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Abstra
t

Phase 1 of this proje
t was su

essful in simulating many features of the

propagation environment, in agreement with air
raft observations. A ma-

rine internal boundary layer (MIBL), of realisti
 depth, resulted from the


ow of hot, dry air from Saudi Arabia over the Persian Gulf. The simulations

also generated a sea-breeze 
ir
ulation. Although this was lo
ated outside

the observation region, its existen
e is supported by general arguments, in-


luding many observations that have been made under similar 
onditions.

However, the simulations run for phase 1 were not able to dete
t any of

the short{s
ale (10 to 20 km) horizontal variations in the mature marine

boundary layer (MBL) that were found in the air
raft observations.

The phase 1 simulations used 33 verti
al levels and a horizontal grid

length of 6 km. In the present report, the numeri
al resolution has been en-

han
ed in an attempt to 
apture short{s
ale variations. Taking 41 verti
al

levels and a 1 km horizontal grid length, there was no eviden
e for su
h vari-

ations in the mature MBL. The observed short{s
ale variations 
an therefore

not be explained with the mesos
ale model as it stands.

The enhan
ed resolution has revealed some unusual perturbations in the

developing MIBL, whi
h have a signi�
ant e�e
t on the refra
tivity environ-

ment within � 100 km of the 
oast. We believe that the perturbations are

genuine and observable phenomena, whi
h have a simple physi
al interpreta-

tion. They are 
aused by the presen
e of the strong sea-breeze 
ir
ulation,

whi
h modi�es the MIBL growth me
hanism. In the low wind 
ase, the

MIBL just out to sea is very moist, due to the on-shore 
ow of the sea

breeze whi
h transports marine air towards the 
oast. In the high wind


ase, there is little onshore 
ow, but the sea-breeze 
ir
ulation strongly re-

tards the prevailing o�shore wind. For a �xed distan
e travelled the retarded

air has additional time in whi
h to respond to the 
hange in surfa
e 
on-

ditions. This 
an lead to an extremely rapid deepening of the MIBL. Our

interpretations are based on qualitative arguments, a detailed analysis of

the simulation results and a generalization of an established MIBL analyti


model.
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1 Introdu
tion

This proje
t is 
on
erned with assessing the 
apability of mesos
ale numer-

i
al models for predi
ting the propagation environment in 
oastal areas.

Phase 1 
overed the testing of a non-hydrostati
, numeri
al model in ide-

alised and realisti
 situations (Li and Atkinson, 1997a; Li and Atkinson,

1997b; Li and Atkinson, 1998a; Li and Atkinson, 1998b). The realisti
 
ases

(Li and Atkinson, 1998b) were run to simulate 
onditions in the Persian

Gulf in a period when air
raft observations had been taken (Brooks et al.,

1997; Brooks et al., 1999). The results were en
ouraging and showed that

the model was 
apable of 
apturing the essential features of the propaga-

tion environment. A marine boundary layer (MBL) over the Gulf was well

simulated in both its depth and the gradients of temperature, humidity and

refra
tivity therein. In addition to the important verti
al gradients at the

top of the MBL, well-developed sea-breeze 
ir
ulations were found whi
h ex-

hibited a strong horizontal gradient at the boundary between sea and land

air. It is tempting to 
all this gradient the sea-breeze front (SBF), but 
are

in nomen
lature is required here as observations of su
h fronts show them

to be hundreds of metres, rather than several kilometres, wide.

In the light of the results from Phase 1 it was de
ided to pursue four

aspe
ts of the proje
t: �rst, the e�e
ts of horizontal grid resolution on the

simulations; se
ond, a more detailed analysis of the SBF; third, horizon-

tal variations within the MBL; fourth, the in
orporation of the TERPEM

model, a 
ode that allows 
al
ulation of the response of ele
tromagneti


radiation to the propagation environment produ
ed by the meteorologi
al

model. The e�e
ts of grid resolution have been dis
ussed by Plant and

Atkinson (1999). This report 
overs horizontal variations.

2 Horizontal Variations

Atmospheri
 
onditions within the planetary boundary layer are 
ontrolled

by properties of the underlying surfa
e. If air 
ows over a point where there

is a dis
ontinuity in the surfa
e properties, it will have to adjust itself to the

prevailing situation. In the present 
ase, air 
ows from the hot, dry desert

of Saudi Arabia over the Persian Gulf. The air 
an respond more qui
kly to

the 
hange the 
loser it is to the surfa
e and so an internal boundary layer

(IBL) develops (Garratt, 1990), deepening as the exposure to sea-surfa
e


onditions in
reases. Eventually, an equilibrium height is attained where

the atmosphere has be
ome well-adjusted and is 
hara
teristi
 of marine


onditions. The air
raft observations reported by Brooks et al. (1997; 1999)

were taken within su
h a well-adjusted region | any overall trends that
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were dis
ernible within the observation region appear to have been modest

1

.

Interestingly, however, the observations revealed signi�
ant variation in the

boundary layer du
t depth (see Table 3 of Brooks et al. (1999)). Similarly,

Brooks et al. (1997) stated that \there is no general trend in BL height, but

... there is 
onsiderable variability on a s
ale of 10 to 20 km". It was even

tentatively suggested that \the variation looks wavelike in nature" although

the sampling frequen
y seems to have been insuÆ
ient for gravity waves to

have been expli
itly resolved.

Although many features of the observations made by Brooks et al. have

been su

essfully 
aptured in the modelling studies (Li and Atkinson, 1998b;

Atkinson and Li, 1999; Plant and Atkinson, 1999), no eviden
e for signi�-


ant small{s
ale horizontal variability has been found. This is despite the

fa
t that horizontal grid lengths used in the mesos
ale numeri
al model were

redu
ed as far as 3 km by Plant and Atkinson (1999), whi
h will have al-

lowed for several grid points to have been positioned within the reported

length s
ale of the variations. For the present report, the numeri
al reso-

lution has been further in
reased in an attempt to 
apture the variations.

However, no su
h behaviour has been identi�ed, even with horizontal and

verti
al grid point separations of 1 km and 10 m respe
tively. (Some exam-

ple 
ross se
tions of refra
tivity from this high{resolution model run, along

horizontal lines in the domain, 
an be seen in Fig. 1.) Additional improve-

ments to the numeri
al resolution do not appear to be justi�ed and would

require prohibitive amounts of 
omputing time. Thus, it seems reasonable

to 
on
lude that an explanation for the observed short{s
ale horizontal vari-

ations requires either signi�
antly{improved input data or the in
orporation

of new physi
s into the 
urrent mesos
ale model.

For example, a defe
t of the model that was pointed out by Li and

Atkinson (1998b) may prove to be relevant. A �xed sea-surfa
e temper-

ature is used, whi
h depends neither on time nor position. Variations in

the sea-surfa
e temperature may not obviously be of great import, but they

nevertheless provide an attra
tive 
andidate me
hanism by virtue of in-

trodu
ing some natural element of inhomogeneity into the well-adjusted,

slowly{varying system. Moreover, it is interesting to note the remark by

Brooks et al. (1999) that \All of the regions of in
reased du
t depth are

asso
iated with regions of de
reased sea{air temperature di�eren
e."

1

A moistening of the boundary layer downwind was noted by Brooks et al. (1997;

1999). However, an in
rease by 1:2 g/kg along the entire 
ight path (Brooks et al., 1997)

is 
ertainly not suÆ
ient to explain short{s
ale horizontal variations.
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3 Perturbations in the Marine Internal Boundary

Layer

Plant and Atkinson (1999) found that grid lengths as 
oarse as 15 km 
ould

be used for qualitative studies of the propagation environment. However, the

strong gradients asso
iated with the marine internal boundary layer (MIBL)

were more a

urately 
aptured at �ner resolutions. The �ne resolution runs

were also able to reveal a perturbation in the MIBL in the `low wind' 
ase.

This was noti
ed in 
ontour plots of humidity and refra
tivity (Figs. 3a and

4a of Plant and Atkinson (1999)) and indi
ated that the near-surfa
e marine

air near the 
oast was unexpe
tedly moist. Further out to sea, there was

surprisingly little 
hange of humidity for a signi�
ant distan
e downstream,

until a gradual moistening began again at a fet
h of � 100 km. This be-

haviour appeared to be related to the sea-breeze 
ir
ulation sin
e a SBF

was lo
ated very near to the 
oast and onshore winds persisted roughly up

to the point where moistening re
ommen
ed (Fig. 5a of Plant and Atkin-

son (1999)). Unfortunately, this behaviour 
ould neither be 
on�rmed nor

denied from the air
raft observations, sin
e no data were taken immediately

downwind of the 
oast. Nonetheless, the perturbation does have a signi�
ant

e�e
t on the distribution of refra
tivity in the lowest few hundred metres of

the atmosphere and represents a notable departure from the normal pi
ture

of MIBL stru
ture (Garratt, 1990).

As detailed in Se
. 4, the mesos
ale numeri
al model has been run with

improved resolution for this report. An in
rease to the verti
al resolution

has brought out another MIBL perturbation, this time in the `high wind'


ase. A very rapid deepening of the MIBL o

urs about 50 km o�shore,


lose to the position of the SBF.

In the remainder of this report, we investigate the origin and the stru
-

ture of the simulated MIBL perturbations. After a brief des
ription of the

simulations (Se
. 4) and of the perturbation arising in the high wind 
ase

(Se
. 5), we dis
uss in some detail (Se
. 6) an existing MIBL analyti
 model

due to Garratt (Garratt, 1987; Garratt and Ryan, 1989; Garratt, 1992).

We then explain why this model fails in the present simulations (Se
. 7.2)

and suggest a `generalized Garratt model' in order to over
ome its de�
en-


ies. Although requiring 
onsiderable input from the simulation results, the

generalized model framework is very su

essful in a

ounting for the pertur-

bation observed in the high wind 
ase (Se
. 7.3). The manner in whi
h the

generalized model 
an in
orporate the perturbation lends strong support to

our more general arguments about the intera
tion between the sea-breeze


ir
ulation and the normal me
hanism of MIBL development (Se
. 8). Se
. 9

dis
usses the perturbation found in the low wind 
ase, and our 
on
lusions

are presented in Se
. 10.
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4 Mesos
ale Model Runs

Following the 
ategorization of Brooks et al. (1997; 1999), simulations of the

propagation environment in the Persian Gulf have been performed under

both `low' (� 5 ms

�1

) and `high' (� 15 ms

�1

) wind 
onditions. Apart

from some numeri
al aspe
ts (detailed below), the mesos
ale model runs

performed for the purposes of the present report are identi
al to those of

Plant and Atkinson (1999), who gave a general des
ription of the modelling.

