NUMERICAL MODELLING OF THE PROPAGATION ENVIRONMENT IN
THE ATMOSPHERIC BOUNDARY LAYER OF LITTORAL AREAS

Horizontal Variationsin the Marine Boundary Layer

R. S. Plant and B. W. Atkinson
Department of Geography

Queen Mary and Westfield College
University of London

Phase 2 - Report No 2
MoD Agreement No. FS2/2042/02

January 2000



Contents

Abstract

1 Introduction

2 Horizontal Variations

3 Perturbations in the Marine Internal Boundary Layer

4 Mesoscale Model Runs

5 Structure of the MIBL

6 Garratt’s IBL Growth Equation
6.1 Validity of the 90/0x Assumption . . ... ... ... ...
6.2 Turbulence Assumption . . . . ... ... .. ... .....
6.3 Vertical Velocity . . . . . ... ... ... ...
6.4 Heat Transfer Coefficient . . . ... ... ... ... ....
6.5 Critical Flux Richardson Number . . . . . . . . . ... ...

7 Analysis Using Garratt’s Model
7.1 The Dimensionless Functions . . . . .. .. ... .. ....
7.2 Model Integrals . . . . .. ... ... ...,
7.3 Modelling the Observed Growth . . . ... ... ... ...

8 Effects of the Sea Breeze Circulation on the MIBL

9 The Low Wind Case

10 Conclusions

Appendices

A Definition of the IBL Height

B

Al Method 1l . . . . .. . . . . . ...
A2 Method2 . . . . .. . . ..o
A3 Method3 . . . .. . . . . ..o
A4 Method 4 . . . . . . . o
A5 Method b . . . . . . . o
A6 Method 6 . . ... ... . .. . ... ...

Initial Conditions in the Growth Equation

References

11
12
13
14
14

16
16
17
20

20

22

23

25

25
26
26
27
27
27
28

29

31



Abstract

Phase 1 of this project was successful in simulating many features of the
propagation environment, in agreement with aircraft observations. A ma-
rine internal boundary layer (MIBL), of realistic depth, resulted from the
flow of hot, dry air from Saudi Arabia over the Persian Gulf. The simulations
also generated a sea-breeze circulation. Although this was located outside
the observation region, its existence is supported by general arguments, in-
cluding many observations that have been made under similar conditions.
However, the simulations run for phase 1 were not able to detect any of
the short-scale (10 to 20 km) horizontal variations in the mature marine
boundary layer (MBL) that were found in the aircraft observations.

The phase 1 simulations used 33 vertical levels and a horizontal grid
length of 6 km. In the present report, the numerical resolution has been en-
hanced in an attempt to capture short—scale variations. Taking 41 vertical
levels and a 1 km horizontal grid length, there was no evidence for such vari-
ations in the mature MBL. The observed short—scale variations can therefore
not be explained with the mesoscale model as it stands.

The enhanced resolution has revealed some unusual perturbations in the
developing MIBL, which have a significant effect on the refractivity environ-
ment within ~ 100 km of the coast. We believe that the perturbations are
genuine and observable phenomena, which have a simple physical interpreta-
tion. They are caused by the presence of the strong sea-breeze circulation,
which modifies the MIBL growth mechanism. In the low wind case, the
MIBL just out to sea is very moist, due to the on-shore flow of the sea
breeze which transports marine air towards the coast. In the high wind
case, there is little onshore flow, but the sea-breeze circulation strongly re-
tards the prevailing offshore wind. For a fixed distance travelled the retarded
air has additional time in which to respond to the change in surface con-
ditions. This can 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 analytic
model.



1 Introduction

This project is concerned with assessing the capability of mesoscale numer-
ical models for predicting the propagation environment in coastal areas.
Phase 1 covered the testing of a non-hydrostatic, numerical model in ide-
alised and realistic situations (Li and Atkinson, 1997a; Li and Atkinson,
1997b; Li and Atkinson, 1998a; Li and Atkinson, 1998b). The realistic cases
(Li and Atkinson, 1998b) were run to simulate conditions in the Persian
Gulf in a period when aircraft observations had been taken (Brooks et al.,
1997; Brooks et al., 1999). The results were encouraging and showed that
the model was capable of capturing 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
refractivity therein. In addition to the important vertical gradients at the
top of the MBL, well-developed sea-breeze circulations were found which ex-
hibited a strong horizontal gradient at the boundary between sea and land
air. It is tempting to call this gradient the sea-breeze front (SBF), but care
in nomenclature is required here as observations of such fronts show them
to be hundreds of metres, rather than several kilometres, wide.

In the light of the results from Phase 1 it was decided to pursue four
aspects of the project: first, the effects of horizontal grid resolution on the
simulations; second, a more detailed analysis of the SBF; third, horizon-
tal variations within the MBL; fourth, the incorporation of the TERPEM
model, a code that allows calculation of the response of electromagnetic
radiation to the propagation environment produced by the meteorological
model. The effects of grid resolution have been discussed by Plant and
Atkinson (1999). This report covers horizontal variations.

2 Horizontal Variations

Atmospheric conditions within the planetary boundary layer are controlled
by properties of the underlying surface. If air flows over a point where there
is a discontinuity in the surface properties, it will have to adjust itself to the
prevailing situation. In the present case, air flows from the hot, dry desert
of Saudi Arabia over the Persian Gulf. The air can respond more quickly to
the change the closer it is to the surface and so an internal boundary layer
(IBL) develops (Garratt, 1990), deepening as the exposure to sea-surface
conditions increases. Eventually, an equilibrium height is attained where
the atmosphere has become well-adjusted and is characteristic of marine
conditions. The aircraft observations reported by Brooks et al. (1997; 1999)
were taken within such a well-adjusted region — any overall trends that



were discernible within the observation region appear to have been modest'.
Interestingly, however, the observations revealed significant variation in the
boundary layer duct 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 considerable variability on a scale of 10 to 20 km”. It was even
tentatively suggested that “the variation looks wavelike in nature” although
the sampling frequency seems to have been insufficient for gravity waves to
have been explicitly resolved.

Although many features of the observations made by Brooks et al. have
been successfully captured in the modelling studies (Li and Atkinson, 1998b;
Atkinson and Li, 1999; Plant and Atkinson, 1999), no evidence for signifi-
cant small-scale horizontal variability has been found. This is despite the
fact that horizontal grid lengths used in the mesoscale numerical model were
reduced as far as 3 km by Plant and Atkinson (1999), which will have al-
lowed for several grid points to have been positioned within the reported
length scale of the variations. For the present report, the numerical reso-
lution has been further increased in an attempt to capture the variations.
However, no such behaviour has been identified, even with horizontal and
vertical grid point separations of 1 km and 10 m respectively. (Some exam-
ple cross sections of refractivity from this high-resolution model run, along
horizontal lines in the domain, can be seen in Fig. 1.) Additional improve-
ments to the numerical resolution do not appear to be justified and would
require prohibitive amounts of computing time. Thus, it seems reasonable
to conclude that an explanation for the observed short—scale horizontal vari-
ations requires either significantly—improved input data or the incorporation
of new physics into the current mesoscale model.

