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Abstrat

Previous reports from this projet have desribed mesosale{model simula-

tions of the refrativity environment over the Persian Gulf on the oasions

of researh ights in that area. The simulations aptured the development

of stable marine internal boundary layers (MIBLs), resulting from the ow

of hot, dry air from Saudi Arabia over the waters of the Gulf. Beause it is

also fored by land{sea ontrasts, a sea-breeze irulation frequently ours

in assoiation with the MIBL. The size, loation and internal struture of

the sea-breeze irulation were also realistially simulated.

The initial onditions used in previous simulations were somewhat ideal-

ized. In this report some of the initial pro�les used are set diretly from real

data. Four sets of simulations are desribed, with initial onditions of vary-

ing degrees of idealization. All of the sets produed results in broad agree-

ment with observations taken in the SHAREM-115 programme. Beause of

the strong foring mehanism of the diurnal yle, the overland results are

insensitive to the starting onditions. Reasonable qualitative results over the

Gulf waters are obtained from a rude initialization of the model in whih a

single land{based sounding provides the starting onditions throughout the

model domain. This indiates that the model itself has preditive power.

However, detailed quantitative predition of the propagation environment

does require good initial data on the low-level atmospheri onditions over

the Gulf. Inorporation of suh data yields dramati improvements to the

preditions. In pratial foreasting it may be far more valuable to obtain

limited data for the low-level onditions over the sea than to assimilate large

amounts of overland synopti data.
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1 Introdution

This projet is onerned with assessing the apability of mesosale numer-

ial models for prediting the propagation environment in oastal areas.

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

alised and realisti situations (Li and Atkinson, 1997a,b, 1998a,b). The

realisti ases (Li and Atkinson, 1998b) were run to simulate onditions

in the Persian Gulf in a period when airraft observations had been taken

(Brooks et al., 1997, 1999). The results were enouraging 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

refrativity therein. In addition to the important vertial gradients at the

top of the MBL, well-developed sea-breeze irulations were found whih 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 nomenlature is required here as observations of suh fronts show them

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

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

aspets of the projet: �rst, the e�ets of horizontal grid resolution on the

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

tal variations within the MBL; fourth, the inorporation of the TERPEM

model, a ode that allows alulation of the response of eletromagneti

radiation to the refrativity environment produed by the meteorologial

model. Plant and Atkinson (1999, 2000a,b) have disussed the e�ets of

grid resolution (1999), the development of the marine internal boundary

layer (2000a) and the appliation of TERPEM (2000b).

Previous work on this projet has employed somewhat idealized initial

onditions in the mesosale model. In this report we onsider the e�ets

of setting the initial onditions diretly from real data. This is learly an

important issue if a mesosale model is to be used as part of a pratial

foreast of the propagation environment. It should be noted that a similar

disussion of this problem has been presented by Atkinson et al. (2000).

However, we feel that it may be useful to o�er a somewhat more detailed

disussion here, tailored to the spei� ontext of the projet. Sine we

have speulated on several oasions that inhomogeneities of the sea surfae

temperature (SST) may be signi�ant (Li and Atkinson, 1998b; Plant and

Atkinson, 2000a) we also desribe some model runs in whih arti�ial, but

realisti, SST variations have been imposed for illustrative purposes.
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2 Predition of the Refrativity Environment

Within a given refrativity �eld the propagation of radar signals an be

modelled with good auray using paraboli equation models (Dokery,

1988; Craig, 1988; Dokery and Goldhirsh, 1995). A detailed example of the

appliation of suh a model was given by Plant and Atkinson (2000b). In

pratie the most diÆult aspet of prediting the propagation environment

is the predition of the refrativity �eld. This view was reently stressed by

Christophe et al. (1995) who argued that obtaining meteorologial pro�les is

urrently a more important task than assessing them in radar models. Ob-

servational data providing refrativity pro�les tends to be infrequent (rou-

tine observations are typially made at 12 hr intervals) and widely spaed.

The sparsity of data is espeially a problem over the sea sine a refrativity

pro�le an normally be measured only at a partiular loation if there hap-

pens to be ship at the point. Although observational ights an be made

and have yielded valuable, high{quality datasets, this approah is imprati-

al for routine data gathering. Work is ontinuing in order to asertain the

aeptable spae and time separations in reorded data that are required for

useful predition of the propagation environment (see, for example, Dokery

and Goldhirsh (1995); Rogers (1995); Brooks et al. (1999)).

A partiularly useful phenomenon to be able to predit would be that

of radar duting (Turton et al., 1988). This refers to strong trapping of

radar signals, onentrating the radar energy within some limited vertial

range (the dut) and produingly orrespondingly weak signals outside of

that range. There are several types of meteorologial onditions that an

lead to dut formation (Skolink, 1980; Turton et al., 1988), one of whih is

the advetion of warm, dry ontinental air over a ooler sea. When the warm

air from a dry landmass moves over the ooler sea water, the lowest layers

of the air are ooled and moistened within a stable internal boundary layer

(IBL) (Garratt, 1990). As this IBL forms over water it is alled a marine

internal boundary layer (MIBL). The moisture aumulated in the stable

surfae layer is a major ause of an inrease in radar refrative index with

height and the formation of a radar dut with a depth approximately equal

to that of the MIBL. This e�et may reinfore a pre-existing evaporation

dut and so inrease its depth. Advetion duts are also sometimes observed

when warm moist air is adveted over a ooler sea, resulting in the formation

of sea fog with a dut near the top of the fog.

The advetion dut is by no means unommon in littoral regions and

an signi�antly a�et radar ommuniations between land and sea stations.

Being losely assoiated with the MIBL the dut properties an vary quite

onsiderably with feth and this variation must also be aptured in the re-

frativity dataset if the propagation is to be aurately modelled. Moreover,

the MIBL is strongly dependent on the land{sea temperature di�erene and

thus the duting onditions an undergo important hanges in the ourse
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of a few hours. It is therefore lear that observational programmes as ur-

rently envisaged are unable to provide diret refrativity input to propaga-

tion models of suÆient quality for realisti predition of important e�ets

within littoral regions.