Many aspe
ts of the simulation results have been presented and dis
ussed in

earlier reports (Li and Atkinson, 1998b; Atkinson and Li, 1999; Plant and

Atkinson, 1999).

In order that variations in the boundary layer might be more easily as-


ertained, the verti
al resolution has been enhan
ed. A total of 41 verti
al

levels is used. Using the same initial pro�les of humidity and potential tem-

perature as Plant and Atkinson (1999), and setting a pressure �eld through

the hydrostati
 approximation (Li and Atkinson, 1997b), gave the initial


onditions of Table 1.

Some numeri
al experiments were performed on the required extent of

the horizontal grid. In previous work (Li and Atkinson, 1998b; Atkinson and

Li, 1999; Plant and Atkinson, 1999) the model grid had dimensions of 600 by

360 km (�300 � x � 300 and �180 � y � 180). In the 
urrent set of runs,

however, the model grid has been restri
ted to the area �180 � x � 120 km

and �120 � y � 0 km, the origin of 
o-ordinates remaining unaltered.

Negle
ting e�e
ts 
lose to the boundary of the new domain, the simulated

results have been found to be in good agreement with those obtained on the

original domain. The reason for 
utting down the simulated area has been

to redu
e the 
omputing time required by the numeri
al simulations. This

has been ne
essary in order to render as pra
ti
al the model run with a 1 km

grid length. The 
oastline within the new domain is shown in Fig. 2.

Finally, we note a redu
tion to the time step used in the numeri
al

model. In previous work, a time step of 20 s was found to be satisfa
tory.

This 
hoi
e produ
ed an instability when using 41 verti
al levels and a 3 km

grid length, but a modest redu
tion to 15 s proved to be a

eptable. The

same time step 
ould also be used su

essfully with a 1 km grid length,

provided that the horizontal di�usion 
oeÆ
ients were redu
ed (the pur-

pose of these 
oeÆ
ients within the model was des
ribed by Ballard and

Golding (1991)). The momentum di�usion 
oeÆ
ient was 
hanged from

15; 000 m

2

s

�1

to 10; 000 m

2

s

�1

and the heat 
oeÆ
ient from 7; 500 m

2

s

�1

to 5; 000 m

2

s

�1

.

In the following dis
ussion of the simulated MIBL, we shall 
on
entrate

on results obtained along an east-west line in the model domain. The line is

identi
al to that used for the 
omparison with air
raft observations (Brooks

et al., 1997; Brooks et al., 1999) in previous reports from this proje
t (Li and

Atkinson, 1998b; Atkinson and Li, 1999; Plant and Atkinson, 1999). Unless
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otherwise stated, the a

ompanying �gures were produ
ed from data along

y = �54 km at 1500 hr in the high{wind run with a 3 km grid length. When

examining the �gures, the reader should bear in mind that the numeri
al

grid 
o-ordinate x is in use throughout. The east-west line lies over the land

surfa
e from the western domain boundary up to x = �99 km and over the

sea thereafter. Thus, to 
onvert from x to a fet
h, it is simply ne
essary

to add 99 km. Some 
omments about results obtained at other times and

pla
es 
an be found in the more general dis
ussion of Se
. 8.

5 Stru
ture of the MIBL

Around �fteen years ago, the stable internal boundary layer had re
eived rel-

atively little attention. Analysis (Raynor et al., 1975; Mulhearn, 1981; Hsu,

1983) had 
on
entrated on establishing a pattern of growth or on obtaining

an equilibrium value for the depth of the layer. Although limited to simple

phenomenologi
al and dimensional arguments, su
h work was nevertheless

valuable, and often provided an important 
omponent in modelling and un-

derstanding the dispersal of 
oastal pollution. More re
ently, a programme

of detailed air
raft observations enabled Garratt and Ryan (1989) to pro-

vide an improved des
ription of the MIBL, ba
ked up by the results from

a mesos
ale numeri
al model (Garratt, 1987). A series of assumptions that

were suggested by the numeri
al experiments led Garratt (1987) to propose

the following relation for MIBL growth:

h

2

= �

2

U

2

�

g��

�

�

�1

x; (1)

where:

� h is the IBL height (m);

� U is the ambient wind 
omponent perpendi
ular to the 
oast (ms

�1

);

� x is the fet
h (km);

� �� is the potential temperature di�eren
e between the air over land

and at the sea surfa
e (K); and,

� � is an average potential temperature

2

for the IBL (K).

2

This quantity is simply des
ribed as \the mean potential temperature" in the lit-

erature, whi
h is somewhat ambiguous. For instan
e, it would seem reasonable to

interpret the phrase as meaning the average of the potential temperatures over land

and at the sea surfa
e, the quantities used in de�ning ��. The 
orre
t interpretation

is quite 
lear from the origin of this fa
tor in the derivation (see Se
. 6.5) and has

� =

R

h

0

w

0

�

0

dz[

R

h

0

�

�1

w

0

�

0

dz℄

�1

. In pra
ti
e, it is good enough to 
hoose � to be a typi
al

IBL potential temperature.
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The dimensionless quantity � is predi
ted by the model, but in pra
ti
e

seems to be used as a quantity to be �t to the data (Garratt and Ryan,

1989; Hsu, 1989).

Owing to a perturbation in the simulated MIBL, the h �

p

x growth

of Eq. 1 (and of other suggested relations (Raynor et al., 1975; Mulhearn,

1981; Hsu, 1983)) does not provide a good representation of the simulation

results. This 
an be seen from Fig. 3, where the height of the MIBL is

plotted along the line y = �54 km. A jump at x � �50 km is immediately

obvious. (It must be stated here that the pre
ise de�nition of a stable IBL

height is open to debate, a variety of methods for determining the height

having been suggested in the literature (a number of the possibilities are

mentioned, for example, by Stull (1988)). Appli
ations of various methods

to the present situation are dis
ussed in Appendix A. Throughout the main

body of this report, we have 
hosen to use an approa
h whi
h identi�es the

IBL height with the top of the inversion. This approa
h is referred to as

`method 3' in Appendix A, where its detailed implementation is des
ribed.)

Note that the dip in the MIBL height that is seen for the last few grid points

in Fig. 3 is a purely{arti�
ial numeri
al boundary e�e
t. Similar e�e
ts 
an

also be seen in other plots derived from the simulation data.

Eq. 1 was originally derived by Garratt (1987). Shortly afterwards, how-

ever, it was pointed out (Garratt and Ryan, 1989) that some of the assump-

tions that were made by Garratt (1987) are unne
essary. A more general

treatment has been des
ribed (Garratt and Ryan, 1989; Garratt, 1992),

leading to the same �nal growth equation, but with a modi�ed expression

for �. It is interesting to test the validity of the assumptions made in the

literature in order to �nd out how the model breaks down in the present


ase. For 
onvenien
e, the model derivation is repeated below

3

.

6 Garratt's IBL Growth Equation

The starting point for Garratt's model is the potential temperature equa-

tion

4

,

D�

Dt

= �

1

�

�

�z

(�w

0

�

0

) +R+ F

�

; (2)

where R is a radiative term and F

�

represents horizontal di�usion. D=Dt de-

notes the adve
tive derivative and all other symbols have their usual meaning

3

We also wish to 
larify the model, sin
e the published derivations (Garratt, 1987;

Garratt and Ryan, 1989; Garratt, 1992) di�er somewhat from ea
h other and 
ontain

some minor errors.

4

Garratt (1992) works in terms of the virtual potential temperature instead. It has

been found through expli
it 
al
ulation, however, that this has very little e�e
t on the

results obtained by applying a generalized Garratt model to the present 
ase.
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(as in Stull (1988), for example). Eq. 2 is then approximated by

5

:

u

��

�x

+ w

��

�z

= �

�

�z

w

0

�

0

(3)

under the assumptions that:

1. A steady state has been obtained so that the partial time derivative


an be negle
ted;

2. Conditions are homogeneous in the y-dire
tion, whi
h is taken to be

parallel to the 
oast;

3. Variations in the air density are negligible over the IBL;

4. Radiative e�e
ts within the IBL 
an be negle
ted; and,

5. Horizontal di�usion within the IBL 
an be negle
ted.

Assumption 3 is standard in mesos
ale modelling, the small density varia-

tions being unlikely to be signi�
ant in this term relative to the un
ertainties

involved in determining w

0

�

0

. Assumption 5 also appears to be a reasonable

one. The assumptions that, in the IBL, variations of � with fet
h dominate

over those in time and in y may not be valid under all mesos
ale 
onditions.

In the present 
ase though, an inspe
tion of potential{temperature 
ontour

plots argues that su
h an approximation should be a good one.

It is straightforward to test the validity of assumption 4 expli
itly, sin
e

the low{level 
urvature of the potential{temperature pro�le provides an indi-


ation of the relative importan
e of turbulent and radiative 
ooling (Andr�e

and Mahrt, 1981; Garratt, 1992). If turbulent 
ooling is dominant then

near-surfa
e air will be well mixed, leading to a positive 
urvature. By


ontrast, radiative 
ooling (whi
h is often more important in a no
turnal

boundary layer) gives rise to a negative 
urvature (Andr�e and Mahrt, 1981).

An evolving boundary layer 
annot be 
ategorized quite so simply, but we


an nevertheless test the 
urvature in the well-developed MIBL at large

fet
hes. It is 
onveninent to work with a parameter introdu
ed by Andr�e

and Mahrt (1981),


 = 1� 2

�(h=2) � �(0)

�(h)� �(0)

; (4)

where h is the stable boundary layer depth. This quantity has been observed

to vary from �0:74 in a no
turnal boundary layer dominated by radiative


ooling (Andr�e and Mahrt, 1981) up to 0:5 in the stable MBL dis
ussed by

Garratt and Ryan (1989). Results from the simulation are plotted in Fig. 4.

They are 
learly supportive of the assumption sin
e 
 ! 0:67 in the mature

MBL.