For example, a defect of the model that was pointed out by Li and
Atkinson (1998b) may prove to be relevant. A fixed sea-surface temper-
ature is used, which depends neither on time nor position. Variations in
the sea-surface temperature may not obviously be of great import, but they
nevertheless provide an attractive candidate mechanism by virtue of in-
troducing 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 increased duct depth are
associated with regions of decreased sea—air temperature difference.”

'A moistening of the boundary layer downwind was noted by Brooks et al. (1997;
1999). However, an increase by 1.2 g/kg along the entire flight path (Brooks et al., 1997)
is certainly not sufficient to explain short—scale horizontal variations.



3 Perturbations in the Marine Internal Boundary
Layer

Plant and Atkinson (1999) found that grid lengths as coarse as 15 km could
be used for qualitative studies of the propagation environment. However, the
strong gradients associated with the marine internal boundary layer (MIBL)
were more accurately captured at finer resolutions. The fine resolution runs
were also able to reveal a perturbation in the MIBL in the ‘low wind’ case.
This was noticed in contour plots of humidity and refractivity (Figs. 3a and
4a of Plant and Atkinson (1999)) and indicated that the near-surface marine
air near the coast was unexpectedly moist. Further out to sea, there was
surprisingly little change of humidity for a significant distance downstream,
until a gradual moistening began again at a fetch of ~ 100 km. This be-
haviour appeared to be related to the sea-breeze circulation since a SBF
was located very near to the coast and onshore winds persisted roughly up
to the point where moistening recommenced (Fig. 5a of Plant and Atkin-
son (1999)). Unfortunately, this behaviour could neither be confirmed nor
denied from the aircraft observations, since no data were taken immediately
downwind of the coast. Nonetheless, the perturbation does have a significant
effect on the distribution of refractivity in the lowest few hundred metres of
the atmosphere and represents a notable departure from the normal picture
of MIBL structure (Garratt, 1990).

As detailed in Sec. 4, the mesoscale numerical model has been run with
improved resolution for this report. An increase to the vertical resolution
has brought out another MIBL perturbation, this time in the ‘high wind’
case. A very rapid deepening of the MIBL occurs about 50 km offshore,
close to the position of the SBF.

In the remainder of this report, we investigate the origin and the struc-
ture of the simulated MIBL perturbations. After a brief description of the
simulations (Sec. 4) and of the perturbation arising in the high wind case
(Sec. 5), we discuss in some detail (Sec. 6) an existing MIBL analytic model
due to Garratt (Garratt, 1987; Garratt and Ryan, 1989; Garratt, 1992).
We then explain why this model fails in the present simulations (Sec. 7.2)
and suggest a ‘generalized Garratt model” in order to overcome its deficen-
cies. Although requiring considerable input from the simulation results, the
generalized model framework is very successful in accounting for the pertur-
bation observed in the high wind case (Sec. 7.3). The manner in which the
generalized model can incorporate the perturbation lends strong support to
our more general arguments about the interaction between the sea-breeze
circulation and the normal mechanism of MIBL development (Sec. 8). Sec. 9
discusses the perturbation found in the low wind case, and our conclusions
are presented in Sec. 10.



4 Mesoscale Model Runs

Following the categorization of Brooks et al. (1997; 1999), simulations of the
propagation environment in the Persian Gulf have been performed under
both ‘low” (~ 5 ms™!) and ‘high’ (~ 15 ms!) wind conditions. Apart
from some numerical aspects (detailed below), the mesoscale model runs
performed for the purposes of the present report are identical to those of
Plant and Atkinson (1999), who gave a general description of the modelling.
Many aspects of the simulation results have been presented and discussed 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-
certained, the vertical resolution has been enhanced. A total of 41 vertical
levels is used. Using the same initial profiles of humidity and potential tem-
perature as Plant and Atkinson (1999), and setting a pressure field through
the hydrostatic approximation (Li and Atkinson, 1997b), gave the initial
conditions of Table 1.

Some numerical 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 < z < 300 and —180 < y < 180). In the current set of runs,
however, the model grid has been restricted to the area —180 < z < 120 km
and —120 < y < 0 km, the origin of co-ordinates remaining unaltered.
Neglecting effects close 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 cutting down the simulated area has been
to reduce the computing time required by the numerical simulations. This
has been necessary in order to render as practical the model run with a 1 km
grid length. The coastline within the new domain is shown in Fig. 2.

Finally, we note a reduction to the time step used in the numerical
model. In previous work, a time step of 20 s was found to be satisfactory.
This choice produced an instability when using 41 vertical levels and a 3 km
grid length, but a modest reduction to 15 s proved to be acceptable. The
same time step could also be used successfully with a 1 km grid length,
provided that the horizontal diffusion coefficients were reduced (the pur-
pose of these coefficients within the model was described by Ballard and
Golding (1991)). The momentum diffusion coefficient was changed from
15,000 m?s~! to 10,000 m?s~! and the heat coefficient from 7,500 m?s~!
to 5,000 m?s~".

In the following discussion of the simulated MIBL, we shall concentrate
on results obtained along an east-west line in the model domain. The line is
identical to that used for the comparison with aircraft observations (Brooks
et al., 1997; Brooks et al., 1999) in previous reports from this project (Li and
Atkinson, 1998b; Atkinson and Li, 1999; Plant and Atkinson, 1999). Unless



otherwise stated, the accompanying figures were produced from data along
y = —54 km at 1500 hr in the high-wind run with a 3 km grid length. When
examining the figures, the reader should bear in mind that the numerical
grid co-ordinate z is in use throughout. The east-west line lies over the land
surface from the western domain boundary up to £ = —99 km and over the
sea thereafter. Thus, to convert from = to a fetch, it is simply necessary
to add 99 km. Some comments about results obtained at other times and
places can be found in the more general discussion of Sec. 8.

5 Structure of the MIBL

Around fifteen years ago, the stable internal boundary layer had received rel-
atively little attention. Analysis (Raynor et al., 1975; Mulhearn, 1981; Hsu,
1983) had concentrated on establishing a pattern of growth or on obtaining
an equilibrium value for the depth of the layer. Although limited to simple
phenomenological and dimensional arguments, such work was nevertheless
valuable, and often provided an important component in modelling and un-
derstanding the dispersal of coastal pollution. More recently, a programme
of detailed aircraft observations enabled Garratt and Ryan (1989) to pro-
vide an improved description of the MIBL, backed up by the results from
a mesoscale numerical model (Garratt, 1987). A series of assumptions that
were suggested by the numerical experiments led Garratt (1987) to propose
the following relation for MIBL growth:

-1
2= atv? (220 . (1)
0

where:
e h is the IBL height (m);

e U is the ambient wind component perpendicular to the coast (ms™!);

x is the fetch (km);

A#f is the potential temperature difference between the air over land
and at the sea surface (K); and,

e 0 is an average potential temperature? for the IBL (K).