An attrative alternative is the use of a mesosale numerial model. The

hope is that one an initialize suh a model using a fairly sparse dataset

and then use the model output to produe refrativity pro�les whih evolve

in a realisti fashion with hanges in loation and time. Several mesosale

models have already been investigated in this ontext. Lystad and Tjelta

(1995) simulated the refrativity �eld over a oastal area of Norway at about

65

Æ

N. On omparison with radiosonde measurements, their model proved

useful in prediting the spatial distributions and diurnal variations of re-

frativity, but it missed the �ne vertial strutures that are also of riti-

al importane for radio propagation. Burk and Thompson (1995, 1997)

modelled the summertime refrative onditions in the southern California

Bight, using the Navy Operational Regional Atmospheri Predition Sys-

tem (NORAPS). The hydrostati, regional model was nested in the Navy's

global model, whih provided time-dependent lateral boundary onditions

for the regional model. Despite the oarse horizontal resolution (20 km), a

simulated sea{land breeze was generally in agreement with oastal station

observations. Model simulation showed signi�ant diurnal variations in the

MBL along the entral oastal portion of the southern California Bight but

suh variations diminished rapidly away from the oast.

Studies suh as those above have provided grounds for optimism regard-

ing the use of a refrativity �eld produed from a mesosale model as input

to radar propagation models for foreasting the propagation environment.

This projet has used the UK Met. OÆe mesosale model (Ballard and

Golding, 1991) to simulate the refrativity environment in the Persian Gulf

on the oasions of researh ights in that area. Observations were taken

by the UK Met. OÆe C-130 Herules airraft during the SHAREM-115

exerise in April 1996 (Brooks et al., 1997, 1999; Brooks and Rogers, 2000).

The �ve researh ights may onveniently be split into two groups aord-

ing to the boundary layer onditions. Flights on the 23 rd and 25 th April

were haraterized by relatively low wind speeds (`low-wind' ases), typi-

ally from 5 to 10ms

�1

, and an inversion of height 100m or less. Flights

on the 27 th, 28 th and 29 th April were haraterized by higher wind speeds

(hereafter known as `high-wind' ases) of up to about 23ms

�1

, and a deeper

surfae layer with an inversion at � 300m. The same split has been followed

in the simulations, whih have suessfully aptured important features of

the littoral propagation environment (Li and Atkinson, 1998b; Plant and

Atkinson, 2000a,b).

The studies performed by Lystad and Tjelta (1995) and Burk and Thomp-

son (1995, 1997) used mesosale numerial models whih were nested within

synopti{sale models. In both ases the synopti model was initialized in
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a foreasting mode with full data assimilation of routine synopti observa-

tions. Results from the synopti model were then used to provide initial and

boundary onditions for the mesosale model. By ontrast, in this projet

a mesosale model has been used as a stand{alone ode, with somewhat{

idealized initial onditions that are based on the airraft observations of

Brooks et al. (1997, 1999). This has allowed us to examine the apability of

the model to apture the essentials of the boundary layer and dut ondi-

tions in the Gulf area. However, in a routine predition of advetion duting

high{quality initial onditions of that sort would not be available. Here we

wish to test the use of synopti{sale data as input to the model.

Four sets of numerial experiments are ompared. Eah set omprises

low-wind and high-wind ases in north{westerly airow from the land to

the west of the Persian Gulf. In both ases the wind pro�les are smoothed

omposites of a sounding at Kuwait International Airport (KIA) (KIA data,

1996) and the winds observed by the ship US Caron and by the airraft in

SHAREM-115 (Brooks et al., 1997). These pro�les are used in all the sets.

The �rst set (Set 1) uses idealized but realisti pro�les of temperature and

humidity and was reported by Li and Atkinson (1998b). The seond (Set 2)

uses partiular radiosonde asents from KIA to initialize the model and the

third (Set 3) uses ombinations of partiular radiosonde asents and the

SHAREM-115 data for initialization.

A fourth set (Set 4) uses idealized initial onditions similar to those of

Set 1. However, in this set the SST is allowed to vary with position. As

noted above, this projet has studied the formation of a marine boundary

layer as a warm, dry air mass is adveted by the synopti wind from the

deserts of Saudi Arabia aross the waters of the Persian Gulf. The proess

is sensitive to the temperature di�erene between the sea surfae and the

overlying air and thus to the SST itself. For example, it was noted by

Plant and Atkinson (1999) that an inrease of the SST from 23

Æ

C to 24

Æ

C

produed a slightly shallower MBL. It is therefore interesting to investigate

the e�ets of spatial variations in the model SST.

3 Initial Conditions

The model domain is hosen to over the entral part of the Persian Gulf

(Figs. 1 and 2), where airraft observations were made in 1996 (Brooks et al.,

1997, 1999; Brooks and Rogers, 2000). For the �rst three sets, the horizontal

domain has a grid length of 6 km over an area of size 600 � 360 km entred

at 51

Æ

E, 27

Æ

N. There are 33 levels spei�ed in the vertial, extending up to

10 km above the surfae and with a level spaing that inreases with height

in order to obtain good resolution at low altitudes.

As in Li and Atkinson (1998b), wind pro�les are set at intermediate

heights from the synopti onditions, and fall o� linearly towards zero in the
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top few levels of the model and logarithmially towards the surfae. The

fall o� at large heights is learly arti�ial and is imposed for onsisteny

with the simple boundary onditions used, whih are essentially those of

a rigid top where variables remain �xed at their initial values. Test runs

have on�rmed that these top boundary onditions are adequate for our

present purposes sine the top few levels of the model are almost stati,

the thermally{indued oastal irulations having a depth less than � 3 km.

The winds are introdued by speifying the normal omponents of veloity

on the lateral boundaries.

In the low-wind ase the winds at intermediate levels are set as u =

3; v = �4ms

�1

whilst the high{wind ase uses u = 12; v = �9ms

�1

. These

hoies are based on the data presented in Figs. 3 and 4 of Brooks et al.

(1997) between � 200 and 1000m. The �gures show synopti soundings

from KIA at 1200UTC and airraft observations at roughly similar times

1

.

From Fig. 1 it an be seen that KIA lies � 100 km upstream of the model

domain, and thus data reorded there is less likely to be harateristi of

Gulf onditions than data taken over the Gulf itself. The KIA data (1996)

gives wind speeds of � 10ms

�1

in both high- and low-wind ases and only

distinguishes between them through the wind diretion, whih agrees with

that from the airraft in the high-wind ase but whih is northerly rather

than north{westerly in the low-wind ase. In addition, in the high-wind ase

there is also available a rawinsonde sounding, made at 1330UTC from the

ship USS Caron within the Gulf (Fig. 4 of Brooks et al. (1997)). The rawin-

sonde data is undeniably in loser agreement with the airraft pro�le than

the KIA pro�le. There is insuÆient data available to allow the wind pro�les

used in the mesosale model to vary with time or position in any meaning-

ful way and thus it is important to hoose pro�les that are onsistent with

those observed by SHAREM-115 over the Gulf during the afternoon. We

therefore regard the airraft observations at �1200UTC as the appropriate

data soures for model winds. Above the lowest hundred metres or so, there

is little variation in the winds with height, justifying our deision to neglet

suh variations.