5

The verti
al adve
tion term is omitted by Garratt (1992) from the outset, by appeal

to the assumption of Se
. 6.3.
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On the subje
t of potential{temperature pro�les within the MIBL, it

seems appropriate at this stage to make a brief digression and 
onsider

the �ts made by Mulhearn (1981) and by Garratt and Ryan (1989). The

fun
tional form

� � �(0)

�(h)� �(0)

= (z=h)

n

(5)

was used, Garratt and Ryan (1989) obtaining n = 2 in 
ontrast to Mul-

hearn's (1981) n = 1=4. The fa
t that Mulhearn's �t was made at smaller

fet
hes led Garratt (1990) to spe
ulate that the 
urvature (and hen
e n)

might be 
hanging rapidly at short fet
hes. We 
an rewrite Eq. 5 to de�ne

n as a fun
tion of position through

n =

z

� � �(0)

��

�z

: (6)

A 
ross se
tion of n values is shown in Fig. 5. A good �t would be indi
ated

on su
h a plot by a region of slowly{varying n. While not being in
onsis-

tent with the values found previously (Garratt, 1987; Mulhearn, 1981), the

results from this simulation do not lend themselves well to a �t of the form

of Eq. 5. Using a fairly small n, a �t might be tenable in the lower part of

the MIBL but is quite unrealisti
 in the upper part.

6.1 Validity of the ��=�x Assumption

A key assumption in Garratt's model is that

��

�x

� �

��

�z

dh

dx

: (7)

Garratt (1987) proposes an argument for the validity of this assumption at

the height z = h. However, the same assumption is subsequently used (Gar-

ratt, 1987; Garratt and Ryan, 1989) without any justi�
ation in order to

approximate ��=�x for all heights up to and in
luding h (this o

urs when

Eq. 7 is used in an integral from ground level up to height h). Consider the

variation in potential temperature as one moves along a line z(x), letting s

denote the distan
e travelled along the line.

d�

ds

=

��

�x

dx

ds

+

��

�z

dz

ds

(8)

Now, if along the boundary layer top (z = h(x)) the potential temperature

is a 
onstant then one immediately obtains the assumed relation,

��

�x

= �

��

�z

dh

dx

: (9)

Furthermore, the same relation 
an be seen to hold along any line whi
h

is parallel to the boundary layer top (z(x) = h(x) � 
onstant) provided

11



that the potential temperature is 
onstant along that line. In this way the

relation 
an be extended over the full IBL. Thus, the assumption amounts

to a 
laim about the 
ontours of potential temperature within the IBL |

they have been taken to be a series of parallel lines, the uppermost of whi
h

is the boundary layer height itself.

Potential temperature 
ontours within the simulated IBL are shown in

Fig. 6. Despite some 
onvergen
e of the 
ontours towards the 
oast

6

, Eq. 7

is seen to provide a good approximation.

6.2 Turbulen
e Assumption

Garratt's model deals with properties of the IBL in terms of the following

dimensionless fun
tions:

f

1

= u=U

f

2

=

� � �

surf

��

f

3

= w=w(h)

f

4

=

w

0

�

0

(w

0

�

0

)

surf

f

5

=

u

2

?

(u

2

?

)

surf

f

6

= v=V; (10)

with the normalizations being made through the parameters:

� U and V , the x and y 
omponents respe
tively of the ambient wind;

� ��, the potential temperature di�eren
e between the overland mixed{

layer air and the air at the sea surfa
e; and,

� �

surf

, the variable � evaluated at the sea surfa
e.

The model (Garratt, 1987; Garratt and Ryan, 1989) assumes that these

fun
tions are self-preserving

7

, depending only on � = z=h. However, we

are interested here in the possibility of allowing for variations with fet
h.

Integrating Eq. 3 between the ground and the boundary layer top, and

6

The 
ontour at the sea-surfa
e temperature provides an approximation to the IBL top

if this is de�ned through `method 4' (see Se
. A.4). Method 4 
annot be used at small

fet
hes, however, essentially be
ause the air has not yet been able to 
ool suÆ
iently to

rea
h that temperature at any height. Hen
e, Eq. 7 must break down at the smallest

fet
hes.

7

Unless the IBL height is a 
onstant, independent of fet
h, then the assumption of

pro�le self-preservation is in
onsistent with the assumption that lines of 
onstant potential

temperature are parallel. Use of both assumptions therefore requires an approximation

within the terms of the model itself.

12



making use of Eq. 7, gives an ordinary di�erential equation for the IBL

growth,

dh

dx

=

w(h)

UB��

�A

0

(w

0

�

0

)

surf

� w

0

�

0

(h)

U��

; (11)

where:

A

�1

0

=

Z

1

0

f

1

�f

2

��

d� (12)

B = A

0

Z

1

0

f

3

�f

2

��

d�: (13)

It is now assumed that turbulen
e at the IBL top is negligible 
ompared

to that at the surfa
e, so that w

0

�

0

(h) � 0. Alternatively, this may be

expressed as f

4

(h) � 0. In Garratt's simulations (1987), the assumption held

\well away from the 
oast" (more than � 50 km). Using the 1 1/2 order

turbulen
e 
losure s
heme of the Met. OÆ
e mesos
ale model (Golding,

1986), the fun
tion f

4


an be evaluated as:

f

4

=

K

h

(��=�z � 





)

C

H

v

1

(�

1

� �

surf

)

; (14)

where the subs
ript 1 refers to the �rst model level and 





= 3� 10

�4

K/m

is a slightly{stable lapse rate introdu
ed as part of the model turbulen
e

parameterization.

The fun
tion f

4

is plotted for various fet
hes in Fig. 7. There are some

large variations at low altitudes

8

but at the IBL top (see Fig. 3) the assump-

tion 
an be seen to be a good one so long as the fet
h is not too small. Even

for a fet
h of � 20 km, su
h an approximation may still be supportable,

sin
e f

4

< 0:2. Note that an in
rease in f

4

above the IBL at short fet
hes is

attributable to residual 
onve
tive turbulen
e.

6.3 Verti
al Velo
ity

Another assumption of Garratt's model (Garratt, 1987; Garratt and Ryan,

1989) is that the verti
al velo
ity at the IBL top is small. If w(h)� U then

the �rst term on the right{hand side of Eq. 11 (ie, the pie
e 
oming from the

verti
al adve
tion term in Eq. 2) 
an be negle
ted. Verti
al velo
ity pro�les

are plotted in Fig. 8. The strong o�shore ambient wind pushes the sea-

breeze 
ir
ulation away from the 
oast and thus the pro�les at shorter fet
hes

(x = �78 and �39 km) exhibit uplift in front of the SBF. Pro�les at larger

fet
hes display subsiden
e throughout the IBL, the magnitude in
reasing

8

Re
alling that f

4

(0) = 1 by de�nition, it is a little surprising to note that f

4

falls

o� sharply between the ground and the �rst w-grid level, before in
reasing towards a low

level peak. This low{altitude de
rease may be 
aused arti�
ially by the model turbulen
e

s
heme, sin
e a full turbulen
e 
al
ulation 
annot be undertaken at the �rst level (Golding,

1986, Se
. 4.3).

13



with height. The magnitude of the verti
al velo
ity is never larger than

0:5% of U throughout the IBL, whi
h suggests that the assumption may

indeed have some merit.

6.4 Heat Transfer CoeÆ
ient

The usual formulation of Garratt's model uses a 
riti
al layer 
ux Ri
hard-

son number in obtaining an expression for (w

0

�

0

)

surf

. As pointed out by

Garratt (1987) himself, however, an alternative formulation is simply to use

the heat transfer 
oeÆ
ient C

H

. Garratt (1987) de�nes a 
oeÆ
ient with

referen
e to the geostrophi
 wind and the di�eren
e in potential tempera-

ture a
ross the whole of the IBL, and with that de�nition the IBL growth

is essentially 
ontrolled by C

H

. It is more usual though to de�ne C

H

with

respe
t to some �xed referen
e height. In the Met. OÆ
e mesos
ale model,

this is taken to be the �rst model level (Golding, 1986), so that:

(w

0

�

0

)

surf

= �C

H

v

H1

(�

1

� �

surf

); (15)

v

H

being the horizontal wind speed,=

p

u

2

+ v

2

. The MIBL growth equation

then be
omes:

dh

dx

= A

0

C

H

v

H1

�

1

� �

surf

U��

: (16)

A full 
al
ulation based on Eq. 16 will be 
onsidered later (Se
. 7.3). If

we follow Garratt (1987) for a moment though, by assuming that A

0

is

independent of fet
h, the IBL growth will be governed by the surfa
e heat


ux. It is then en
ouraging to note that the qualitative behaviour of the

heat 
ux a

ords with the expe
ted IBL evolution. Fig. 9 suggests that the

IBL will grow very rapidly over the �rst 50 km or so, after whi
h the growth

rate falls o� signi�
antly.

6.5 Criti
al Flux Ri
hardson Number

A more 
ommon development of Eq. 11 uses the 
on
ept of a 
riti
al value

of the layer 
ux Ri
hardson number, R

f

= b=p where:

b �

�g

�

Z

h

0

(w

0

�

0

)dz (17)

p �

Z

h

0

�

�u

0

w

0

�u

�z

� v

0

w

0

�v

�z

�

dz: (18)

In the expression for b, the potential temperature appearing outside the in-

tegrand should be interpreted as some average value, 
hara
teristi
 of 
on-

ditions below h. An analogy between the stable MIBL and the no
turnal

boundary layer (Garratt, 1987; Garratt, 1992) suggests a lo
al s
aling as-

sumption whereby the IBL top 
an be asso
iated with a 
riti
al value of
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R

f

(Nieuwstadt and Tennekes, 1981; Nieuwstadt, 1984). Denoting the am-

bient, geostrophi
 wind by G (with x and y-
omponents U and V respe
-

tively) and substituting the dimensionless fun
tions of Eq. 10 into the R

f

de�nition, it is straightforward to derive Garratt and Ryan's (1989) equation

for the surfa
e heat 
ux

9

:

(w

0

�

0

)

surf

= �

(u

2

?