2This quantity is simply described as “the mean potential temperature” in the lit-
erature, which is somewhat ambiguous. For instance, it would seem reasonable to
interpret the phrase as meaning the average of the potential temperatures over land
and at the sea surface, the quantities used in defining Af. The correct interpretation
is quite clear from the origin of this factor in the derivation (see Sec. 6.5) and has
9= foh Wdz[foh 6~ w'6'dz]~". In practice, it is good enough to choose 8 to be a typical
IBL potential temperature.



The dimensionless quantity « is predicted by the model, but in practice
seems to be used as a quantity to be fit to the data (Garratt and Ryan,
1989; Hsu, 1989).

Owing to a perturbation in the simulated MIBL, the h ~ /z 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 can 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 precise definition 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)). Applications of various methods
to the present situation are discussed in Appendix A. Throughout the main
body of this report, we have chosen to use an approach which identifies the
IBL height with the top of the inversion. This approach is referred to as
‘method 3’ in Appendix A, where its detailed implementation is described.)
Note that the dip in the MIBL height that is seen for the last few grid points
in Fig. 3 is a purely—artificial numerical boundary effect. Similar effects can
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 unnecessary. A more general
treatment has been described (Garratt and Ryan, 1989; Garratt, 1992),
leading to the same final growth equation, but with a modified expression
for a. It is interesting to test the validity of the assumptions made in the
literature in order to find out how the model breaks down in the present
case. For convenience, the model derivation is repeated below?.

6 Garratt’s IBL Growth Equation

The starting point for Garratt’s model is the potential temperature equa-
tion?,
Do 10

- _ _ - 107
= o PO+ BB, )

where R is a radiative term and Fj represents horizontal diffusion. D /Dt de-
notes the advective derivative and all other symbols have their usual meaning

3We also wish to clarify the model, since the published derivations (Garratt, 1987;
Garratt and Ryan, 1989; Garratt, 1992) differ somewhat from each other and contain
some minor errors.

4Garratt (1992) works in terms of the virtual potential temperature instead. It has
been found through explicit calculation, however, that this has very little effect on the
results obtained by applying a generalized Garratt model to the present case.



(as in Stull (1988), for example). Eq. 2 is then approximated by®:

00 20 0 —x
under the assumptions that:

1. A steady state has been obtained so that the partial time derivative
can be neglected;

2. Conditions are homogeneous in the y-direction, which is taken to be
parallel to the coast;

3. Variations in the air density are negligible over the IBL;
4. Radiative effects within the IBL can be neglected; and,
5. Horizontal diffusion within the IBL can be neglected.

Assumption 3 is standard in mesoscale modelling, the small density varia-
tions being unlikely to be significant in this term relative to the uncertainties
involved in determining w'@’. Assumption 5 also appears to be a reasonable
one. The assumptions that, in the IBL, variations of § with fetch dominate
over those in time and in y may not be valid under all mesoscale conditions.
In the present case though, an inspection of potential-temperature contour
plots argues that such an approximation should be a good one.

It is straightforward to test the validity of assumption 4 explicitly, since
the low—level curvature of the potential-temperature profile provides an indi-
cation of the relative importance of turbulent and radiative cooling (André
and Mahrt, 1981; Garratt, 1992). If turbulent cooling is dominant then
near-surface air will be well mixed, leading to a positive curvature. By
contrast, radiative cooling (which is often more important in a nocturnal
boundary layer) gives rise to a negative curvature (André and Mahrt, 1981).
An evolving boundary layer cannot be categorized quite so simply, but we
can nevertheless test the curvature in the well-developed MIBL at large
fetches. It is conveninent to work with a parameter introduced by André
and Mahrt (1981),

0(1/2) - 0(0) W

0(h) —6(0)
where h is the stable boundary layer depth. This quantity has been observed
to vary from —0.74 in a nocturnal boundary layer dominated by radiative
cooling (André and Mahrt, 1981) up to 0.5 in the stable MBL discussed by
Garratt and Ryan (1989). Results from the simulation are plotted in Fig. 4.
They are clearly supportive of the assumption since v — 0.67 in the mature
MBL.

y=1-2

®The vertical advection term is omitted by Garratt (1992) from the outset, by appeal
to the assumption of Sec. 6.3.

10



On the subject of potential-temperature profiles within the MIBL, it
seems appropriate at this stage to make a brief digression and consider
the fits made by Mulhearn (1981) and by Garratt and Ryan (1989). The

functional form 6 0(0)
o) —0(0) (z/h)" (5)

was used, Garratt and Ryan (1989) obtaining n = 2 in contrast to Mul-
hearn’s (1981) n = 1/4. The fact that Mulhearn’s fit was made at smaller
fetches led Garratt (1990) to speculate that the curvature (and hence n)
might be changing rapidly at short fetches. We can rewrite Eq. 5 to define
n as a function of position through
z 00

"9 0(0)02 (6)
A cross section of n values is shown in Fig. 5. A good fit would be indicated
on such a plot by a region of slowly—varying n. While not being inconsis-
tent with the values found previously (Garratt, 1987; Mulhearn, 1981), the
results from this simulation do not lend themselves well to a fit of the form
of Eq. 5. Using a fairly small n, a fit might be tenable in the lower part of
the MIBL but is quite unrealistic in the upper part.

6.1 Validity of the 00/0x Assumption
A key assumption in Garratt’s model is that

00 00 dh
95"~ o da (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 justification in order to
approximate 06/0x for all heights up to and including A (this occurs 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(z), letting s
denote the distance travelled along the line.

a0 _o0ds  00d: .
ds Oxds 0zds

Now, if along the boundary layer top (z = h(x)) the potential temperature
is a constant then one immediately obtains the assumed relation,

00 00 dh
o5~ " osds ®)

Furthermore, the same relation can be seen to hold along any line which
is parallel to the boundary layer top (z(z) = h(x) — constant) provided

11



that the potential temperature is constant along that line. In this way the
relation can be extended over the full IBL. Thus, the assumption amounts
to a claim about the contours of potential temperature within the IBL —
they have been taken to be a series of parallel lines, the uppermost of which
is the boundary layer height itself.

Potential temperature contours within the simulated IBL are shown in
Fig. 6. Despite some convergence of the contours towards the coast®, Eq. 7
is seen to provide a good approximation.

6.2 Turbulence Assumption

Garratt’s model deals with properties of the IBL in terms of the following
dimensionless functions:

f1 = U/U
o 0 — Osurt
fo=—7xy
fs = w/w(h)
w'e’
f4 - (W)surf
ug
f5 - (Uz)surf
fe=v/V, (10)

with the normalizations being made through the parameters:
e U and V, the z and y components respectively of the ambient wind;

e Af, the potential temperature difference between the overland mixed—
layer air and the air at the sea surface; and,

® Ysurf, the variable x evaluated at the sea surface.