The other initial onditions required in the mesosale model runs are the

sea-surfae temperature (SST) and the initial vertial pro�les of potential

temperature and relative humidity. These onditions vary between the dif-

ferent data sets onsidered. Note that for a given pro�le of temperature or

potential temperature, an initial pressure �eld is set from the hydrostati

approximation, applying the method of Li and Atkinson (1997b).

1

The airraft data were taken at 1246UTC on the low-wind day and at 1001UTC on

the high-wind day.
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3.1 Set 1 Initial Conditions

For Set 1 idealized initial onditions were hosen (Li and Atkinson, 1998b).

By both design and neessity the pro�les did not desribe onditions at one

plae at a partiular time, but were representative of atmospheri onditions

over the Gulf at the time of the SHAREM-115 ights. Horizontally homo-

geneous onditions were set throughout the model domain and the same

onditions were used in both high- and low-wind ases. Runs were initial-

ized at 0700 Loal Time (LT), a time for whih SHAREM-115 data were

available (Brooks et al., 1997), and also a time of day when land{sea thermal

ontrasts are usually quite small. The atual pro�les used were given by Li

and Atkinson (1998b) and are simple two-piee funtions of height. They

are plotted here as Fig. 3 for ease of omparison with the pro�les used in

the other data Sets.

The sea-surfae temperatures used in the Set 1 runs were taken from

Figs. 3 and 4 of Brooks et al. (1997) | 23

Æ

C in the low-wind ase and 24

Æ

C

in the high-wind ase.

3.2 Set 2 Initial Conditions

In these experiments the initial onditions are set from partiular radiosonde

asents at KIA (KIA data, 1996). Suh onditions desribe the upstream,

overland atmosphere, in marked ontrast to the initial onditions of Set 1

whih represent the downstream, marine atmosphere. Thus the Set 2 on-

�gurations ontain no information on the marine boundary layer. Any MBL

observed within the results ould therefore only arise through the ation of

proesses inluded in the mesosale model.

Synopti upper-air observations from KIA are available at 0000UTC

and 1200UTC eah day. We use data from the 0000UTC soundings on

the 23 rd and 28 th April in order to set the low- and high-wind model

pro�les respetively. This orresponds to 0300LT and therefore the model

runs were started at this time. The KIA data (1996) inludes values of

temperature and relative humidity for a series of heights. These `heights'

are given relative to sea level, the station itself being 55m above sea level.

Sine the e�ets of orography are negleted in the model simulations (see

Li and Atkinson (1998b) for the justi�ation), we translate the heights in

the KIA data into vertial distanes above the surfae. At eah model

level the initial temperature and relative humidity are de�ned by a linear

interpolation between the adjaent KIA data values. Plots of the initial

pro�les used in Set 2 are given in Fig. 4.

(Temperature information is available from the KIA data (1996) for

heights extending above the vertial extent of the model grid. For the real-

tive humidity, however, the highest data point lies just a few hundred metres

below the model top at 10 km. In order to extrapolate up to the model top

9



we have assumed that the relative humidity falls o� at 1%km

�1

, the same

rate as is used for the upper-air onditions of Set 1.)

The Set 1 runs were performed by Li and Atkinson (1998b) prior to

publiation of the paper by Brooks et al. (1999) and therefore these runs

used the only values that were available for the SST at that time, taken

from Brooks et al. (1997). Values given by Brooks et al. (1997) refer to the

\potential sea surfae temperature in the viinity of [an℄ airraft pro�le".

They were obtained from infrared radiometer measurements on the airraft.

In 1999 however, Brooks et al. also mentioned SST measurements made on

the USS Caron. It is not lear whether or not the ship measurements were

used in arriving at the SST values that were quoted for eah day in Table 2

of Brooks et al. (1999). Nonetheless, sine the values in that Table are

desribed as \means for 30-m ight legs" we are inlined to regard them as

being more reliable than the values denoted around the position of a single

vertial pro�le in Brooks et al. (1997). In the Set 2 runs we have therefore

used the SST given by Brooks et al. (1999) for the days orresponding to

the KIA soundings that supplied the initial vertial pro�les. Thus, the SST

is taken to be 26:15

Æ

C in the low-wind ase (23 rd April) and 23:95

Æ

C in the

high-wind ase (28 th April).

3.3 Set 3 Initial Conditions

In the idealized Set 1 no distintion was made between the initial pro�les

over land and sea. In Set 2 a limited degree of land{sea ontrast was re-

ognized by the use of (slightly) di�erent values for the SST and the initial

land temperature. For the third Set of runs, the initial state of the land

boundary layer is derived from the KIA soundings and KIA synopti obser-

vations, similarly to Set 2. However, the initial state of the marine boundary

layer is determined from SHAREM-115 observations (Brooks et al., 1997).

Set 3 runs are initialized at 0700LT, a time for whih SHAREM-115 data

are available. The aim is to predit onditions for the following afternoon.

Unfortunately, only one set of 0700LT data, taken on a high-wind day, is

available from SHAREM-115. In the absene of other appropriate data these

are used in both the low- and high-wind runs.

Plots of the initial pro�les used over land and sea an be seen in Figs. 5

and 6.

3.3.1 Low Wind Case

Over land we mainly use the KIA sounding from 0000UTC on 23 rd April.

Although this was taken four hours before the start of the run, omparison

of the 0000 and 1200UTC soundings reveals very small di�erenes in tem-

perature and humidity above a height of 1000m. Within the lowest ouple

of hundred metres we prefer to desribe the surfae onditions by interpo-
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lating between the three{hourly KIA synopti surfae observations. Thus,

unlike in Set 2 the surfae data point from the 0000UTC sounding is dis-

arded. Between the surfae and next data point in the sounding (186m

above ground) a linear interpolation is made.

Over the sea, between 30m and 1000m, we use the SHAREM-115 tem-

perature data presented in Fig. 23 of Brooks et al. (1997). These data were

measured over the Gulf at about 0700LT on 28 th April. Between 30m

and the surfae, linear interpolation is made to the sea-surfae temperature,

whih is hosen as in the runs of Set 2. For the relative humidity, data from

Fig. 23 of Brooks et al. (1997) is again used, having made the neessary

onversions from humidity mixing ratios. At the surfae, a mixing ratio of

10:5 g kg

�1

is taken, based on an extrapolation of the SHAREM-115 pro�le.