)

surf

GR


rit

f

(g=�)hf

: (19)

The fa
tor f is 
al
ulable in prin
iple, the following expression for the quan-

tity having been presented by Garratt and Ryan (1989):

f(Garratt and Ryan) = h

Z

1

0

f

4

d�

�

Z

1

0

f

5

�f

1

��

d�

�

�1

: (20)

If one is prepared to a

ept the assumptions that w

0

�

0

(h) � 0 (Se
. 6.2),

that w(h) � 0 (Se
. 6.3) and that pro�les are self-preserving, then the �nal

result of the Garratt model follows by substituting Eq. 19 into Eq. 11 and

integrating over fet
h. Doing so produ
es the well{known h

2

� x equation

(Eq. 1), with:

�

2

=

2A

0

GR


rit

f

(u

2

?

)

surf

U

3

f

: (21)

As stated previously (see Se
. 5), in pra
ti
e � has been regarded as a free

parameter to be �t to the data. It has been suggested (Garratt, 1992) (and

even more tentatively by Garratt (1990)) that di�eren
es between the values

of � that are appropriate under di�erent 
ir
umstan
es may be largely due

to di�eren
es in the angle � between the ambient wind and the 
oast. Sin
e

Eq. 21 
an be re
ast (Garratt, 1987) as

�

2

=

2A

0

C

a

D

R


rit

f

f 
os

3

�

; (22)

this suggestion implies that there is only modest variation in A

0

, f and C

a

D

,

a drag 
oeÆ
ient whi
h is set by referen
e to the ambient wind speed.

In fa
t, there are some additional assumptions impli
it in the formula

(Eq. 20) for f given by Garratt and Ryan (1989). A somewhat more general

formula is as follows:

f = h

Z

1

0

f

4

d�

�

Z

1

0

f

5

�


os

2

�

�f

1

��

+ sin

2

�

�f

6

��

�

d�

�

�1

; (23)

where the angle � is allowed to vary with height, su
h that

tan� = v=u: (24)

9

Eq. 19 is given by Garratt and Ryan (1989) without the minus sign, 
learly an er-

ror sin
e w

0

�

0

must be negative in turbulent 
ooling. The sign has been subsequently


orre
ted (Garratt, 1992).
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The 
al
ulation of Eq. 23 has assumed that turbulen
e within the IBL is

lo
ally isotropi
,

v

0

H

v

H

�

u

0

u

�

v

0

v

: (25)

Our generalized result for f 
an be brought into agreement with Garratt and

Ryan's expression if either of the following assumptions is made (neither of

whi
h is stated by Garratt and Ryan (1989)).

I. Velo
ity pro�les within the IBL (when normalized by the 
orrespond-

ing ambient wind 
omponent) develop in the same way parallel and

perpendi
ular to the 
oast, so that �f

6

=�z � �f

1

=�z.

II. Within the IBL, velo
ities parallel to the 
oast are always small, so

that � � 0.

Neither of these assumptions are 
onvin
ing as general statements, and are


learly not true in the numeri
al simulations (see Fig. 10). Of 
ourse, the

fa
tor f is not 
al
ulated in pra
ti
e but is simply absorbed into the �t


oeÆ
ient �. Thus, our arguments do not bring into question the use made

of Eq. 1 in the literature, but we have nevertheless dis
ussed the matter

be
ause it is important to be expli
it about the assumptions upon whi
h a

model is based.

7 Analysis Using Garratt's Model

Insights into the evolution of the simulated MIBL are revealed by applying

a generalization of Garratt's model. Quantities in the model that are swept

up into the �t 
oeÆ
ient 
an in fa
t be 
al
ulated expli
itly at ea
h grid

point. A numeri
al integration of Eq. 11 is performed, allowing the model

parameters to vary with fet
h. This enables the model to 
apture more

detailed information about the MIBL growth.

7.1 The Dimensionless Fun
tions

The dimensionless fun
tion f

4

has already been des
ribed in Se
. 6.2 and

an un-normalized form of f

3

was dis
ussed in Se
. 6.3. Here, we des
ribe

results for f

1

, f

2

, f

5

and f

6

.

In the formalism of Garratt's model, the x axis is taken to be perpendi
u-

lar to the 
oast. This means that along the simulation grid line y = �54 km,

where our attention is fo
used, the horizontal axes de�ned by the Garratt

model are 
oin
ident with the axes 
hosen for the numeri
al simulation (see

Fig. 2). The required u and v wind 
omponents are therefore as spe
i�ed

by the numeri
al model, and so the fun
tions f

1

and f

6


an immediately

be evaluated. They have been plotted in Fig. 10. The negative values of

f

1

seen at low altitudes are indi
ative of a sea breeze. However, sin
e the
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strong o�-shore wind pushes the sea-breeze 
ir
ulation away from the 
oast,

there is no indi
ation of a sea breeze in the plot at � 20 km fet
h.

Fun
tion f

2

is the s
aled � pro�le, the 
urvature of whi
h was dis
ussed

in Se
. 6. The s
aled pro�le is plotted in Fig. 11, the parameter �� of Eq. 10

having been set to 9 K. In the mature MIBL, one 
an 
lassify four regions

of potential temperature behaviour:

1. A region starting at the surfa
e where the potential temperature is

almost 
onstant, in
reasing only slowly with height.

2. An inversion.

3. A region extending up to � 1500 m in whi
h the potential temperature

in
reases with height but more slowly than in region 4. This transi-

tional region is presumably what remains of the de
aying overland


onve
tive boundary layer.

4. A region at high altitudes, above the planetary boundary layer, in

whi
h potential temperature in
reases with height.

As the MIBL be
omes better established with in
reasing fet
h, a surfa
e{

based inversion is developed �rst (see the pro�le at x = �78 km) and is then

elevated as region 1 is developed.

Finally, in Fig. 12, we show the turbulent velo
ity fun
tion f

5

. It is


al
ulated in terms of model variables from:

f

5

=

K

m

�v

H

=�z

C

D

v

2

H1

: (26)

Similar 
omments apply here as for the buoyan
y fun
tion f

4

(see Se
. 6.2).

There are large variations at low altitudes but in general f

5

! 0 towards

the top of the IBL. An ex
eption o

urs above the IBL at short fet
hes and

is due to residual overland turbulen
e.

7.2 Model Integrals

The Garratt model 
ontains various parameters whi
h are 
al
ulated from

integrals over the depth of the IBL. Su
h integrals will obviously depend

on the de�nition of the IBL top, the self-
onsistent value to use being that

determined from the integration of Eq. 11. It is suÆ
ient for the present

though to use MIBL heights dedu
ed from the simulation results. This

should reveal whether or not the generalized form of the Garratt model is


apable of reprodu
ing any of the variation in growth rates evident from the

simulation.

The integrals have been evaluated by �rst 
onstru
ting a �t for ea
h

fun
tion f

i

as des
ribed in Appendix A. The derivatives of f

i

and all of the

ne
essary integrals 
ould then be 
al
ulated analyti
ally.
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We begin with the fa
tor A

0

, de�ned by Eq. 12. First, let us note that

the 
ombination A

0

f

�1

takes the pla
e of a parameter A in the original

model formulation of Garratt (1987). In that simpler approa
h, A is de�ned

by taking f = 1 and by setting f

1

= 1 in Eq. 12 (ie, assuming u � U).

For the situation modelled by Garratt (1987), A was found to be a 
onstant

� 1:8. Fig. 13 shows that in our 
ase A in
reases with fet
h, tending to-

wards Garratt's value. Sin
e dh=dx is proportional to A in this version of the

model (Garratt, 1987), it is 
lear that variations with fet
h are potentially

important in understanding the MIBL growth me
hanism. (In fa
t, varia-

tions in A are related to deviations from the model assumption (Se
. 6.1)

that the potential temperature is a 
onstant along the boundary layer top.

By de�nition,

A =

1

f

2

(h)

=

��

�(h)� �

surf

: (27)

Thus, A will 
hange if �(h) does. Values for the potential temperature

di�eren
e between the surfa
e and the IBL top 
an be seen in Fig. 13.)

The parameter A

0

(Eq. 12) from the full version of Garratt's model (Gar-

ratt and Ryan, 1989; Garratt, 1992) is shown in the upper plot of Fig. 14. In

a typi
al MIBL one expe
ts to �nd o�-shore velo
ities throughout and hen
e

(sin
e f

2

is monotoni
) a positive value for A

0

. However, on-shore velo
ities

may be en
ountered in the presen
e of a sea breeze. Su
h on-shore 
ow

will o

ur at low altitudes, the prevailing o�-shore 
ow being re-established

within the return 
urrent of the sea-breeze 
ir
ulation. In order for A

0

to

remain positive in that 
ase, the IBL height appearing in the integral must

somewhat ex
eed the height at whi
h the wind be
omes o�-shore. (Note

that the di�eren
e between the heights need not be large sin
e the A

0

inte-

gral is dominated by the inversion region around the IBL top where �f

2

=�z

is strong.) Should the value of h not be large enough then a transition from

a negative to a positive integral will o

ur at a fet
h within the sea-breeze


ir
ulation. This leads to an unphysi
al singularity in A

0

, and hen
e also

in dh=dx. Using IBL heights derived from the simulation, su
h a transition

does not o

ur and so A

0

remains well behaved. However, if one were to take

heights from, say, the middle rather than the top of the inversion (`method

2' of Appendix A) then a singularity would indeed o

ur, as shown by the

lower plot of Fig. 14.

In a 
ase where A

0

has a singularity then the Garratt model 
an only be

applied beyond the singular point, at fet
hes suÆ
iently large to be outside

the range of the sea-breeze 
ir
ulation. The alternative, where A

0

remains

positive, requires that for all fet
hes there exists an o�shore wind within the

designated IBL. In this 
ase, the e�e
t of the sea breeze is to in
rease A

0

,

as seen in Fig. 14. This implies more rapid MIBL growth, parti
ularly in

the region around the sea-breeze front. The sea breeze slows down some of

the 
ow in the MIBL and thus allows the air extra time (for a �xed distan
e
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travelled) in whi
h to be
ome adjusted to the 
hange in surfa
e 
onditions. If

retarded air exists 
lose to the top of the MIBL, where the growth me
hanism

operates most strongly

10

, then the growth rate 
ould be unusually high.

Su
h an explanation for the MIBL perturbation is 
learly attra
tive at a

qualitative level, but it remains to be seen whether the variations found

in A

0

are able to provide a reasonable quantitative des
ription via Eq. 11.