The model (Garratt, 1987; Garratt and Ryan, 1989) assumes that these
functions are self-preserving’, depending only on A = z/h. However, we
are interested here in the possibility of allowing for variations with fetch.
Integrating Eq. 3 between the ground and the boundary layer top, and

5The contour at the sea-surface temperature provides an approximation to the IBL top
if this is defined through ‘method 4’ (see Sec. A.4). Method 4 cannot be used at small
fetches, however, essentially because the air has not yet been able to cool sufficiently to
reach that temperature at any height. Hence, Eq. 7 must break down at the smallest
fetches.

"Unless the IBL height is a constant, independent of fetch, then the assumption of
profile self-preservation is inconsistent with the assumption that lines of constant 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 differential equation for the IBL
growth,
dh  w(h) A (W' ) gurt — w'0"(h)

de  UBAO UAO ’ (11)
where: . of
-1 vJj2

Ayl = /0 15dA (12)
_ L 0fs

B= AO/O faZ2ax. (13)

It is now assumed that turbulence at the IBL top is negligible compared
to that at the surface, so that w'@(h) = 0. Alternatively, this may be
expressed as f4(h) ~ 0. In Garratt’s simulations (1987), the assumption held
“well away from the coast” (more than ~ 50 km). Using the 1 1/2 order
turbulence closure scheme of the Met. Office mesoscale model (Golding,
1986), the function f4 can be evaluated as:

_ Kn(00/0z —.)
CH'UI(GI - esurf),

fa (14)

where the subscript 1 refers to the first model level and . = 3 x 10~ K/m
is a slightly—stable lapse rate introduced as part of the model turbulence
parameterization.

The function f4 is plotted for various fetches in Fig. 7. There are some
large variations at low altitudes® but at the IBL top (see Fig. 3) the assump-
tion can be seen to be a good one so long as the fetch is not too small. Even
for a fetch of ~ 20 km, such an approximation may still be supportable,
since f; < 0.2. Note that an increase in f4 above the IBL at short fetches is
attributable to residual convective turbulence.

6.3 Vertical Velocity

Another assumption of Garratt’s model (Garratt, 1987; Garratt and Ryan,
1989) is that the vertical velocity at the IBL top is small. If w(h) < U then
the first term on the right—hand side of Eq. 11 (ie, the piece coming from the
vertical advection term in Eq. 2) can be neglected. Vertical velocity profiles
are plotted in Fig. 8. The strong offshore ambient wind pushes the sea-
breeze circulation away from the coast and thus the profiles at shorter fetches
(z = —78 and —39 km) exhibit uplift in front of the SBF. Profiles at larger
fetches display subsidence throughout the IBL, the magnitude increasing

8Recalling that f1(0) = 1 by definition, it is a little surprising to note that fs falls
off sharply between the ground and the first w-grid level, before increasing towards a low
level peak. This low—altitude decrease may be caused artificially by the model turbulence
scheme, since a full turbulence calculation cannot be undertaken at the first level (Golding,
1986, Sec. 4.3).

13



with height. The magnitude of the vertical velocity is never larger than
0.5% of U throughout the IBL, which suggests that the assumption may
indeed have some merit.

6.4 Heat Transfer Coefficient

The usual formulation of Garratt’s model uses a critical layer flux Richard-
son number in obtaining an expression for (w'0)s.. As pointed out by
Garratt (1987) himself, however, an alternative formulation is simply to use
the heat transfer coefficient Cp. Garratt (1987) defines a coefficient with
reference to the geostrophic wind and the difference in potential tempera-
ture across the whole of the IBL, and with that definition the IBL growth
is essentially controlled by C'i. It is more usual though to define Cy with
respect to some fixed reference height. In the Met. Office mesoscale model,
this is taken to be the first model level (Golding, 1986), so that:

(W'0)surt = —Crvm1 (01 — Osurt), (15)

vy being the horizontal wind speed,= vu? + v2. The MIBL growth equation
then becomes:
dh 91 - osurf

24
gz~ AoCnvm—F1y

A full calculation based on Eq. 16 will be considered later (Sec. 7.3). If
we follow Garratt (1987) for a moment though, by assuming that Ag is
independent of fetch, the IBL growth will be governed by the surface heat
flux. It is then encouraging to note that the qualitative behaviour of the
heat flux accords with the expected IBL evolution. Fig. 9 suggests that the
IBL will grow very rapidly over the first 50 km or so, after which the growth
rate falls off significantly.

(16)

6.5 Critical Flux Richardson Number

A more common development of Eq. 11 uses the concept of a critical value
of the layer flux Richardson number, Ry = b/p where:

_ 9 g 07
b:7/0 (@0 dz (17)

h ou ——0v
— oo —_— __ aylgpyl
p_/o ( u'w' o= = v'w 8z> dz. (18)

In the expression for b, the potential temperature appearing outside the in-
tegrand should be interpreted as some average value, characteristic of con-
ditions below h. An analogy between the stable MIBL and the nocturnal
boundary layer (Garratt, 1987; Garratt, 1992) suggests a local scaling as-
sumption whereby the IBL top can be associated with a critical value of

14



R; (Nieuwstadt and Tennekes, 1981; Nieuwstadt, 1984). Denoting the am-
bient, geostrophic wind by G (with z and y-components U and V respec-
tively) and substituting the dimensionless functions of Eq. 10 into the Ry
definition, it is straightforward to derive Garratt and Ryan’s (1989) equation
for the surface heat flux®:
UZ G Rcrit
(@) — — )t OB (19)
(9/0)hf

The factor f is calculable in principle, the following expression for the quan-
tity having been presented by Garratt and Ryan (1989):

f(Garratt and Ryan) = h / Fad [ / f5af1 ] . (20)

If one is prepared to accept the assumptions that w'@’(h) ~ 0 (Sec. 6.2),
that w(h) ~ 0 (Sec. 6.3) and that profiles are self-preserving, then the final
result of the Garratt model follows by substituting Eq. 19 into Eq. 11 and
integrating over fetch. Doing so produces the well-known h? ~ z equation
(Eq. 1), with:

W 2AOGR(}nt(Uz)surf. (21)

Usf

As stated previously (see Sec. 5), in practice a has been regarded as a free
parameter to be fit to the data. It has been suggested (Garratt, 1992) (and
even more tentatively by Garratt (1990)) that differences between the values
of a that are appropriate under different circumstances may be largely due
to differences in the angle ¢ between the ambient wind and the coast. Since
Eq. 21 can be recast (Garratt, 1987) as

240 C'¢ Rcrit
o2 = M7 (22)
fcos3 ¢
this suggestion implies that there is only modest variation in Ay, f and C}),
a drag coefficient which is set by reference to the ambient wind speed.
In fact, there are some additional assumptions implicit in the formula
(Eq. 20) for f given by Garratt and Ryan (1989). A somewhat more general
formula is as follows:

f=n [ aian] [ g (o 6504 s 650 ) ] L@

where the angle ¢ is allowed to vary with height, such that

tan ¢ = v/u. (24)

9Eq. 19 is given by Garratt and Ryan (1989) without the minus sign, clearly an er-
ror since w’é’ must be negative in turbulent cooling. The sign has been subsequently
corrected (Garratt, 1992).
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The calculation of Eq. 23 has assumed that turbulence within the IBL is
locally isotropic,
v} u
Mo~ —. (25)
Vg  u v
Our generalized result for f can be brought into agreement with Garratt and
Ryan’s expression if either of the following assumptions is made (neither of

which is stated by Garratt and Ryan (1989)).