Above 1000m, the initial onditions over the sea are taken to be idential

to those over land. The mathing of both variables around 1000m is good,

so that no smoothing between the two data soures is required.

3.3.2 High Wind Case

In this ase the KIA sounding used for overland grid points is that at

0000UTC on 28 th April. As in the low wind ase, omparison of the 0000

and 1200UTC soundings reveals very small di�erenes in temperature and

humidity above 1000m. The surfae data point from the sounding is again

disarded, together with two near-surfae data points at 53m and 74m.

These are replaed by surfae data interpolated from the KIA synopti ob-

servations. Between the surfae and the next data point in the sounding, at

193m, linear interpolation is used.

Over the sea, onditions between 30m and 1000m are taken from Fig. 23

of Brooks et al. (1997). Mathing of the relative humidity to the data from

the KIA sounding around 1000m is again good. However, there is a signi�-

ant disrepany between the two data soures with regard to the temper-

ature at this height. In order to obtain a reasonable pro�le for the initial

temperature over the sea, without introduing an arti�al inversion above

1000m, we have performed a linear interpolation between the SHAREM-115

temperature at 1000m and the data point at 2903m in the KIA sounding.

3.3.3 Horizontal Smoothing

There is a potential for numerial problems in the Set 3 runs owing to the

large horizontal gradients in the initial onditions aross the oast. In an

attempt to avoid suh problems we have therefore deided to smooth the

initial pro�les lose to the oast. A simple sheme has been devised whereby

for eah grid point we draw a 42�42 km box entered at the point. A fator
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f , representing the nature of the surfae within that loality, is de�ned by:

f =

number of grid points in the box that lie over the sea

number of grid points in the box

: (1)

At intermediate heights, the initial onditions at the point may then be

taken to be: f � (sea onditions) + (1� f)� (land onditions). However, it

would not be appropriate to smooth the surfae temperature in this fashion,

sine a step hange in surfae onditions at the oast is a genuine physial

feature. Thus, we also apply an exponential fator so that while the e�et of,

say, land onditions on a point just out to sea is ertainly notieable above

100m or so, there is a negligible e�et lose to the surfae. The smoothing

used is then:

C = gS + (1� g)L (2)

where C denotes the onditions at the point of interest, L denotes the land

onditions, S the sea onditions and g depends on whether the point of

interest is over land or sea:

g

land

= f(1� exp(�z=v)); (3)

g

sea

= 1� (1� f)(1� exp(�z=v)): (4)

The onstant v has been set at 50m.

3.4 Set 4 Initial Conditions

For all of the model simulations reported so far in the projet, the sea-surfae

temperature has been held �xed over spae and time. The SST will hange

only very slowly in time (Reed and Lewis, 1980, and referenes therein)

and this e�et an safely be negleted in omparison with unertainties

assoiated with the amplitude and timing of the diurnal yle (issues suh as

the peise value of the surfae albedo and the possibility of loud formation

would appear to be more signi�ant than detailed modelling of the SST

time evolution). However, spatial variations aross the model domain of the

order of a degree or two would ertainly not be implausible and may have a

notieable impat on the horizontal variations of the MIBL (see, for example,

Clany et al. (1979); Mizzi and Pielke (1984)). In the Set 4 runs the SST is

kept onstant over time but varies with position. Similar approahes have

been followed by Kora�in and Rogers (1990); Wai (1988); Wai and Stage

(1989) in whih it has been shown that sudden hanges in the SST an give

rise to loalized irulations and thermal IBL formation.

Wai (1988) mentions airraft observations that were made of a loalized

old spot in the SST. These observations inspired a mesosale simulation in

whih a sinusoidally{shaped dip in SST was onsidered, a hange of 1:7

Æ

C
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ourring over a distane of 60 km. Variations on the same sale and of the

same magnitude are investigated here. Spei�ally, we use:

T = T +

�T

2

sin

�

2�r

L

�

(5)

where T is the mean SST (taken from Brooks et al. (1999) as in Sets 2

and 3), �T = 1:7

Æ

C, L = 120 km and r is the distane from the NW orner

of the model grid. The runs are performed on the ut-down grid used for the

run with a 3 km grid length in Plant and Atkinson (2000a). The smaller grid

length for this Set is preferred beause the e�ets of the SST variations are

most likely to be manifest at short horizontal sales. Initial onditions other

than the SST are idealized. They are idential to those desribed in Plant

and Atkinson (1999) (one the appropriate translations have been made to

allow for the di�erent SSTs) and so are very similar to those of Set 1. The

SST used along the line y = �54 km is shown in Fig. 7 for the low wind

ase.

4 Results

4.1 Set 1 Results

The results obtained using the idealized initial onditions of Set 1 were dis-

ussed by Li and Atkinson (1998b). Some additional disussion of partiular

aspets of the model results has been given by Plant and Atkinson (1999,

2000a,b). Therefore it is suÆient in the present report merely to reall some

general features of the results, for ease of omparison with those of the other

Sets. Comparison of the results from Set 1 with SHAREM-115 observations

was generally enouraging (Li and Atkinson, 1998b). The juxtaposition of

hot, dry land with water in the Gulf region produes strong ontrasts be-

tween the land and marine boundary layers. In suh situations air owing

from the land to the sea is substantially ooled, stabilised and moistened as

a MIBL forms over the water surfae (Garratt, 1990; Rogers et al., 1995).

Despite the horizontally{homogeneous initial onditions the model learly

distinguished the boundary layers over land and water. Over the Gulf the

boundary layer was signi�antly ooler and moister than the equivalent over

land and the shape of the potential{temperature pro�le indiated the ause

as ooling by turbulent transfer (Plant and Atkinson, 2000a). In addition,

the model distinguished the di�erent depths of the MIBL and assoiated

duts in the low and high{wind ases, as found in the SHAREM-115 pro-

gramme.

4.1.1 Low Wind Case

Over the land area in the mid-afternoon, a mixed boundary layer about

1 km deep with potential temperatures of � 34

Æ

C (Fig. 8a) is assoiated

13



with vertially{uniform mixing ratios of � 6 g kg

�1

(Fig. 8b) and a linearly{

inreasing modi�ed refrativity (Fig. 8). In ontrast, the lowest 300m over

the sea shows a temperature inversion of � 8

Æ

C (Fig. 8a), a moistening of

the air near the surfae with mixing ratios reahing � 16 g kg

�1

(Fig. 8b)

and a lapse of refrativity (Fig. 8).