Indeed, the integration of Eq. 11 through the sea-breeze 
ir
ulation may not

be valid at all, sin
e it 
ould quite 
on
eivably generate a singularity.

We next 
onsider the parameter B from Eq. 11. In the upper plot of

Fig. 15, results are shown for the integral in Eq. 13, with f

3

being un-

normalized. The integral is positive at short fet
hes, sin
e uplift o

urs, but

be
omes negative further out to sea due to subsiden
e within the sea-breeze


ir
ulation. With f

3

normalized, the results for B itself (the lower plot of

Fig. 15) are 
ompli
ated by the presen
e of a singularity where w(h) ! 0.

Sin
e B o

urs in Eq. 11 only in the 
ombination w(h)=B su
h a singularity

represents a vanishing 
ontribution to the model growth rate and is perfe
tly

a

eptable. B=A

0

is positive in general, a property whi
h must hold if the

verti
al velo
ity has the same sign throughout the IBL. Negative values


an be found, however, near to the w(h) ! 0 singularity position, if the


hange from uplift to subsiden
e within the IBL o

urs at di�erent fet
hes

for di�erent heights. In these 
ir
umstan
es, a problem arises in Eq. 11

sin
e there will exist at a point where B = 0 but w(h) 6= 0 and the �rst

term is singular. Thus, the 
ontribution to MIBL growth from the verti
al

adve
tion term of the potential{temperature equation is dangerous in the

form in whi
h this 
ontribution has been derived. In pra
ti
e, the verti
al

adve
tion term does not 
ontribute signi�
antly to the understanding of

MIBL growth provided by the framework of Garratt's model. Hen
e, the

appropriate 
ourse is to follow Garratt (1992) and drop this term from the

model altogether.

Finally we 
onsider the parameter f , whi
h appears in the R

f

formula-

tion of the model. Unfortunately, it has not been possible to obtain sensible

results when attempting to evaluate Eq. 23 (in parti
ular, there are large


u
tuations in the results for neighbouring grid points). This has 
ertainly

not been helped by numeri
al diÆ
ulties asso
iated with the very rapid vari-

ations in f

4

and f

5

between verti
al grid points. The main problem though

is the need to approximate the behaviour of fun
tions between the ground

and the lowest model level. Altitudes below 10 m are very important in the


al
ulation of f sin
e the verti
al derivative of the wind speed is very strong

there. A realisti
 expli
it 
al
ulation of f would therefore require detailed

knowledge about 
hanges in wind speed very 
lose to the ground, beyond

that provided by a mesos
ale numeri
al model. Even if ta
kled through the-

ory, the issue would be signi�
antly 
ompli
ated by the presen
e of the sea

10

Re
all that Eq. 12 is dominated by the 
ontribution from the inversion.
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breeze.

7.3 Modelling the Observed Growth

The integration of Eq. 11 requires the spe
i�
ation of an initial 
ondition,

h

0

(x

0

). From the dis
ussion of the previous se
tion, it is known that the

IBL height when the sea-breeze system is en
ountered will be extremely

important | if the height is not large enough, then A

0

will be singular and

the model will break down. Thus, there may be a sensitivity to the initial


ondition 
hosen, a point whi
h is 
onsidered in Appendix B. It is suÆ
ient

here though to note that there exist reasonable 
hoi
es of the initial 
ondition

su
h that A

0

is always positive and the model remains valid. Moreover, the

results vary remarkably little whenever a 
hoi
e is made that leads to a valid

model.

In Fig. 16, the IBL height 
al
ulated from the integration of Eq. 11 is

presented. The results are in good agreement with the pro�le dedu
ed from

the mesos
ale model simulation. On either side of a short region where there

is rapid growth, the growth rates predi
ted by the generalized Garratt model

are quite small. This makes the period of rapid growth a very distin
tive

feature. In produ
ing the results of Fig. 16, we have taken on board the

assumptions of Se
s. 6.2 and 6.3, in
luding only the se
ond term in Eq. 11.

The in
lusion of the other terms has been expli
itly tested and was found

to have little e�e
t

11

.

8 E�e
ts of the Sea Breeze Cir
ulation on the MIBL

The pi
ture emerging from our generalization of Garratt's model is that

the unusual pattern of simulated MIBL evolution 
an be explained through

an intera
tion of the sea-breeze 
ir
ulation with the normal me
hanism of

IBL development. Most notably, retardation of the o�shore wind by the sea

breeze 
an produ
e air over the sea whi
h is almost stati
. Su
h air has plenty

of opportunity to be
ome adjusted to the 
hange in surfa
e 
onditions. This

enables a well-developed marine boundary layer to be established within

a very short distan
e. Our analysis so far has 
on
entrated on the MIBL

evolution along one parti
ular line at one parti
ular time. In this se
tion,

we attempt to promote this pi
ture to a more general status, by dis
ussing

the behaviour at other times and pla
es.

It is interesting to 
onsider the MIBL evolution between the 
oast and

the SBF. In Fig. 17, the wind indu
ed by the sea-breeze 
ir
ulation along

y = �54 km at 1500 hr is plotted, an `indu
ed wind' having been 
al
ulated

11

Although B 
hanges sign, and the �rst term in prin
iple 
ontains a singularity, when

the term was evaluated at the grid points, B was always suÆ
iently large for the �rst

term to be small. Our evaluations of the �rst term support the 
ontention of Se
. 6.3 that

non-turbulent verti
al adve
tion is not important in establishing the MIBL.
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from the di�eren
e between the simulated wind and the input ambient wind

pro�le (Plant and Atkinson, 1999). Also shown on the �gure is the MIBL

height. At short fet
hes, up to x � �70 km, the ambient wind is very little

altered by the sea-breeze 
ir
ulation. Signi�
antly, the MIBL evolution at

su
h fet
hes is well represented by an equation of the standard h �

p

x form

(see Fig. 18). The MIBL at 1300 hr and 1400 hr 
an also be seen to agree

with the same h �

p

x equation, up to the fet
h where the sea breeze is

en
ountered. This fet
h de
reases over time sin
e the SBF is moving inland.

It appears that the MIBL develops a

ording to the standard me
hanism

between the 
oast and the SBF, but then grows very rapidly within the

sea-breeze 
ir
ulation itself.

The 
oeÆ
ient of the

p

x 
urve in Fig. 18 implies that � = 0:0215 us-

ing Garratt's growth equation

12

. This may be 
ompared with the value

� = 0:024 found in the air
raft observations presented by Garratt and

Ryan (1989). Alternatively, if one 
orre
ts for the wind angle

13

to obtain an

equivalent value for 
ow perpendi
ular to the 
oast, then �

?

= 0:0110 here,

almost identi
al to Garratt's (1987) �

?

= 0:0113 proposed from a numeri
al

simulation. Although the sea-breeze 
ir
ulation may in
uen
e the pattern of

MIBL development, one would not expe
t it to a�e
t the equilibrium MBL

height. Thus, it is important for the validity of our interpretation that an

extrapolation of the short{fet
h

p

x behaviour should approa
h the equi-

librium height within a fet
h of few hundred kilometres or so. For fet
hes

of � 300 to 400 km, the extrapolation yields h in the range 260 to 300 m,

whi
h is smaller than the simulated equilibrium height, but 
ertainly not

implausible.

Comparing Figs. 17 and 19, it is 
lear that the sea breeze be
omes

stronger between 1400 hr and 1500 hr. This 
an be linked to the 
hange

in the MIBL pro�le, in whi
h a di�use rapid{rise region in the vi
inity of

the sea breeze at 1400 hr is tightened up into the familiar step{like feature

at 1500 hr. At 1400 hr the presen
e of retarded air within the sea-breeze


ir
ulation enables the MIBL to deepen more rapidly than would otherwise

be the 
ase. However, at this time there is no need for the sort of extreme

growth rate whi
h is required at 1500 hr in order to ensure that o�shore

velo
ities o

ur below the IBL top.

Later in the day, a situation 
an arise where the SBF is very 
lose to

the 
oast. It is then possible to develop a mature MBL almost immediately,

a region of extreme growth o

urring within a very short fet
h. A good

example of this phenomenon is shown in Fig. 20 along the line y = �69 km

at 1600 hr. The position of the 
oast for this line is at x = �99 km.

Later still the SBF 
rosses over the 
oast and a
ts to move marine air over

12

This value is obtained by substituting U = 12ms

�1

, �� = 9 K, � = 297 K and

g = 9:8 ms

�2

into Eq. 1.

13

ie, taking a

ount of the se


3

� fa
tor in Eq. 22.
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the land. By this time, a mature MBL exists at all positions over the sea, as


an be seen in Fig. 21, whi
h shows a 
ross-se
tion of potential temperature

along the line y = �39 km at 1800 hr. The 
oast is at x = �75 km along

this line.

The 
hanges in potential{temperature pro�les with time are shown in

Figs. 22 and 23 at a point out to sea and at a point just inland respe
tively.

At the point � 20 km out to sea, during the afternoon an MIBL is in an

intermediate stage of development. It be
omes slightly thi
ker over time

as a sea-breeze 
ir
ulation be
omes established and starts to move towards

the 
oast. Air above the point is slowed down a little as the afternoon

progresses, allowing a little more time for it to rea
t to the 
hange in surfa
e


onditions. The SBF passes the point at about 1600 hr. By 1700 hr the

point is 
ontained with the heavily{retarded, almost stationary region of air

just behind the front. An MIBL 
an grow extremely rapidly under su
h


ir
umstan
es, leading to pro�les at 1700 hr and 1800 hr that are typi
al

of a mature MBL with depths of � 350 to 400 m. For the point whi
h is

just inland (Fig. 23), the potential{temperature pro�les are 
hara
teristi
 of

a deep, 
onve
tive boundary layer whi
h be
omes gradually warmer during

the day. Between about 1700 hr and 1800 hr, however, the SBF passes the

point, bringing in marine air and so produ
ing a pro�le at 1800 hr that is

more typi
al of an MBL. If there 
ontinues to be a signi�
ant onshore 
ow,

su
h a pro�le will be
ome modi�ed by the high overland temperature and a


onve
tive IBL will develop.

The 
hanges in boundary layer stru
ture seen in Figs. 22 and 23 
an

thus be interpreted straightforwardly, using the idea that MIBL growth 
an

be enhan
ed in the vi
inity of a sea breeze. The idea provides a smooth de-

s
ription for the behaviour observed when 
ow 
hanges from o� to onshore.