I. Velocity profiles within the IBL (when normalized by the correspond-
ing ambient wind component) develop in the same way parallel and
perpendicular to the coast, so that dfg/0z = df1/0z.

II. Within the IBL, velocities parallel to the coast are always small, so
that ¢ =~ 0.

Neither of these assumptions are convincing as general statements, and are
clearly not true in the numerical simulations (see Fig. 10). Of course, the
factor f is not calculated in practice but is simply absorbed into the fit
coefficient . Thus, our arguments do not bring into question the use made
of Eq. 1 in the literature, but we have nevertheless discussed the matter
because it is important to be explicit about the assumptions upon which 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 fit coefficient can in fact be calculated explicitly at each grid
point. A numerical integration of Eq. 11 is performed, allowing the model
parameters to vary with fetch. This enables the model to capture more
detailed information about the MIBL growth.

7.1 The Dimensionless Functions

The dimensionless function f; has already been described in Sec. 6.2 and
an un-normalized form of f3 was discussed in Sec. 6.3. Here, we describe
results for f1, fo, f5 and f.

In the formalism of Garratt’s model, the z axis is taken to be perpendicu-
lar to the coast. This means that along the simulation grid line y = —54 km,
where our attention is focused, the horizontal axes defined by the Garratt
model are coincident with the axes chosen for the numerical simulation (see
Fig. 2). The required u and v wind components are therefore as specified
by the numerical model, and so the functions f; and fg can immediately
be evaluated. They have been plotted in Fig. 10. The negative values of
f1 seen at low altitudes are indicative of a sea breeze. However, since the
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strong off-shore wind pushes the sea-breeze circulation away from the coast,
there is no indication of a sea breeze in the plot at ~ 20 km fetch.

Function f5 is the scaled 6 profile, the curvature of which was discussed
in Sec. 6. The scaled profile is plotted in Fig. 11, the parameter A6 of Eq. 10
having been set to 9 K. In the mature MIBL, one can classify four regions
of potential temperature behaviour:

1. A region starting at the surface where the potential temperature is
almost constant, increasing only slowly with height.

2. An inversion.

3. A region extending up to ~ 1500 m in which the potential temperature
increases with height but more slowly than in region 4. This transi-
tional region is presumably what remains of the decaying overland
convective boundary layer.

4. A region at high altitudes, above the planetary boundary layer, in
which potential temperature increases with height.

As the MIBL becomes better established with increasing fetch, a surface—
based inversion is developed first (see the profile at z = —78 km) and is then
elevated as region 1 is developed.

Finally, in Fig. 12, we show the turbulent velocity function f5. It is
calculated in terms of model variables from:

_ Km8uH/8z

fs = (26)

Cpviy,
Similar comments apply here as for the buoyancy function f4 (see Sec. 6.2).
There are large variations at low altitudes but in general f5 — 0 towards
the top of the IBL. An exception occurs above the IBL at short fetches and
is due to residual overland turbulence.

7.2 Model Integrals

The Garratt model contains various parameters which are calculated from
integrals over the depth of the IBL. Such integrals will obviously depend
on the definition of the IBL top, the self-consistent value to use being that
determined from the integration of Eq. 11. It is sufficient for the present
though to use MIBL heights deduced from the simulation results. This
should reveal whether or not the generalized form of the Garratt model is
capable of reproducing any of the variation in growth rates evident from the
simulation.

The integrals have been evaluated by first constructing a fit for each
function f; as described in Appendix A. The derivatives of f; and all of the
necessary integrals could then be calculated analytically.
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We begin with the factor Ay, defined by Eq. 12. First, let us note that
the combination Agf~! takes the place of a parameter A in the original
model formulation of Garratt (1987). In that simpler approach, A is defined
by taking f = 1 and by setting f; = 1 in Eq. 12 (ie, assuming u =~ U).
For the situation modelled by Garratt (1987), A was found to be a constant
~ 1.8. Fig. 13 shows that in our case A increases with fetch, tending to-
wards Garratt’s value. Since dh/dz is proportional to A in this version of the
model (Garratt, 1987), it is clear that variations with fetch are potentially
important in understanding the MIBL growth mechanism. (In fact, varia-
tions in A are related to deviations from the model assumption (Sec. 6.1)
that the potential temperature is a constant along the boundary layer top.
By definition,

A= L = A0 . (27)
f2(h) Q(h) - osurf
Thus, A will change if #(h) does. Values for the potential temperature
difference between the surface and the IBL top can be seen in Fig. 13.)

The parameter Ay (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 typical MIBL one expects to find off-shore velocities throughout and hence
(since fy is monotonic) a positive value for Ay. However, on-shore velocities
may be encountered in the presence of a sea breeze. Such on-shore flow
will occur at low altitudes, the prevailing off-shore flow being re-established
within the return current of the sea-breeze circulation. In order for Ay to
remain positive in that case, the IBL height appearing in the integral must
somewhat exceed the height at which the wind becomes off-shore. (Note
that the difference between the heights need not be large since the Ag inte-
gral is dominated by the inversion region around the IBL top where df2/0z
is strong.) Should the value of h not be large enough then a transition from
a negative to a positive integral will occur at a fetch within the sea-breeze
circulation. This leads to an unphysical singularity in Ag, and hence also
in dh/dz. Using IBL heights derived from the simulation, such a transition
does not occur and so Ay 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 occur, as shown by the
lower plot of Fig. 14.

In a case where Ay has a singularity then the Garratt model can only be
applied beyond the singular point, at fetches sufficiently large to be outside
the range of the sea-breeze circulation. The alternative, where Ay remains
positive, requires that for all fetches there exists an offshore wind within the
designated IBL. In this case, the effect of the sea breeze is to increase Ay,
as seen in Fig. 14. This implies more rapid MIBL growth, particularly in
the region around the sea-breeze front. The sea breeze slows down some of
the flow in the MIBL and thus allows the air extra time (for a fixed distance
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travelled) in which to become adjusted to the change in surface conditions. If
retarded air exists close to the top of the MIBL, where the growth mechanism
operates most strongly'?, then the growth rate could be unusually high.
Such an explanation for the MIBL perturbation is clearly attractive at a
qualitative level, but it remains to be seen whether the variations found
in Ay are able to provide a reasonable quantitative description via Eq. 11.
Indeed, the integration of Eq. 11 through the sea-breeze circulation may not
be valid at all, since it could quite conceivably generate a singularity.