Fig. 9 shows the development of the boundary layer in the pro�les of po-

tential temperature, mixing ratio and refrativity at the point x = 210; y =

�78 km far out to sea. By mid-afternoon the isentropi layer is � 100m

deep and the apping inversion is strengthened to about 0:1

Æ

Cm

�1

between

100 and 140m. Evolution of the water vapour pro�les at the same sea point

(Fig. 9b) shows that a nearly{onstant mixing ratio is maintained in the

marine surfae layer. Above about 150m the simulation indiates dry air,

possibly due to subsidene assoiated with the seaward part of the sea-breeze

irulation (SBC). The simulated pro�les of refrativity (Fig. 9) show a

simple surfae dut about 100 to 160m deep (see also Plant and Atkinson

(2000b)), similar to the observed surfae dut on 23 rd April (Brooks et al.,

1999).

4.1.2 High Wind Case

In the high{wind simulation the marine pro�le of potential temperature in

Fig. 10a reveals the development by midday of a MIBL about 200m deep

overlain by a sharp inversion. The stable layer is about twie as deep as

that formed in the low-wind ase. The simulated moist near-surfae layer

(Fig. 10b) is also about 200m deep and is overlain by air with with a hu-

midity of � 3 g kg

�1

. In the refrativity pro�le (Fig. 10), an S-shaped

surfae dut is evident, in whih the trapping and duting layers are about

100m and 300m in depth respetively (Plant and Atkinson, 2000b). Near

to the shoreline a simple surfae dut ours in the evolving MIBL, while

the S-shaped dut beomes apparent beyond a feth of about 100 km. The

transition between the two types of dut has signi�ant e�ets on propaga-

tion (Plant and Atkinson, 2000b).

4.2 Set 2 Results

The Set 2 runs use horizontally{homogeneous initial onditions derived from

the overland sounding at KIA. Not surprisingly, the humidity at low alti-

tudes is signi�antly lower than in the initial onditions of Set 1 (see Figs. 3

and 4). In the Set 2 model runs, evaporation auses the humidity over the

sea to inrease towards more realisti values. Several hours of model time

are required for a reasonable degree of adjustment.

The land{sea ontrast is weaker in the Set 2 runs than in the runs of Set 1.

In the low-wind ase this ours beause of the inreased SST (Se. 3.2).

A similar e�et in the high-wind ase may be related to the low overland
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temperature at the start of the model run (Fig. 4). In this ase the overland

heating seems to be somewhat underestimated and so onditions overland

remain quite ool ompared to the runs with other initial onditions. The

loss of land{sea ontrast may partially explain why the MIBL is altogether

a rather weaker struture in the Set 2 runs.

4.2.1 Low Wind Case

Fig. 11 shows pro�les of simulated potential temperature, mixing ratio and

refrativity, together with observed values (Brooks et al., 1997) at the point

x = 210; y = �78 km in the early afternoon. A mixed layer develops of

� 300m depth with a potential temperature of about 25:5

Æ

C (Fig. 11a),

roughly equal to the SST used in the run (Se. 3.2). This mixed boundary

layer is apped by an inversion with a potential temperature di�erene aross

it of only � 2

Æ

C. Potential temperatures in the lowest 70m ompare well

with observed values, but above that height the simulated values are muh

lower than those observed. Thus, the modelled thermal boundary layer is

too deep and too old.

Assoiated with the mixed thermal layer a moist, marine boundary layer

exists below � 300m (Fig. 11b). It is about three times deeper than that ob-

served and the near{surfae magnitudes are underestimated by � 6 g kg

�1

.

Examination of the areas beneath the urves on Fig. 11b suggests that the

model managed to apture quite well the evaporation from the surfae, so

that the total amount of water vapour within the MIBL was orretly pre-

dited. However, the vapour is mixed through a deeper layer than ourred

in nature. A refrativity pro�le exhibiting surfae duting is produed below

300m, a height slightly more than twie that observed. This ours beause

the refrativity pro�le follows that of humidity to large degree, leading to

under{predition of the modi�ed refrativity below about 100m and over{

predition above that height.

4.2.2 High Wind Case

Simulated and observed (Brooks et al., 1997) pro�les for the high-wind ase

are shown in Fig. 12 for the point x = 186; y = �54 km in the early af-

ternoon. The potential temperature in the mixed layer is about 24

Æ

C, in

aordane with the SST. The boundary layer generated in the run is about

600m deep, apped by a weak inversion. Observations reveal (Fig. 12a) that

the simulated temperatures are orret in the lowest 200m of the boundary

layer but that the height and strength of the apping inversion are, respe-

tively, too large and too small. The simulated magnitudes of humidity below

about 200m are in reasonable agreement with observations (Fig. 12b), but

the sharp lapse between � 200 and 550m is not aptured in the simulations.

As the refrativity is strongly dependent on the humidity its pro�le also does
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not display the strong lapse above 200m, but the magnitudes below that

height are aptured in the simulation. A trapping layer is found between

500 and 600m, giving rise to a weak elevated dut between 400 and 600m,

in ontrast to the observed surfae dut below � 270m (Brooks et al., 1999).

4.3 Set 3 Results

The Set 3 runs use di�erent initial onditions over the land and sea surfaes,

taking the former from KIA data (1996) and the latter from SHAREM-

115 observations. The results are generally good, an IBL of roughly the

orret depth being produed. There are strong gradients at the IBL top

in the low-wind ase, and more modest ones in the high-wind ase. These

gradients are stronger than those found in Set 2. The model ertainly spins-

up more quikly than in Set 2, whih took some time to settle down and

to distinguish between land and sea onditions in a realisti fashion. This

provides some indiation that the initial onditions of Set 3 may indeed be

more appropriate for the situation modelled.

The air at about 500m over the sea remains very dry through to the

early afternoon. This dryness is passed to the model through the Set 3

initial onditions (Figs. 5 and 6). The air at this height is largely deoupled

from the diret inuene of the sea surfae due to the MIBL. Hene, the

likely mehanism in the model for moistening of the air at suh heights is

the movement over the sea of the relatively{moist land air. In that ase the

spei�ation of the initial humidity pro�le overland may have an important

e�et on the humidity of air above the MIBL during the afternoon, and

hene also on the strength of the simulated humidity inversion.