Indeed, the need for a 
oherent des
ription of this transition implies that

there must exist some intera
tion between the sea-breeze 
ir
ulation and

MIBL development. In parti
ular, the intera
tion enables one to explain

the presen
e of a well-developed MBL immediately o�shore of the 
oast at

the time just before the 
ow at the 
oast reverses dire
tion. The air ad-

ve
ted over land by the sea breeze at a height of a few hundred metres or

so is 
learly seen to be typi
al of marine 
onditions and is able to generate

an IBL over land. The standard pi
ture of an MIBL is inappropriate under

these 
ir
umstan
es sin
e a h �

p

x MIBL 
annot suddenly turn into the

sour
e for su
h an onshore 
ow.

9 The Low Wind Case

It might be expe
ted that the intera
tion between the sea-breeze 
ir
ulation

and the normal me
hanism of MIBL development would also be important

in the low wind 
ase. Although hints of an intera
tion 
an be found, as
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pointed out by Plant and Atkinson (1999), it has proved diÆ
ult to iden-

tify unambiguous phases of rapid growth. In the low wind 
ase the SBF is

found very 
lose to the 
oast or else over land. For example, Li and Atkin-

son (1998b) report that the SBF has just 
rossed the 
oast by 1400 hr along

y = �54 km. By 
ontrast, the dramati
 demonstrations of the intera
tion

in the high wind 
ase o

urred where the SBF was a signi�
ant distan
e

o�shore so that there was a de�nite region of `normal' IBL growth between

the 
oast and SBF.

Another issue is the verti
al resolution, sin
e the fully{developed MBL

in the low wind 
ase has a depth of � 100 m, whi
h translates into just 10

verti
al grid points

14

. This makes it diÆ
ult to obtain detailed information

on the variations within the growing IBL. Indeed, a full analysis of the

low wind IBL growth would probably require further improvements to the

verti
al resolution.

Nonetheless, the unusual pattern of evolution of 
ontours of water vapour

and refra
tivity identi�ed by Plant and Atkinson (1999) 
an be explained

as a 
onsequen
e of the sea breeze. In Fig. 24, the q = 12 mb 
ontour along

y = �54 km at 1500 hr is shown, superimposed over a plot of the wind.

The behaviour of the 
ontour beyond x � �50 km is mu
h as might be

expe
ted, the MIBL moistening gradually as the fet
h in
reases. Between

this point and the 
oast, there is a strong sea breeze whi
h moistens the

near{surfa
e air by bringing in moist marine air from further out to sea. A

slight dip in the water vapour 
ontours just after the 
oast may be due to

some subsiden
e after the SBF.

10 Con
lusions

Phase 1 of this proje
t (Li and Atkinson, 1998b; Atkinson and Li, 1999)

was su

essful in simulating many features of the propagation environment,

in agreement with air
raft observations (Brooks et al., 1997; Brooks et al.,

1999). An MIBL, of realisti
 depth, resulted from the 
ow of hot, dry air

from Saudi Arabia over the Persian Gulf. The simulations also generated

a sea-breeze 
ir
ulation. Although this was lo
ated outside the observation

region, its existen
e is supported by general arguments (Atkinson and Li,

1999), in
luding many observations that have been made under similar 
on-

ditions (Atkinson, 1981). However, the simulations run for phase 1 were not

able to dete
t any of the short{s
ale (10 to 20 km) horizontal variations in

the mature MBL that were found in the air
raft observations.

The phase 1 simulations used 33 verti
al levels and a horizontal grid

length of 6 km. In the present report, the numeri
al resolution has been

14

There were only 6 verti
al grid points in the �rst 100 m of runs performed previ-

ously (Li and Atkinson, 1998b; Atkinson and Li, 1999; Plant and Atkinson, 1999), whi
h

used 33 levels in total.
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enhan
ed in an attempt to 
apture short{s
ale variations. Taking 41 verti
al

levels and a 1 km horizontal grid length, there was no eviden
e for su
h

variations in the mature marine boundary layer (MBL). The observed short{

s
ale variations 
an therefore not be explained with the mesos
ale model as

it stands.

The enhan
ed resolution has revealed some unusual perturbations in the

developing MIBL, whi
h have a signi�
ant e�e
t on the refra
tivity environ-

ment within � 100 km of the 
oast. We believe that the perturbations are

genuine and observable phenomena, whi
h have a simple physi
al interpreta-

tion. They are 
aused by the presen
e of the strong sea-breeze 
ir
ulation,

whi
h modi�es the MIBL growth me
hanism. In the low wind 
ase, the

MIBL just out to sea is very moist, due to the on-shore 
ow of the sea

breeze whi
h transports marine air towards the 
oast. In the high wind


ase, there is little onshore 
ow, but the sea-breeze 
ir
ulation strongly re-

tards the prevailing o�shore wind. For a �xed distan
e travelled the retarded

air has additional time in whi
h to respond to the 
hange in surfa
e 
on-

ditions. This 
an lead to an extremely rapid deepening of the MIBL. Our

interpretations are based on qualitative arguments, a detailed analysis of

the simulation results and a generalization of an established MIBL analyti


model.
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Appendi
es

A De�nition of the IBL Height

As noted in the main text, the height of a stable IBL 
an reasonably be

de�ned in various ways. In this Appendix, we 
onsider the appli
ation of

some of the methods 
ommonly found in the literature to the results from our

numeri
al simulations. The usual reason for adopting a parti
ular de�nition

is simply that of 
onvenien
e, subje
t only to the 
onditions that a 
onsistent

method should be used and that it should produ
e a 
redible height.

For ea
h of the methods to be des
ribed, either of two approa
hes may

be followed. In the �rst approa
h, only the raw data values at the grid

points are used. In the se
ond approa
h, a numeri
al �t to is made to the

grid point values. If f is some property spe
i�ed at the grid points, then

f(z) is represented by:

f(z) �

n

X

i=0




i

T

i

�

2z � z

min

� z

max

z

max

� z

min

�

; z

min

< z < z

max

; (28)

where T

i

is a Chebyshev polynomial of the �rst kind. This is a standard

numeri
al te
hnique, and a NAG routine is available for determining the


oeÆ
ients f


i

g, by making a least{squares �t to the grid values in the

�t range. The �t range has been taken to be the �rst 30 model levels

15

and n has been set to 15. Having made su
h a �t, verti
al derivatives and

integrals of the �t fun
tions (and the produ
ts of su
h fun
tions) 
an then

be 
al
ulated analyti
ally. For example,

�f

�z

�

n

X

i=0




i

d

dz

T

i

�

2z � z

min

� z

max

z

max

� z

min

�

=

n�1

X

i=0

d

i

T

i

�

2z � z

min

� z

max

z

max

� z

min

�

;

(29)

where ea
h d

i

is a known fun
tion of f


i

g. In pra
ti
e, the �rst approa
h has

been used essentially as a 
he
k on the appli
ation of the se
ond. In
rements

in z made while sear
hing for an IBL height are su
h that there are ten

equally{spa
ed heights 
onsidered between ea
h pair of grid levels.

Unless otherwise stated, the a

ompanying �gures show the results ob-

tained by applying the various methods along the line y = �54 km at 1500 hr

in the high wind 
ase. Data from a run with a 3 km grid length were used.

A summary of the results is provided by Fig. 25, in whi
h results from some

of the grid points have been omitted from the 
urves. This is be
ause some

of the methods tested were found to produ
e una

eptable heights at some

fet
hes.

15

Either the p grid or the w grid may be used, as is appropriate for the property in

question.
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A.1 Method 1

In this method we look for a 
riti
al value of ��=�z, from the lowest model

level upwards. The same basi
 approa
h has been used by Physi
k et

al. (1989) and by Anthes (1978), taking a 
riti
al value of 1 K/km. This

was satisfa
tory for well{mixed IBLs formed when sea air is adve
ted over-

land, but the verti
al gradients found in the MIBL are mu
h stronger and

a 
riti
al value of 15 K/km has been used here.

The results are shown in Fig. 26. Method 1 is unable to dete
t the

existen
e of a boundary layer for fet
hes

<

�

65 km. This 
an be explained

from the potential{temperature pro�les at various x values, whi
h are also

shown in Fig. 26. The overland pro�le at x = �153 km seems reasonable.

A little way after the 
oast, at x = �78 km, turbulent 
ooling has removed

the overland surfa
e layer but there has only been a partial adjustment

to sea-surfa
e 
onditions and so the well-developed MIBL pro�le seen at

x = 57 km is not yet fully in eviden
e. At short fet
hes the potential

temperature gradient ex
eeds the 
riti
al value from the very �rst model

level. Fig. 26 also illustrates the fa
t that in a mature MIBL, method 1

determines the IBL height from the base of the inversion.

A.2 Method 2

Method 2 identi�es the IBL height with the maximum value of ��=�z. In

the mature IBL, this 
orresponds to the middle part of the inversion, as

illustrated in Fig. 26. Results obtained using method 2 are shown in Fig. 27.

It is marginally more su

essful than method 1 in determining a suitable

IBL height at small fet
hes. Using method 1, there was no boundary layer

dete
ted at all until x = �33 km. Although method 2 will always produ
e

a height, there is an arti�
ial jump in value (from � 45 to � 195 m) at

x � �50 km. Sin
e the heights after the jump are apparently sensible,

method 2 does at least manage to extend the range in whi
h an appropriate

IBL height 
an be dete
ted. In order to as
ertain the reason for this jump,

potential temperature pro�les are shown in Fig. 27 for the grid points just

before (x = �51 km) and just after (x = �48 km) the jump.

Re
alling the interpretation of Se
. 7.1, the jump in the IBL height 
al
u-

lated by method 2 
an be seen to o

ur at the fet
h where distin
t regions 1

and 2 
an �rst be distinguished. Just after the jump, both regions 
an be

seen and method 2 yields the height near the middle of the inversion region.

Just before the jump one 
an see a hint of a stru
ture whi
h will be
ome

the divide between regions 1 and 2. The strongest potential{temperature

gradient o

urs around this dividing height.
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A.3 Method 3

This method is very similar to that of method 1. However, the sear
h for

a 
riti
al potential{temperature gradient is here made from the top down

rather than the bottom up. As is illustrated in Fig. 26, method 3 determines

the IBL height as being at the top of the inversion. The 
riti
al value for

��=�z is set at 15 K/km, just as for method 1. Good results for all fet
hes

are obtained using this method (Fig. 3), whi
h has been adopted for the

main body of the report.