We next consider the parameter B from Eq. 11. In the upper plot of
Fig. 15, results are shown for the integral in Eq. 13, with f3 being un-
normalized. The integral is positive at short fetches, since uplift occurs, but
becomes negative further out to sea due to subsidence within the sea-breeze
circulation. With f3 normalized, the results for B itself (the lower plot of
Fig. 15) are complicated by the presence of a singularity where w(h) — 0.
Since B occurs in Eq. 11 only in the combination w(h)/B such a singularity
represents a vanishing contribution to the model growth rate and is perfectly
acceptable. B/A is positive in general, a property which must hold if the
vertical velocity has the same sign throughout the IBL. Negative values
can be found, however, near to the w(h) — 0 singularity position, if the
change from uplift to subsidence within the IBL occurs at different fetches
for different heights. In these circumstances, a problem arises in Eq. 11
since there will exist at a point where B = 0 but w(h) # 0 and the first
term is singular. Thus, the contribution to MIBL growth from the vertical
advection term of the potential-temperature equation is dangerous in the
form in which this contribution has been derived. In practice, the vertical
advection term does not contribute significantly to the understanding of
MIBL growth provided by the framework of Garratt’s model. Hence, the
appropriate course is to follow Garratt (1992) and drop this term from the
model altogether.

Finally we consider the parameter f, which appears in the Ry formula-
tion of the model. Unfortunately, it has not been possible to obtain sensible
results when attempting to evaluate Eq. 23 (in particular, there are large
fluctuations in the results for neighbouring grid points). This has certainly
not been helped by numerical difficulties associated with the very rapid vari-
ations in f4 and f5 between vertical grid points. The main problem though
is the need to approximate the behaviour of functions between the ground
and the lowest model level. Altitudes below 10 m are very important in the
calculation of f since the vertical derivative of the wind speed is very strong
there. A realistic explicit calculation of f would therefore require detailed
knowledge about changes in wind speed very close to the ground, beyond
that provided by a mesoscale numerical model. Even if tackled through the-
ory, the issue would be significantly complicated by the presence of the sea

1ORecall that Eq. 12 is dominated by the contribution from the inversion.
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breeze.

7.3 Modelling the Observed Growth

The integration of Eq. 11 requires the specification of an initial condition,
ho(zp). From the discussion of the previous section, it is known that the
IBL height when the sea-breeze system is encountered will be extremely
important — if the height is not large enough, then Ay will be singular and
the model will break down. Thus, there may be a sensitivity to the initial
condition chosen, a point which is considered in Appendix B. Tt is sufficient
here though to note that there exist reasonable choices of the initial condition
such that Ag is always positive and the model remains valid. Moreover, the
results vary remarkably little whenever a choice is made that leads to a valid
model.

In Fig. 16, the IBL height calculated from the integration of Eq. 11 is
presented. The results are in good agreement with the profile deduced from
the mesoscale model simulation. On either side of a short region where there
is rapid growth, the growth rates predicted by the generalized Garratt model
are quite small. This makes the period of rapid growth a very distinctive
feature. In producing the results of Fig. 16, we have taken on board the
assumptions of Secs. 6.2 and 6.3, including only the second term in Eq. 11.
The inclusion of the other terms has been explicitly tested and was found
to have little effect!.

8 Effects of the Sea Breeze Circulation on the MIBL

The picture emerging from our generalization of Garratt’s model is that
the unusual pattern of simulated MIBL evolution can be explained through
an interaction of the sea-breeze circulation with the normal mechanism of
IBL development. Most notably, retardation of the offshore wind by the sea
breeze can produce air over the sea which is almost static. Such air has plenty
of opportunity to become adjusted to the change in surface conditions. This
enables a well-developed marine boundary layer to be established within
a very short distance. Our analysis so far has concentrated on the MIBL
evolution along one particular line at one particular time. In this section,
we attempt to promote this picture to a more general status, by discussing
the behaviour at other times and places.

It is interesting to consider the MIBL evolution between the coast and
the SBF. In Fig. 17, the wind induced by the sea-breeze circulation along
y = —b4 km at 1500 hr is plotted, an ‘induced wind’ having been calculated

1 Although B changes sign, and the first term in principle contains a singularity, when
the term was evaluated at the grid points, B was always sufficiently large for the first
term to be small. Our evaluations of the first term support the contention of Sec. 6.3 that
non-turbulent vertical advection is not important in establishing the MIBL.
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from the difference between the simulated wind and the input ambient wind
profile (Plant and Atkinson, 1999). Also shown on the figure is the MIBL
height. At short fetches, up to x ~ —70 km, the ambient wind is very little
altered by the sea-breeze circulation. Significantly, the MIBL evolution at
such fetches is well represented by an equation of the standard h ~ /z form
(see Fig. 18). The MIBL at 1300 hr and 1400 hr can also be seen to agree
with the same h ~ \/x equation, up to the fetch where the sea breeze is
encountered. This fetch decreases over time since the SBF is moving inland.
It appears that the MIBL develops according to the standard mechanism
between the coast and the SBF, but then grows very rapidly within the
sea-breeze circulation itself.

The coefficient of the y/z curve in Fig. 18 implies that o = 0.0215 us-
ing Garratt’s growth equation'?. This may be compared with the value
a = 0.024 found in the aircraft observations presented by Garratt and
Ryan (1989). Alternatively, if one corrects for the wind angle'? to obtain an
equivalent value for flow perpendicular to the coast, then «; = 0.0110 here,
almost identical to Garratt’s (1987) a; = 0.0113 proposed from a numerical
simulation. Although the sea-breeze circulation may influence the pattern of
MIBL development, one would not expect it to affect the equilibrium MBL
height. Thus, it is important for the validity of our interpretation that an
extrapolation of the short-fetch /x behaviour should approach the equi-
librium height within a fetch of few hundred kilometres or so. For fetches
of ~ 300 to 400 km, the extrapolation yields A in the range 260 to 300 m,
which is smaller than the simulated equilibrium height, but certainly not
implausible.

Comparing Figs. 17 and 19, it is clear that the sea breeze becomes
stronger between 1400 hr and 1500 hr. This can be linked to the change
in the MIBL profile, in which a diffuse rapid-rise region in the vicinity of
the sea breeze at 1400 hr is tightened up into the familiar step-like feature
at 1500 hr. At 1400 hr the presence of retarded air within the sea-breeze
circulation enables the MIBL to deepen more rapidly than would otherwise
be the case. However, at this time there is no need for the sort of extreme
growth rate which is required at 1500 hr in order to ensure that offshore
velocities occur below the IBL top.