4.3.1 Low Wind Case

Fig. 13a ompares predited afternoon pro�les of potential temperature with

observations from SHAREM-115 at 1415{1425LT on 23 rd April at the point

x = 210; y = �78 km. A simulated mixed boundary layer, with a depth of

100 to 130m, is apped by an inversion. Observations showed a mixed layer

of about 70m in depth, overlain by a strong inversion of � 8

Æ

C between

130 and 200m. The predited humidity pro�les (Fig. 13b) show a moist

MIBL below � 130m with the magnitudes lose to the surfae being under{

predited. The refrativity pro�le follows that of humidity quite losely.

Although the run under{predited M magnitudes throughout MIBL, and

onsequently also the strength of the apping lapse, the surfae dut is

learly aptured. In view of the fat that the low{level initial onditions for

this run were neessarily taken from data on a high-wind day (see Se. 3.3),

the above results are regarded as being broadly suessful.
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4.3.2 High Wind Case

It was noted in Se. 3.3.2 that spei�ation of the initial temperature pro�le

over the sea requires an interpolation between two data soures from 1000

to � 3000m. The importane of ensuring a good math between the soures

an be illustrated using a run in whih interpolation is made between 1000

and 2000m. In that ase there is an arti�al temperature inversion in the

initial onditions whih auses the model to rash in the early afternoon.

Although there is also a rash when interpolation up to � 3000m is used,

this ours during the late afternoon. Reasonable results are produed at

low altitudes throughout the run, enabling a sensible omparison to be made

with the afternoon results from the runs with other data sets.

Fig. 14a shows the pro�les of simulated and observed (Brooks et al.,

1997) potential temperature in the lowest kilometre of the atmosphere. Up

to � 400m the simulation results are good, apturing both the ool near-

surfae layer over the Gulf water and the lower part of the inversion that aps

that layer. However, temperatures in the higher levels of the inversion are

under{predited. Whilst the general shape of the humidity pro�le (Fig. 14b)

is reasonable up to � 300m the model over{predits the mixing ratio by

� 2 g kg

�1

at low levels. Between 250 and 550m, where the air is very

dry, the over{predition inreases to � 4 g kg

�1

. A MIBL is produed in

the simulation but its predited top is not as sharply de�ned as in the

observations. Predited magnitudes of the refrativity above 700m are in

good agreement with the observations. Below that height the magnitudes

are too large but the pro�le shape mathes that of the observations quite

well. The disrepany between simulation and observations in this layer is

largely determined by the pro�le of humidity. Despite the disrepany a

surfae dut is just disernible and its depth is orretly predited as 300m.

4.4 Set 4 Results

Results from Set 4 are shown in the form of ross-setions of vapour pres-

sure along the line y = �54 km. The atmospheri variations aused by the

spatial variations of SST are more pronouned for this variable than for the

temperature and the potential temperature (whih appears to be little af-

feted). Cross-setions from the low-wind run are given in Fig. 15 whilst

results from the high wind run an be seen in Fig. 16. The e�ets of the

varying SST are strongest at the lowest levels and so are rather more evident

in the shallow MIBL that develops under low wind onditions.

Interestingly, the region of low SST in the low wind ase is assoiated

with an inreased vapour pressure, partiularly just above the surfae. Al-

though the surfae ux of humidity will be relatively modest in this region,

it appears that a large vapour pressure develops due to the loation of the

SST minimum relative to the SBC. As shown in Fig. 17, the low-level air
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travels only slowly aross the minimum whih allows for an aumulation of

water vapour. A similar, but less pronouned, e�et an be seen in Fig. 3

of Plant and Atkinson (1999) whih shows ross-setions of vapour pressure

from low wind runs with a onstant SST. The preise e�et in a partiular

model run will be sensitive to the detailed model desription of the SBC.

There are some hints in Fig. 15 that a irulation may be developing be-

tween regions of warm and ool SST, with strong horizontal gradients of

humidity ourring at around x = 80 km (note that any suh irulation is

likely to be weak and so would be diÆult to disentagle from the strong

SBC in the wind �eld of Fig. 17). However, this may be a little lose to the

model boundary for the irulation to have been aurately represented.

Horizontal di�usion is inluded in the mesosale model as a mehanism

for numerial smoothing (Ballard and Golding, 1991). While valuable in

suppressing numerial modes of solution this may also suppress some phys-

ial e�ets. For instane, it will tend to smear{out slowly{varying waves on

a sale of a few grid lengths. Thus, the horizontal variations in the model

results that an be fored by inhomogeneity of the SST tend to deay as the

model run progresses (see Fig. 15) and may be somewhat underestimated.

It is lear that realisti variations of the SST an have signi�ant e�ets on

the short{sale horizontal struture of the MIBL and so ould have a role

to play in aounting for the wavelike features observed by Brooks et al.

(1997).

If one wished to obtain good representations of these e�ets it would be

neessary to have aess to aurate SST data with good horizontal reso-

lution. Some information may be available from satellite observations. In

addition, it may be possible to redue the SST data requirements by ou-

pling the mesosale atmospheri model to an oeani model, as desribed

for example by Hodur (1997) for the US Navy's COAMPS model. It ould

also be useful to investigate the horizontal di�usion in the mesosale model.

For example, one might onsider the viability of smaller hoies for the nu-

merial di�usion oeÆients, partiularly in the lower part of the model

atmosphere. Nonetheless, for a omplete desription of the short{sale vari-

ations seen by Brooks et al. (1997) it seems probable that other physial

mehanisms would also have to be taken into aount. SST variations do

not seem to be apable of explaining the observed waves near the top of the

MIBL in the ross-setions of potential temperature in the high wind ase.

Suh details ould perhaps only be aptured with an expliit representation

of entrainment in the modelling.

4.5 Horizontal Cross Setions from the Set 3 Runs

Observations (Brooks et al., 1997, 1999), and model results from this projet,

have shown that horizontal variation in the MIBL may have a signi�ant

impat on the stuture of the propagation environment. Previous stud-
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ies of littoral refrativity environments (Lystad and Tjelta, 1995; Burk and

Thompson, 1995, 1997) have had aess to verifying data from only a few

isolated loations within the simulated domain. The SHAREM-115 obser-

vations, however, are suÆiently detailed that vertial ross-setions an be

onstruted through horizontal lengths of up to about 100 km (Brooks et al.,

1997). During the SHAREM-115 programme data was olleted along the

lines AB and CD, shown in Fig. 2. Cross-setions of potential temperature

and modi�ed refrativity along those lines are ompared here with simula-

tion results from the low-wind and high-wind ases of Set 3.