In Se
. 7.1 the potential{temperature pro�les were divided into four dis-

tin
t regions. Some eviden
e supporting that 
lassi�
ation is provided by

Fig. 28, whi
h shows the di�eren
es in IBL heights 
al
ulated by methods 1,

2 and 3. Provided that the fet
h is large enough for the ea
h of the deter-

minations to be meaningful, the total inversion depth (represented by the

di�eren
e h

3

� h

1

between the heights 
al
ulated by methods 3 and 1) re-

mains almost 
onstant with fet
h and the IBL grows by means of elevating

the inversion stru
ture. The strongest gradients are found near the middle

of the inversion stru
ture (the method 2 height, h

2

� (h

1

+h

3

)=2), although

there is a tenden
y for the gradient maximum to fall gradually towards the

base of the inversion.

A.4 Method 4

This method follows the approa
h of the Met. OÆ
e mesos
ale 
ode in de-

termining a boundary layer depth for use in initialising the turbulent kineti


energy (TKE) (Golding, 1986). A referen
e line with gradient 0:3 K/km is

drawn through the surfa
e{level value of � and the boundary layer top de-

�ned where this line �rst 
rosses the a
tual �(z) pro�le. As 
an be seen in

Fig. 29, the method has problems at small fet
hes. The reason for this 
an

be illustrated using two potential{temperature pro�les from the low wind


ase (the lower plot of Fig. 29). It is immediately apparent that the gra-

dient of the referen
e line is very shallow, and that it would make little

di�eren
e if the method were to simply identify the IBL height with the

�rst height above ground at whi
h the surfa
e temperature is attained. At

small fet
hes (for instan
e at x = �78 km in the �gure), adjustment to the

sea-surfa
e temperature is in
omplete and this temperature is only attained

at sea level itself. The method is unable to dedu
e an IBL height under su
h


ir
umstan
es.

A.5 Method 5

It is 
lear from the lower plot of Fig. 29 that it is not possible to draw a

suitable referen
e line through the surfa
e temperature whi
h 
an be used

to determine an IBL height at both short and long fet
hes. For example,
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a referen
e line has been tried whi
h is drawn through the potential tem-

peratures at the surfa
e and at the model top. The results obtained are

not reprodu
ed here, being qualitatively similar to those of method 4 (the

IBL height is a little larger and reliable results 
an be found at marginally

smaller fet
hes).

The philosophy behind method 5 is similar to that of method 4 in that

the interse
tion point is again found of the potential{temperature pro�le

with a spe
i�ed referen
e line. The aim of method 5, however, is to investi-

gate whether or not one 
an 
onstru
t a suitable referen
e line solely from

the 
onditions at high altitudes. The potential temperatures and gradients

at the highest altitudes in the model remain almost unaltered from the spe
-

i�
ation in the initial 
onditions (Plant and Atkinson, 1999). A referen
e

line is therefore drawn with the appropriate gradient through the potential

temperature at the model top.

Results produ
ed by method 5 
an be seen in Fig. 30. Although some

of the results at the smaller fet
hes do not seem untenable, the 
al
ulated

IBL heights at larger fet
hes are obviously too high. Unrealisti
ally large

values o

ur when the referen
e line misses the inversion stru
ture entirely,

as illustrated in the lower plot of Fig. 30. In su
h a situation the referen
e

line may be 
lose to and almost parallel with the model pro�le above the

inversion, giving rise to signi�
ant errors in as
ertaining the pre
ise position

of interse
tion. This would explain the arti�
ial jumps and 
u
tuations seen

in Fig. 30.

A.6 Method 6

An alternative means of de�ning an IBL height that has been used in the

literature is based on the verti
al pro�le of TKE (Stunder and SethuRaman,

1985; Arritt, 1987; Garratt, 1990). This rea
hes a lo
al minimum at the IBL

top.

Example TKE pro�les are shown in Fig. 31. In the well-developed IBL

at x = 57 km, the TKE in
reases 
lose to the ground, leading to a low{level

maximum whi
h de
ays towards the IBL top. Thus, the IBL height 
an

be de�ned to be the altitude where the TKE is redu
ed to a small value

(less than 1�10

�4

m

2

s

�2

). At shorter fet
hes, however, the strong overland

turbulen
e still persists, giving signi�
ant turbulen
e above the IBL. The


riterion of method 6 is not appropriate for these fet
hes, and, as shown in

Fig. 31, is unable to produ
e a realisti
 IBL height

16

. Fa
ed with the short{

fet
h TKE pro�les, it would be more appropriate to de�ne an IBL through

the lo
al minimum in TKE. However, su
h a s
heme 
ould only be applied

at the short fet
hes sin
e the minimum disappears as the fet
h in
reases. A


ombination of the two de�nitions is also una

eptable, sin
e it generates

16

The 
riterion is not met within the lowest 30 model levels, whi
h 
auses the algorithm

to return an IBL height of zero.

28



an arti�
ial dip in the IBL height where the swit
h between methods has to

be made.

B Initial Conditions in the Growth Equation

As noted in Se
. 7.3, integration of Eq. 11 may be sensitive to the initial


ondition 
hosen. In this Appendix we investigate that point by 
onsidering

possible initial 
onditions for integration along the line y = �54 km at

1500 hr in the high wind 
ase.

As dis
ussed in Se
. 7.2, the generalized Garratt model will break down

unless the quantity A

0

remains positive. If the model does remain valid,

then it is expe
ted that A

0

will be
ome large around the position of the

SBF. Be
ause of the form of A

0

(see Eq. 12), a small error in the value

of h at a grid point where A

0

be
omes large 
ould generate a signi�
ant

error in the 
al
ulated A

0

, and hen
e in the value of h predi
ted at the

next grid point. Thus, the implementation of the model may fail for purely

pra
ti
al reasons. This 
ould o

ur if an update to the MIBL height had

been an signi�
ant overestimate, sin
e there is no 
apa
ity in the model

for a subsequent redu
tion of h. By 
ontrast, a limited degree of numeri
al

undershooting in the strong{growth region may not be so serious a problem.

At the fet
hes where the MIBL grows qui
kly, an underestimate of h at one

grid point will tend to produ
e an overestimate of A

0

(and hen
e of the

growth rate) at the next. However, if an undershooting error is large enough

then A

0

at the following grid point may be evaluated as negative, in whi
h


ase the model implementation will be subje
t to an arti�
ial break down.

Results obtained for the mature MBL height under di�erent initial 
on-

ditions are plotted in Fig. 32. Initial heights were varied from 1:0 m up to

200 m in 0:2 m intervals, while initial x positions ranged from the �rst grid

point after the 
oast (x = �96 km) up to x = �60 km. The model always

broke down if subsequent grid points were used. For most of the initial


onditions tried, integration was invalid. However, there are three regions

of Fig. 32 where Eq. 11 
ould be integrated over all fet
hes:

1. A band extending from (x

0

; h

0

) � (�95; 50) to � (�60; 90).

2. A band extending from (x

0

; h

0

) � (�95; 140) to � (�60; 180).

3. A triangular region in the top left{hand 
orner of the �gure.

Within ea
h of these regions, a mature MBL height was evaluated that


hanged remarkably little as the initial 
onditions varied. This 
an be seen

from Fig. 33, whi
h gives a s
atter plot of the mature MBL heights. For the

great majority of initial 
onditions where integration was valid, the mature

MBL height was 
al
ulated to be in the range 362 to 362:5 m. There were no

results below 362 m, whi
h 
on�rms that the 
al
ulations 
ould 
ope with
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some numeri
al undershooting. However, overshooting 
aused diÆ
ulties

on the boundaries of the valid regions. This explains why the regions are

marked by \fuzzy" edges in Fig. 32.

The banded stru
ture 
an be explained using Fig. 34, whi
h shows the

full MIBL evolution using several initial 
onditions. For 
onditions below

region 1, the MIBL height is not large enough for A

0

to remain positive

on
e the sea breeze is en
ountered. Su
h initial 
onditions are therefore

physi
ally una

eptable, as dis
ussed in Se
. 7.2. Within the valid regions,

there are obvious di�eren
es in the MIBL evolution before the point of rapid

growth, but ex
ellent agreement from then on. Between regions 1 and 2 (and

again between regions 2 and 3) the model appears to break down through

undershooting at the �rst grid point where rapid growth is expe
ted. The


al
ulated growth rate at this grid point is found to be too low for a valid

determination of A

0

at the following grid point.

Thus, the bands in Fig. 32 are a numeri
al artefa
t. If the right{hand

side of Eq. 11 
ould be evaluated at any x position (rather than just at the

grid points) and with 
omplete a

ura
y (ie, without re
ourse to any of the

interpolation in the verti
al that is ne
essary in order to 
al
ulate model

quantities from verti
al integrals) then the generalized Garratt model would

be found to be valid over a single, large region in (x

0

; h

0

) spa
e.
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Tables

Table 1: Initial 
onditions spe
i�ed for the numeri
al simulations in the

high wind 
ase. � denotes the potential temperature and RH the relative

humidity.