Later in the day, a situation can arise where the SBF is very close to
the coast. It is then possible to develop a mature MBL almost immediately,
a region of extreme growth occurring within a very short fetch. A good
example of this phenomenon is shown in Fig. 20 along the line y = —69 km
at 1600 hr. The position of the coast for this line is at £ = —99 km.

Later still the SBF crosses over the coast and acts to move marine air over

!2This value is obtained by substituting U = 12ms™", Af = 9 K, § = 297 K and
g =9.8 ms~? into Eq. 1.
13je, taking account of the sec® ¢ factor in Eq. 22.
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the land. By this time, a mature MBL exists at all positions over the sea, as
can be seen in Fig. 21, which shows a cross-section of potential temperature
along the line y = —39 km at 1800 hr. The coast is at z = —75 km along
this line.

The changes in potential-temperature profiles with time are shown in
Figs. 22 and 23 at a point out to sea and at a point just inland respectively.
At the point =~ 20 km out to sea, during the afternoon an MIBL is in an
intermediate stage of development. It becomes slightly thicker over time
as a sea-breeze circulation becomes established and starts to move towards
the coast. Air above the point is slowed down a little as the afternoon
progresses, allowing a little more time for it to react to the change in surface
conditions. The SBF passes the point at about 1600 hr. By 1700 hr the
point is contained with the heavily-retarded, almost stationary region of air
just behind the front. An MIBL can grow extremely rapidly under such
circumstances, leading to profiles at 1700 hr and 1800 hr that are typical
of a mature MBL with depths of ~ 350 to 400 m. For the point which is
just inland (Fig. 23), the potential-temperature profiles are characteristic of
a deep, convective boundary layer which becomes gradually warmer during
the day. Between about 1700 hr and 1800 hr, however, the SBF passes the
point, bringing in marine air and so producing a profile at 1800 hr that is
more typical of an MBL. If there continues to be a significant onshore flow,
such a profile will become modified by the high overland temperature and a
convective IBL will develop.

The changes in boundary layer structure seen in Figs. 22 and 23 can
thus be interpreted straightforwardly, using the idea that MIBL growth can
be enhanced in the vicinity of a sea breeze. The idea provides a smooth de-
scription for the behaviour observed when flow changes from off to onshore.
Indeed, the need for a coherent description of this transition implies that
there must exist some interaction between the sea-breeze circulation and
MIBL development. In particular, the interaction enables one to explain
the presence of a well-developed MBL immediately offshore of the coast at
the time just before the flow at the coast reverses direction. The air ad-
vected over land by the sea breeze at a height of a few hundred metres or
so is clearly seen to be typical of marine conditions and is able to generate
an IBL over land. The standard picture of an MIBL is inappropriate under
these circumstances since a h ~ y/z MIBL cannot suddenly turn into the
source for such an onshore flow.

9 The Low Wind Case

It might be expected that the interaction between the sea-breeze circulation
and the normal mechanism of MIBL development would also be important
in the low wind case. Although hints of an interaction can be found, as
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pointed out by Plant and Atkinson (1999), it has proved difficult to iden-
tify unambiguous phases of rapid growth. In the low wind case the SBF is
found very close to the coast or else over land. For example, Li and Atkin-
son (1998b) report that the SBF has just crossed the coast by 1400 hr along
y = —b4 km. By contrast, the dramatic demonstrations of the interaction
in the high wind case occurred where the SBF was a significant distance
offshore so that there was a definite region of ‘normal’ IBL growth between
the coast and SBF.

Another issue is the vertical resolution, since the fully-developed MBL
in the low wind case has a depth of ~ 100 m, which translates into just 10
vertical grid points'*. This makes it difficult 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
vertical resolution.

Nonetheless, the unusual pattern of evolution of contours of water vapour
and refractivity identified by Plant and Atkinson (1999) can be explained
as a consequence of the sea breeze. In Fig. 24, the ¢ = 12 mb contour along
y = —54 km at 1500 hr is shown, superimposed over a plot of the wind.
The behaviour of the contour beyond £ ~ —50 km is much as might be
expected, the MIBL moistening gradually as the fetch increases. Between
this point and the coast, there is a strong sea breeze which moistens the
near—surface air by bringing in moist marine air from further out to sea. A
slight dip in the water vapour contours just after the coast may be due to
some subsidence after the SBF.

10 Conclusions

Phase 1 of this project (Li and Atkinson, 1998b; Atkinson and Li, 1999)
was successful in simulating many features of the propagation environment,
in agreement with aircraft observations (Brooks et al., 1997; Brooks et al.,
1999). An MIBL, of realistic depth, resulted from the flow of hot, dry air
from Saudi Arabia over the Persian Gulf. The simulations also generated
a sea-breeze circulation. Although this was located outside the observation
region, its existence is supported by general arguments (Atkinson and Li,
1999), including many observations that have been made under similar con-
ditions (Atkinson, 1981). However, the simulations run for phase 1 were not
able to detect any of the short-scale (10 to 20 km) horizontal variations in
the mature MBL that were found in the aircraft observations.

The phase 1 simulations used 33 vertical levels and a horizontal grid
length of 6 km. In the present report, the numerical resolution has been

There were only 6 vertical grid points in the first 100 m of runs performed previ-
ously (Li and Atkinson, 1998b; Atkinson and Li, 1999; Plant and Atkinson, 1999), which
used 33 levels in total.
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enhanced in an attempt to capture short—scale variations. Taking 41 vertical
levels and a 1 km horizontal grid length, there was no evidence for such
variations in the mature marine boundary layer (MBL). The observed short—
scale variations can therefore not be explained with the mesoscale model as
it stands.

The enhanced resolution has revealed some unusual perturbations in the
developing MIBL, which have a significant effect on the refractivity environ-
ment within ~ 100 km of the coast. We believe that the perturbations are
genuine and observable phenomena, which have a simple physical interpreta-
tion. They are caused by the presence of the strong sea-breeze circulation,
which modifies the MIBL growth mechanism. In the low wind case, the
MIBL just out to sea is very moist, due to the on-shore flow of the sea
breeze which transports marine air towards the coast. In the high wind
case, there is little onshore flow, but the sea-breeze circulation strongly re-
tards the prevailing offshore wind. For a fixed distance travelled the retarded
air has additional time in which to respond to the change in surface con-
ditions. This can 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 analytic
model.
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Appendices
A Definition of the IBL Height

As noted in the main text, the height of a stable IBL can reasonably be
defined in various ways. In this Appendix, we consider the application of
some of the methods commonly found in the literature to the results from our
numerical simulations. The usual reason for adopting a particular definition
is simply that of convenience, subject only to the conditions that a consistent
method should be used and that it should produce a credible height.