4.5.1 Low Wind Case

Figs. 18 and 19 show ross-setions of the simulated and observed potential

temperature and refrativity along the line AB in Fig. 2. Appropriate ross-

setions were unavailable for 23 rd April and so those for 25 th April, also

a low-wind day, are used instead. This, together with the use of high-wind

SHAREM-115 data in the initial onditions, means that some disrepan-

ies between simulation and observations are only to be be expeted. The

distributions of potential temperature (Fig. 18) on�rm that the simulated

MIBL is deeper than that observed. As the model run progressed the depth

of the layer dereased, suggesting that the anomaly introdued in the initial

onditions was being reti�ed by the model proesses. In ontrast, the in-

tensity of the simulated temperature inversion apping the boundary layer

is in good agreement with the observations. The setion of simulated refra-

tivity (Fig. 19a) shows the high values seen in the observations (Fig. 19b) at

distanes up to � 40 km from point A. Simulated low values beyond 50 km

(Fig. 19a) lay at about 250m, whereas in reality they lay between � 100

and 200m. For both variables the observations revealed entrainment and

wave-like features in the layer. Neither of these harateristis is aptured

by the simulation, a point disussed by Plant and Atkinson (2000a) as well

as in Se. 4.4 above.

4.5.2 High Wind Case

Figs. 20 and 21 show setions of the simulated and observed potential tem-

perature and refrativity along the line CD in Fig. 2. Comparison of the

potential temperature setions (Fig. 20) reveals three main points. First,

the model aptured the inversion apping the MIBL. Seond, the downwind

slope of the inversion was modelled. Third, the base of the inversion (shown

most learly by the 25

Æ

C isoline) is quite well modelled, but the intensity

of the inversion, as noted earlier, is under{predited. The refrativity is

over{predited by a few perent and its distribution is out of phase with

the pattern seen in the observations (Fig. 21). The simulated high values

between 200 and 400m extend too far downwind, displaing the lower values
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in the same layer to beyond 80 km. The small{sale strutures found in both

sets of observations are not aptured by the simulation.

5 Conlusions

This projet is onerned with predition of the propagation environment

over littoral areas, using a mesosale model to predit the refrativity. It

has been fortunate to have the use of high{quality data on the dut environ-

ment in the Persian Gulf (Brooks et al., 1997, 1999) but their quantity and

distribution in time and spae, together with the relative sparsity of rou-

tinely available meteorologial data, has meant that some idealization has

been neessary in hoosing initial onditions for the mesosale model. The

present report has desribed four sets of numerial experiments that were

onduted with initial onditions of varying degrees of idealization. All of

the sets produed results in broad agreement with the observations taken in

the SHAREM-115 programme, but the level of agreement was sensitive to

the initial onditions.

The runs performed for a previous report from the projet (Li and Atkin-

son, 1998b) have been referred to here as Set 1. These experiments used

idealized initial onditions that haraterized the marine atmosphere at the

time of the SHAREM-115 researh ights. Suh onditions are learly inap-

propriate for the overland areas of the model domain, but they did provide

a good starting point for the atmosphere over the Gulf waters. The ex-

periments tested the feasibility of using a mesosale model to study the

propagation environment in the Gulf. They showed that the model was able

to apture suessfully the di�erent boundary layers over land and sea and

within the latter to distinguish the states formed under low- and high-wind

onditions. Given the initial onditions the fat that a MBL was produed

of roughly the orret depth hardly represents a triumph for the appliation

of the model. However, the model was able to generate a redible mixed

boundary layer overland and to produe onditions over the sea surfae that

varied with position and time in a realisti fashion. This is illustrated by

the prodution of an internal boundary layer whose depth varied with feth

and by the evolution of a sea-breeze irulation (Li and Atkinson, 1998b;

Plant and Atkinson, 1999, 2000a).

Set 2 used less idealized initial onditions obtained from routine up-

stream, overland soundings (KIA data, 1996). The same onditions were

applied throughout the model domain and so no aount was taken of the

distintive boundary layer over the sea. This Set therefore provides a useful

ontrast to the initial onditions of Set 1. An MIBL was suesfully pro-

dued in both the high- and low-wind ases. However the depths of the

layer were too large and the gradients at the top of the MIBL were under{

estimated. The use of a single routine land asent to initialize the model for
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predition of dut ourrene, depth and strength is learly very attrative.

The results of Set 2 suggest that good, qualitative information ould be ob-

tained in this manner, but that for detailed, quantitative predition suh a

strategy would be over ambitious.

The experiments in Set 3 relaxed the assumption of horizontal homo-

geneity in the initial onditions, using di�erent initial pro�les over land and

sea. SHAREM-115 observations gave a desription of atmospheri ondi-

tions up to a height of 1 km and this was used for the sea areas in the

domain. Above that height data from a routine asent was used and the

same asent was used to desribe onditions over the land areas. The ruial

di�erene from Set 2 is that these runs inluded a MBL from the outset.

The results showed distint improvements over those from Set 2 and were of

a similar level of quality to those from Set 1. The afternoon MIBLs in both

high- and low-wind onditions were in loser agreement with observations

than the equivalent ases in Set 2. Consequently the model desriptions of

the duts were muh improved.

The SHAREM-115 observations revealed variations in the MBL with

horizontal sales of the order of a few kilometres or so (Brooks et al., 1997).

It has not been possible to apture suh variations in the simulations when

homogeneous initial onditions are used (Plant and Atkinson, 2000a). In the

experiments of Set 4, the sea-surfae temperature was allowed to vary with

position in an arti�ial, but realisti fashion. Although the introdution of

SST variations did not provide a omplete explanation for the short{sale

atmospheri variations observed, the results from Set 4 did suggest they

may be an important fator. Wavelike fetaures in the MBL were fored by

hanges in the SST.

In studying the sensitvity of the results to the initial onditions it has

been lear that the best results are obtained when the initialization inludes

data on low-level atmospheri onditions over the Gulf waters. Thus, some

knowledge of the near-surfae atmosphere over the Gulf appears to be ne-

essary in order to have an opportunity of foreasting the existene, depth

and intensity of duts in that area.
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Figure Captions

Fig. 1 Loation of the SHAREM-115 area and the model domain. The bound-

aries are marked by solid and broken lines repetively.

Fig. 2 Domain used in the simulations, with the land area shaded. The

simulated and observed environments at several points along the line

through y = �54 km are disussed in Se. 4.3. Lines AB and CD

are the loation of the ross-setions disussed in Ses. 4.3.1 and 4.3.2

respetively.