Level Height (m) Pressure (mb) � (C) Temperature (C) RH (%)

0 0.0 1013.25 22.50 22.50 75.00

1 10.0 1012.14 22.65 22.55 73.00

2 20.0 1011.04 22.80 22.60 71.00

3 30.0 1009.94 22.95 22.65 69.00

4 40.0 1008.83 23.10 22.70 67.00

5 50.0 1007.74 23.25 22.75 65.00

6 60.0 1006.64 23.40 22.80 63.00

7 70.0 1005.54 23.55 22.85 61.00

8 80.0 1004.44 23.70 22.90 59.00

9 90.0 1003.35 23.85 22.95 57.00

10 100.0 1002.26 24.00 23.00 55.00

11 110.0 1001.17 24.12 23.02 53.00

12 120.0 1000.08 24.24 23.04 51.00

13 130.0 998.99 24.36 23.06 49.00

14 140.0 997.90 24.48 23.08 47.00

15 150.0 996.81 24.60 23.10 45.00

16 160.0 995.73 24.72 23.12 43.00

17 180.0 993.56 24.96 23.15 39.00

18 200.0 991.40 25.20 23.19 35.00

19 220.0 989.25 25.44 23.23 31.00

20 240.0 987.10 25.68 23.27 27.00

21 260.0 984.95 25.92 23.31 23.00

22 280.0 982.81 26.16 23.34 19.00

23 300.0 980.68 26.40 23.38 15.00

24 350.0 975.36 27.00 23.47 14.95

25 400.0 970.08 27.60 23.57 14.90

26 450.0 964.83 28.20 23.66 14.85

27 500.0 959.61 28.80 23.75 14.80

28 600.0 949.26 30.00 23.92 14.70

29 800.0 928.56 31.00 22.89 14.50

30 1000.0 908.18 32.00 21.87 14.30

31 1300.0 878.18 33.50 20.33 14.00

32 1600.0 848.87 35.00 18.79 13.70

33 1900.0 820.24 36.50 17.26 13.40

34 2200.0 792.30 38.00 15.72 13.10

35 2600.0 756.08 40.00 13.68 12.70

Continued on next page
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Table 1 { 
ontinued from previous page

Level Height (m) Pressure (mb) � (C) Temperature (C) RH (%)

36 3000.0 721.03 42.00 11.64 12.30

37 3500.0 678.85 44.50 9.09 11.80

38 4000.0 638.43 47.00 6.55 11.30

39 5000.0 562.79 52.00 1.49 10.30

40 6000.0 493.79 57.00 -3.54 9.30

41 8000.0 374.54 67.00 -13.52 7.30
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Figure 1: Cross se
tions of refra
tivity (M units) at 1500 hr in the low wind


ase. The plots are obtained from a run with a 1 km grid length. The upper

plot is along the line y = �39 km, the middle along y = �54 km and the

lower along y = �69 km.
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Figure 2: Land and sea areas in the model domain.
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Figure 3: The height of the MIBL is plotted along the line y = �54 km at

1500 hr in the high wind 
ase. The height was determined using method 3,

as des
ribed in Appendix A.
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Figure 4: The 
urvature parameter 
 is plotted along the line y = �54 km

at 1500 hr in the high wind 
ase.
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Figure 5: Cross se
tion of the 
urvature variable n along y = �54 km at

1500 hr in the high wind 
ase.
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Figure 6: Potential temperature 
ontours along y = �54 km at 1500 hr in

the high wind 
ase. The upper plot shows 
ontours at 1 K intervals; the

lower plot shows 
ontours at 0:3 K intervals, from 22 K to 28 K.
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Figure 7: The fun
tion f

4

is plotted for various fet
hes along the line y =

�54 km at 1500 hr in the high wind 
ase.
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Figure 8: Verti
al velo
ity pro�les are plotted for various fet
hes along the

line y = �54 km at 1500 hr in the high wind 
ase.
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Figure 9: The surfa
e heat 
ux along the line y = �54 km is plotted at

1500 hr in the high wind 
ase.
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Figure 10: The fun
tions f

1

and f

6

are plotted for various fet
hes along the

line y = �54 km at 1500 hr in the high wind 
ase. The upper plot shows

f

1

; the lower plot shows f

6

.
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Figure 11: The fun
tion f

2

is plotted for various fet
hes along the line

y = �54 km at 1500 hr in the high wind 
ase.
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Figure 12: The fun
tion f

5

is plotted for various fet
hes along the line

y = �54 km at 1500 hr in the high wind 
ase.
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Figure 13: The upper plot shows the parameter A as a fun
tion of fet
h

along the line y = �54 km at 1500 hr in the high wind 
ase. The lower

plots hows the 
orresponding potential{temperature di�eren
e between the

surfa
e and the IBL top.
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Figure 14: The parameter A

0

is plotted as a fun
tion of fet
h along the

line y = �54 km at 1500 hr in the high wind 
ase. In the upper plot, it is

evaluated using an IBL height at the top of the inversion; in the lower plot,

it is evaluated using an IBL height in the middle of the inversion.
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0
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of fet
h along the line y = �54 km at 1500 hr in the high wind 
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lower plot shows the 
orresponding evolution of parameter B.
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Figure 16: IBL heights predi
ted from the generalized Garratt model, along

the line y = �54 km at 1500 hr in the high wind 
ase. A height of 47 m at

x = �96 km was used as the initial 
ondition. The 
orresponding simulation

results are also shown.
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Figure 17: Cross se
tion of the indu
ed wind at 1500 hr along the line

y = �54 km in the high wind 
ase. The u 
omponent of the wind is plotted in

units of ms

�1

and the w 
omponent in units of 
ms

�1

. S
ales are provided by

a referen
e arrow shown at a height of 350 m and x � �150 km, representing

u = 20 ms

�1

and w = 20 
ms

�1

. Also plotted is the IBL height.
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Figure 18: The height of the MIBL is plotted along the line y = �54 km

in the high wind 
ase. Results are shown at 1300 hr, 1400 hr and 1500 hr.

Also shown is the 
urve h = a

p

X, where X is the distan
e from the 
oast

in km and a = 15:0.
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Figure 19: Cross se
tion of the indu
ed wind at 1400 hr along the line

y = �54 km in the high wind 
ase. The u 
omponent of the wind is plotted in

units of ms

�1

and the w 
omponent in units of 
ms

�1

. S
ales are provided by

a referen
e arrow shown at a height of 350 m and x � �150 km, representing

u = 20 ms

�1

and w = 20 
ms

�1

. Also plotted is the IBL height.
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Figure 20: Cross se
tion of the wind at 1600 hr along the line y = �69 km

in the high wind 
ase. The u 
omponent of the wind is plotted in units

of ms

�1

and the w 
omponent in units of 
ms

�1

. S
ales are provided by a

referen
e arrow shown at a height of 200 m and x � 50 km, representing

u = 20 ms

�1

and w = 20 
ms

�1

. Also plotted is the IBL height.
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Figure 21: Cross se
tion of potential temperature (C) along y = �39 km at

1800 hr in the high wind 
ase.
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Figure 22: Potential temperature pro�les at the point y = �54 km, x =

�78 km in the high wind 
ase.
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Figure 23: Potential temperature pro�les at the point y = �54 km, x =

�102 km in the high wind 
ase.
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Figure 24: Cross se
tion of the wind at 1500 hr along the line y = �54 km in

the low wind 
ase. The u 
omponent of the wind is plotted in units of ms

�1

and the w 
omponent in units of 
ms

�1

. S
ales are provided by a referen
e

arrow shown at a height of 200 m and x � 50 km, representing u = 20 ms

�1

and w = 20 
ms

�1

. Also plotted is the 
ontour q = 12 mb.

59



0

50

100

150

200

250

300

350

400

450

-100 -50 0 50 100

IB
L

 h
e

ig
h

t 
(m

)

X (km)

Method 1
Method 2
Method 3
Method 4
Method 5
Method 6

Figure 25: IBL heights a

ording to various methods. The results are plotted

as a fun
tion of fet
h along the line y = �54 km at 1500 hr in the high wind


ase.
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Figure 26: The upper plot shows IBL heights a

ording to method 1. The

results are plotted as a fun
tion of fet
h along the line y = �54 km at 1500 hr

in the high wind 
ase. The lower plot shows various potential{temperature

pro�les along this line, also at 1500 hr. Arrows in the lower plot point to

IBL heights 
al
ulated at x = 57 km.
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Figure 27: The upper plot shows IBL heights a

ording to method 2. The

results are plotted as a fun
tion of fet
h along the line y = �54 km at

1500 hr in the high wind 
ase. The lower plot shows potential{temperature

pro�les along this line, also at 1500 hr. Arrows in the lower plot point to

IBL heights 
al
ulated using method 2. The lower arrow marks the height

at x = �51 km while the upper arrow marks that at x = �48 km.
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Figure 28: The solid line shows the di�eren
e in IBL heights 
al
ulated

by methods 3 and 1; the dashed line shows the di�eren
e in IBL heights


al
ulated by methods 3 and 2. The 
al
ulations were performed along the

line y = �54 km at 1500 hr in the high wind 
ase.

63



0

200

400

600

800

1000

20 22 24 26 28 30 32 34

H
ei

gh
t (

m
)

Potential temperature (C)

x=-78km
x=57km

Method 4

0

50

100

150

200

250

-100 -50 0 50 100

IB
L 

he
ig

ht
 (m

)

X (km)

Method 4

Figure 29: The upper plot shows IBL heights a

ording to method 4. The

results are plotted as a fun
tion of fet
h along the line y = �54 km at

1500 hr in the high wind 
ase. The lower plot shows potential{temperature

pro�les along y = �54 km at 1500 hr in the low wind 
ase. Also shown on

the lower plot is the referen
e line used in method 4.
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Figure 30: The upper plot shows IBL heights a

ording to method 5. The

results are plotted as a fun
tion of fet
h along the line y = �54 km at

1500 hr in the high wind 
ase. The lower plot shows potential{temperature

pro�les along y = �54 km at 1500 hr in the low wind 
ase. Also shown on

the lower plot is the referen
e line used in method 5.
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Figure 31: The upper plot shows IBL heights a

ording to method 6. The

results are plotted as a fun
tion of fet
h along the line y = �54 km at

1500 hr in the high wind 
ase. The lower plot shows TKE pro�les at two

points along this line, also at 1500 hr.
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Figure 32: A 
ontour plot of the predi
ted height of the mature MBL,

using the generalized Garratt model. The horizontal axis gives the initial

x position, using the 
o-ordinate of the mesos
ale simulation grid. The

verti
al axis gives the initial MIBL height used. The 
ontours are unlabelled

sin
e their only signi�
an
e lies in the fa
t that they mark out regions of

qualitatively di�erent behaviour (see Appendix B for full details).
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Figure 33: A s
atter plot of the predi
ted height (m) of the mature MBL,

using various initial 
onditions in the generalized Garratt model. The hori-

zontal axis gives the initial MIBL height used.
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Figure 34: IBL heights predi
ted from the generalized Garratt model. Ea
h

plot 
orresponds to a di�erent set of initial 
onditions. Those marked by

lines use 
onditions from within regions 1, 2 and 3. Those marked by points

use 
onditions: below region 1; between regions 1 and 2; and, between

regions 2 and 3. The di�erent regions are des
ribed in Appendix B.
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