes Up = Uy.

(B~12) is the continuity equation for the model.

(d) Heat
Combining Fqs. (B-3) and (B-4), we have

0 .
+ + ¢ =
O (uo)X i (wo)Z 5 Cp 0 HS + l\QH OXX

Hs’ the rate of sensible heating by turbulent mixing, is the divergence
of the vertical flux of sensible heat defined by

H = ._E(B_S_
8 9z

The layer averaged equation is

1T __M?k .
+ u o + = [{w0)y, ~ (WO) ] = - . om FQ ~Q ]
%t T UG x TR [T B| Py Cp T Pyl ST 6B
¥ KQH @kxx

Note that T and o have been replaced by mean layer values Tk and Pox
Note also that w is calculated at the interfaces while 0 is a layer

mean value, therefore the vertical advedtion may be written as

1 — —_—
h ["JT Op = Wy OB]
Kk =
1 —_— —_
Iy [WT Op = Wy OB]

where 5&, GB are interfacial temperatures obtained from the mean value
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in adjacent layers. The vertical flux of sensible heat QS which provides
the main driving in the mwedel is formulated in two ways. The shear form
utilizing the vertical diffusion coefficient prefile is applied at all
levels in the model. An additional bulk aerodynamic form (after Lavoie,
1968) is used at the surface only. Use of the shear form at the surface
allows the generation of a thermal circulation in an initially static
condition, which would not ke possible with the bulk term because of its
dependence on wind speed. The shear form of Qg 1s

_— 30
Qs N pCp 1<QV YA

The bulk form of QS as derived by Lavoie (1968) is as follows.
Expressing the zonal stress as

X . . U
T Pl az

where KNV is the vertical diffusion coefficient for merentun, and

approximating derivatives by finite differences, we write

1
S oL S
= P Kyy ou

Re-defining the stress in bulk aercdynamic form, we have

== o) CD |Y| Au

where Au is the x-divedted interfacial relative velocity, and

- 1
Q = p e, Ch V| ao
where
SR
D o,
)
vo. oo QY
Cp = DKy,
lv| = A2

and A0 1s the Temnperalture difference across an interface defined by



(Ao)r.L. =

and

Since QS is required at the upper and lower interfaces for each layer,
the interfacial values of IYI are obtained as averages of the wind
speeds in the adjacent layers, and the values of the diffusion coeffi-
cient are calculated by the method suggested by O'Brien (1970. Vertical
derivatives and differences are treated as finite differences between
the layer (upper - lower). However, mean layer densities are used since
the interfacial values differ slightly from the nean layer values, If
we now approximate Ok/Tk as 1 and introduce the above expressions for

the advective and sensible heating terms together with the stretch co-

ordinates, the heat equation becomes

~ g 1 = __". o 2
e = 7 S'(ukek)s h E; [%TOT - WBOBJ * KQH [%”Oks F(s") OkSSJ
i 1T _
- Hi'[KKQVOZ)B - (KQVOZJTJ -~ Bi-l?D |Y|l (A@)B] (B~14)

The last term on the right hand side is evaluated only at the surface.
The main forcing in the model is accomplished by surface heating acting

through the last two terms of Eq. (B-1u).

(e) Moisture

(e) Moisture
The moisture equation is derived in a mamer completely analogous

to the heat equaticn. The flux form of Eq. (B-5) is
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qJC + (uq]x + (wq]z = E I(P:H qxx

T

B is the divergence of the vertical flux of molsture defined as

1l 3 Eg_]

Eo= -5z Py o
Following the procedure adopted for the heat equation, the mositure

equation hecomes

- _ 1 - —
Uet - s' (o g ']H<_kﬁ‘qT B 14
1 [ ) ) K (1
“h;lp%quB"U%quTJ_jE“CDIVH qu}
* Koy [s” Q. ¥ (s1)? qkss] (B-15)
(f) State

The linearized equation of state is

= 0 - pT")

where Py is initial mean cdensity
B is the ccefficient of thermal expansion, [~ %-%%JP
and T' is the deviation from the initial temperature.

Using Poisson

= K
T = g(%) /(Pﬂ—)}

where pgo = 1000 mb and « = R/cp.
Expanding the quantity in brackes we have
() Pog 7 1

Poo Pog

T
1
[

In a shallow mcdel (2 km) the time variations in pressure in any layer

L

Poo Poo
In a shallow medel (2 km) the time variations in pressure in any layep
during a heating cycle is small relative to 1000 mb, therefore we

assune
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Pan - P(T) Pan = PC0O)
_@M_..—_ oL —-—_—-——-—OD << 1
Poo Poo
and we write
e K
l’p——“(t)] = (1-pD° ® 1L-kp' @ 1-«p'
Poo
where
L EQ_O___ P(O)
Poo
and
. Pog p(t)
p - —_————
Poo
T(t) = (T(0) + T'(&)
v e
= {00) + o' (1)} 4RLEL
« Ppo)
= {0(0) + o' ()} (1 - xp™)
= {0(0) + o' ()} (L - «p")
. .
T(0) = 0(0) {E-(—Ol} ~ 0(0) (1 - kp")
P
00
2T TH(CE) = e'(E) (1 - «xp")
and
b = pg [1 =81~ xp') o'l
writing g8' = B(1 ~ xp'), the equation of state becomes

L (L -g'0")y (B-16)

and the horizontal density gradient is expressed as

Py = = 0gB'0y -
and the horizontal density gradient is expressed as

o e tn!