Fig. 3 Initial onditions for Set 1 runs. (a) shows the potential temperature

as a funtion of height. The mixing ratio is shown in (b).

Fig. 4 Initial onditions for Set 2 runs. (a) shows the potential temperature

as a funtion of height. The mixing ratio is shown in (b).

Fig. 5 Initial onditions for Set 3 run with low winds. (a) shows the potential

temperature as a funtion of height. The mixing ratio is shown in (b).

Fig. 6 Initial onditions for Set 3 run with high winds. (a) shows the potential

temperature as a funtion of height. The mixing ratio is shown in (b).

Fig. 7 Sea surfae temperature (SST) (

Æ

C) along the line y = �54 km in the

Set 4 low-wind run.

Fig. 8 Pro�les for 1500LT along y = �54 km at points x = �120 (land) and

x = 108 km (sea) of: (a) potential temperature (

Æ

C); (b) humidity

(g kg

�1

); () modi�ed refrativity (M -units). The data is obtained

from the Set 1 simulation of the low-wind ase.

Fig. 9 Pro�les for 1500LT at the point x = 210; y = �78 km of: (a) potential

temperature (

Æ

C); (b) humidity (g kg

�1

); () modi�ed refrativity (M -

units). The data is obtained from the Set 1 simulation of the low-wind

ase.

Fig. 10 Pro�les for 1200LT at the point x = 210; y = �78 km of: (a) potential

temperature (

Æ

C); (b) humidity (g kg

�1

); () modi�ed refrativity (M -

units). The data is obtained from the Set 1 simulation of the high-wind

ase.

Fig. 11 Pro�les for 1400LT at the point x = 210; y = �78 km of simulated

and observed values of: (a) potential temperature (

Æ

C); (b) humidity

(g kg

�1

); () modi�ed refrativity (M -units). The simulation data is

obtained from the Set 2 simulation of the low-wind ase. The obser-

vations are for 1415{1425LT on 23 rd April 1996, taken in SHAREM-

115 (Brooks et al., 1997, Fig. 13).
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Fig. 12 Pro�les for 1300LT at the point x = 186; y = �54 km of simulated

and observed values of: (a) potential temperature (

Æ

C); (b) humidity

(g kg

�1

); () modi�ed refrativity (M -units). The simulation data is

obtained from the Set 2 simulation of the high-wind ase. The obser-

vations are for 1301{1307LT on 28 th April 1996, taken in SHAREM-

115 (Brooks et al., 1997, Fig. 24).

Fig. 13 Pro�les for 1400 and 1800LT at the point x = 210; y = �78 km of

simulated and observed values of: (a) potential temperature (

Æ

C); (b)

humidity (g kg

�1

); () modi�ed refrativity (M -units). The simula-

tion data is obtained from the Set 3 simulation of the low-wind ase.

The observations are for 1415{1425LT on 23 rd April 1996, taken in

SHAREM-115 (Brooks et al., 1997, Fig. 13).

Fig. 14 Pro�les for 1300LT at the point x = 186; y = �54 km of simulated

and observed values of: (a) potential temperature (

Æ

C); (b) humidity

(g kg

�1

); () modi�ed refrativity (M -units). The simulation data is

obtained from the Set 3 simulation of the high-wind ase. The obser-

vations are for 1301{1307LT on 28 th April 1996, taken in SHAREM-

115 (Brooks et al., 1997, Fig. 24).

Fig. 15 Cross setions of vapour pressure (mb) along y = �54 km in the low-

wind run of Set 4. The upper plot is at 1200 hr, the middle at 1400 hr

and the lower at 1600 hr.

Fig. 16 Cross setions of vapour pressure (mb) along y = �54 km in the high-

wind run of Set 4. The upper plot is at 1300 hr, the middle at 1400 hr

and the lower at 1600 hr.

Fig. 17 Cross setion of the wind at 1400 hr along y = �54 km in the low-wind

run of Set 4. The u omponent is plotted in units of ms

�1

and the w

omponent in units of ms

�1

. Sales are provided by a referene arrow

shown at a height of 200m and x � 50 km, representing u = 7ms

�1

and w = 7 ms

�1

.

Fig. 18 Cross-setions of potential temperature (

Æ

C) along line AB of Fig. 2

in the low-wind ase of Set 3: (a) simulated values at 1400LT; (b)

observations on 25 th April 1996, taken in SHAREM-115 (Brooks et al.,

1997, Fig. 32).

Fig. 19 Cross-setions of modi�ed refrativity (M -units) along line AB of

Fig. 2 in the low-wind ase of Set 3: (a) simulated values at 1400LT;

(b) observations on 25 th April 1996, taken in SHAREM-115 (Brooks

et al., 1997, Fig. 32).

Fig. 20 Cross-setions of potential temperature (

Æ

C) along line CD of Fig. 2

in the high-wind ase of Set 3: (a) simulated values at 1400LT; (b)
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observations on 28 th April 1996, taken in SHAREM-115 (Brooks et al.,

1997, Fig. 38).

Fig. 21 Cross-setions of modi�ed refrativity (M -units) along line CD of

Fig. 2 in the high-wind ase of Set 3: (a) simulated values at 1400LT;

(b) observations on 28 th April 1996, taken in SHAREM-115 (Brooks

et al., 1997, Fig. 38).
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Figure 3: Initial onditions for Set 1 runs.
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Figure 4: Initial onditions for Set 2 runs.
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Figure 5: Initial onditions for the Set 3 run with low winds.
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Figure 6: Initial onditions for the Set 3 run with high winds.
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Figure 7: Sea surfae temperature (SST) (

Æ

C) along the line y = �54 km in

the low wind run of Set 4.

















Figure 15: Cross setions of vapour pressure (mb) along y = �54 km in the

low-wind run of Set 4. The upper plot is at 1200 hr, the middle at 1400 hr

and the lower at 1600 hr.



Figure 16: Cross setions of vapour pressure (mb) along y = �54 km in the

high-wind run of Set 4. The upper plot is at 1300 hr, the middle at 1400 hr

and the lower at 1600 hr.



Figure 17: Cross setion of the wind at 1400 hr along y = �54 km in the

low-wind run of Set 4. The u omponent is plotted in units of ms

�1

and the

w omponent in units of ms

�1

. Sales are provided by a referene arrow

shown at a height of 200m and x � 50 km, representing u = 7ms

�1

and

w = 7 ms

�1

.