RETERENCES

Abdullah, A. J., and J. J. O'Brien, 1966: Internal gravity waves of
finite amplitude in a stratified incompressible atmosphere.
A quasi characteristic method. NCAR Manuscript No. 218, S5t pp.

Bhumralkar, C., 1972: An observational and theoretical study of
atimospheric flow over a heated island. Final report prepared
for NSF-Grant GA-1456, 150 pp.

DeSouza, R. L., 1972: A study of atmospheric flow over a tropical
island. Ph.D. Dissertation, The Florida State University, 204 pp.

Dutton, J. A., and G. H. Fichtl, 1969: Approximate equations of motion
for gases and liquids. J. Atmos. Sci., 26, 241-254.

Estoque, M. A., 1961: A theoretical investigation of the sea breeze.
Quart. J. Roy. Meteor. Scc., 87, 136-1ilLb6.

, 1962: The sea breeze as a function of the prevailing
synoptic situation. J. Atmos. Sci., 19, 2u4-250.

, and C., M. Bhunralkar, 1969: Flow over a localized
heat source. Mon. Wea. Rev., 97, 850-859.

Fisher, E. L., 1961: A theoretical study of the sea breeze. J. Meteor.,
18, 216-233.

Garstang, M., 1964: Distribution and mechanism of energy exchange be-
tween the tropical cceans and atmosphere. Ph.D. Dissertation,
The Florida State University, 177 pp.

, 1967: The role of momentum exchange in flow over a
heated island. Proceedings of the 1967 Army Conference on
Tropilcal Meleorology, Univ. of Miami, Florida, 176-195.

Gramireltvedt, A., 1969: A survey of finite-difference schemes for
primitive equations for a havotropic fluid. Mon. Wea. Rev.,
97, 3&h-L04.

Holley, R. M., 1872: Surface temperatures of a tropical island and
surrounding ocean measurced with an alrborne inirared radio-
meter. M.S. Thesis, The Florida State University, 249 pp.

Holley, R. M., 1872: Surface tamperatures of a tropical island and
surcounding ocean measured with an alrborne infrared radio-
meter. M.S. Thesis, The Florida State University, 249 pp.

99




100

lavoie, R. L., 1963: A mesoscale nurerical rodel and lake-effect
storms. Ph.D. Dissertation, The Pennsylvania State University,
102 pp.

, 1972: A mesoscale nurericel redel of lake-effect storms.
J. Atros. Sci., 29, 1025-1340.

Malkus, J. S., and M. L. Stern, 1953: The flow of a stable atmospnere
over a heated island - Part I. J. Meteor., 10, 30-41.

McNider, R. T., and J. J. O'Brien, 1973: A multi-layer transient medel
of coastal upwelling. J. Phys. Cceznoge., 3, 258-273.

Neurann, J., and Y. Mahrer, 1971: A theoretical study of land and sea
breeze circulaticn. J. atmos. Sci., 28, 532-542.

O'Brien, J. J., 1970: A note on the vertical structure of the eddy
exchange ccefficient in the planetary boundary layer. J. Atmos,
Sci., 27, 1213-1215.

, and R, 0. Reid, 1967: The non-linear response of a
Tvo-Tayer, baroclinic ccean to a stationary, axdally symretric
hurricane. Part T. Upwelling induced by mowentum transfer.

J. ATmos. Sci., 42, 197-207.

, ard H. Hurlburt, 1972: A nurerical iredel of ccastal
upwelling. J. Phys. Ocean., 2, 11-26.

Olfe, D. B., and R. L. Lee, 1971: Linearized calculations of urban
heat island convection effects. J. J. Atmos. Sei., 28, 1374-1388.

Pielke, R. A., 1973: A three dimznsional nurmerical model of the sea
breezes over South I'lorida. Pn.D. Dissertation, The Pennsyl-~-
vania State University, 135 pp.

Rayrrond, D. ¢., 1972: Calculation of air flow over an arbitrary ridge
including diabatic heating and cooling. J. Atmos. Sci., 29,
836843, T -

Schaefer, J. T., 1973: On the computation of the surface divergence
field. J. Appl. Meteor., 12, 5u6-547.

Schulman, E. E., 1870: The antarctic circumpolar currvent.
Proceedings of the 1970 Summer chputeﬂ Simulation Conference,
Penver, Colorado, 955-961.

Smith, R C., lBSb Th”ory of alrflow over a heated 1and mass.  Quart.

¥ . [aYaWa WA VA Y &

Dnnvev, Colornao, 955 96]

Smith, R. C., 1955: Theory of airflow over a heated land mass. Quart.
J. Roy. Meteor. Soc., 81, 382-395.

. 519587: Air wotion over a heated land wass: II. Quact.

J. Roy. Meteor. Soc,, 81, 248-255




101

Stern, M. E., and Malkus, J. S., 1953: The flow of a stable
atmosphere over a heated island - Part IT. J. loteor., 10,
105-120.

Thompson, J. D., and J. J. O'Brien, 1973: Time dependent coastal
upwelling. J. Phys. Ocean., 3, 33-U8.

Ulanski, S. L., 1971: A kinematic and thermzdynamic description
of the Prandtl layer circulation over Rarbados. M.S. Thesis,
The Florida State University, 218 pp.




VITA

John D. Lee was born on April 22, 1929 in Trinidad, West Indies.
He received his high school education at St. Mary's College, Port-of-
Spain, Trinidad, where he obtained the Cambridge Higher Schcol certifi-
cate in 1947,

tle attended Florida State University where he received the
Bachelor of Science degree in 1970. He received his M.S, in Meteorology

in 197], continuing towards the Ph.D. degree also in Meteorology.

102