For each of the methods to be described, either of two approaches may
be followed. In the first approach, only the raw data values at the grid
points are used. In the second approach, a numerical fit to is made to the
grid point values. If f is some property specified at the grid points, then
f(2) is represented by:

n Vo — -
f(z) I~ ZCZTZ < £~ Zmin Zmax) s Zmin < 2 < Zmax, (28)
=0

Zmax — Zmin

where T; is a Chebyshev polynomial of the first kind. This is a standard
numerical technique, and a NAG routine is available for determining the
coefficients {¢;}, by making a least—squares fit to the grid values in the
fit range. The fit range has been taken to be the first 30 model levels'®
and n has been set to 15. Having made such a fit, vertical derivatives and
integrals of the fit functions (and the products of such functions) can then
be calculated analytically. For example,

af = d (22 — Zmin — Zmax) iy 22 — Zmin — Zmax
=~y T, :ZdiTi< );
Oz i3 dz i=0

Zmax — Zmin Zmax — Zmin
(29)

where each d; is a known function of {¢;}. In practice, the first approach has
been used essentially as a check on the application of the second. Increments
in z made while searching for an IBL height are such that there are ten
equally—spaced heights considered between each pair of grid levels.

Unless otherwise stated, the accompanying figures show the results ob-
tained by applying the various methods along the line y = —54 km at 1500 hr
in the high wind case. Data from a run with a 3 km grid length were used.
A summary of the results is provided by Fig. 25, in which results from some
of the grid points have been omitted from the curves. This is because some
of the methods tested were found to produce unacceptable heights at some
fetches.

15Either 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 critical value of 06/0z, from the lowest model
level upwards. The same basic approach has been used by Physick et
al. (1989) and by Anthes (1978), taking a critical value of 1 K/km. This
was satisfactory for well-mixed IBLs formed when sea air is advected over-
land, but the vertical gradients found in the MIBL are much stronger and
a critical value of 15 K/km has been used here.

The results are shown in Fig. 26. Method 1 is unable to detect the
existence of a boundary layer for fetches S 65 km. This can be explained
from the potential-temperature profiles at various z values, which are also
shown in Fig. 26. The overland profile at £ = —153 km seems reasonable.
A little way after the coast, at x = —78 km, turbulent cooling has removed
the overland surface layer but there has only been a partial adjustment
to sea-surface conditions and so the well-developed MIBL profile seen at
z = 57 km is not yet fully in evidence. At short fetches the potential
temperature gradient exceeds the critical value from the very first model
level. Fig. 26 also illustrates the fact that in a mature MIBL, method 1
determines the IBL height from the base of the inversion.

A.2 Method 2

Method 2 identifies the IBL height with the maximum value of 96/0z. In
the mature IBL, this corresponds 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 successful than method 1 in determining a suitable
IBL height at small fetches. Using method 1, there was no boundary layer
detected at all until x = —33 km. Although method 2 will always produce
a height, there is an artificial jump in value (from ~ 45 to ~ 195 m) at
x ~ —50 km. Since the heights after the jump are apparently sensible,
method 2 does at least manage to extend the range in which an appropriate
IBL height can be detected. In order to ascertain the reason for this jump,
potential temperature profiles are shown in Fig. 27 for the grid points just
before (x = —51 km) and just after (z = —48 km) the jump.

Recalling the interpretation of Sec. 7.1, the jump in the IBL height calcu-
lated by method 2 can be seen to occur at the fetch where distinct regions 1
and 2 can first be distinguished. Just after the jump, both regions can be
seen and method 2 yields the height near the middle of the inversion region.
Just before the jump one can see a hint of a structure which will become
the divide between regions 1 and 2. The strongest potential-temperature
gradient occurs around this dividing height.
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A.3 Method 3

This method is very similar to that of method 1. However, the search for
a critical 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 critical value for
00/0z is set at 15 K/km, just as for method 1. Good results for all fetches
are obtained using this method (Fig. 3), which has been adopted for the
main body of the report.

In Sec. 7.1 the potential-temperature profiles were divided into four dis-
tinct regions. Some evidence supporting that classification is provided by
Fig. 28, which shows the differences in IBL heights calculated by methods 1,
2 and 3. Provided that the fetch is large enough for the each of the deter-
minations to be meaningful, the total inversion depth (represented by the
difference h3 — h; between the heights calculated by methods 3 and 1) re-
mains almost constant with fetch and the IBL grows by means of elevating
the inversion structure. The strongest gradients are found near the middle
of the inversion structure (the method 2 height, ho ~ (h1 + h3)/2), although
there is a tendency for the gradient maximum to fall gradually towards the
base of the inversion.

A.4 Method 4

This method follows the approach of the Met. Office mesoscale code in de-
termining a boundary layer depth for use in initialising the turbulent kinetic
energy (TKE) (Golding, 1986). A reference line with gradient 0.3 K/km is
drawn through the surface-level value of 6 and the boundary layer top de-
fined where this line first crosses the actual 0(z) profile. As can be seen in
Fig. 29, the method has problems at small fetches. The reason for this can
be illustrated using two potential-temperature profiles from the low wind
case (the lower plot of Fig. 29). It is immediately apparent that the gra-
dient of the reference line is very shallow, and that it would make little
difference if the method were to simply identify the IBL height with the
first height above ground at which the surface temperature is attained. At
small fetches (for instance at z = —78 km in the figure), adjustment to the
sea-surface temperature is incomplete and this temperature is only attained
at sea level itself. The method is unable to deduce an IBL height under such
circumstances.

A.5 Method 5

It is clear from the lower plot of Fig. 29 that it is not possible to draw a
suitable reference line through the surface temperature which can be used
to determine an IBL height at both short and long fetches. For example,
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a reference line has been tried which is drawn through the potential tem-
peratures at the surface and at the model top. The results obtained are
not reproduced here, being qualitatively similar to those of method 4 (the
IBL height is a little larger and reliable results can be found at marginally
smaller fetches).

The philosophy behind method 5 is similar to that of method 4 in that
the intersection point is again found of the potential-temperature profile
with a specified reference line. The aim of method 5, however, is to investi-
gate whether or not one can construct a suitable reference line solely from
the conditions at high altitudes. The potential temperatures and gradients
at the highest altitudes in the model remain almost unaltered from the spec-
ification in the initial conditions (Plant and Atkinson, 1999). A reference
line is therefore drawn with the appropriate gradient through the potential
temperature at the model top.

Results produced by method 5 can be seen in Fig. 30. Although some
of the results at the smaller fetches do not seem untenable, the calculated
IBL heights at larger fetches are obviously too high. Unrealistically large
values occur when the reference line misses the inversion structure entirely,
as illustrated in the lower plot of Fig. 30. In such a situation the reference
line may be close to and almost parallel with the model profile above the
inversion, giving rise to significant errors in ascertaining the precise position
of intersection. This would explain the artificial jumps and fluctuations seen
in Fig. 30.

A.6 Method 6

An alternative means of defining an IBL height that has been used in the
literature is based on the vertical profile of TKE (Stunder and SethuRaman,
1985; Arritt, 1987; Garratt, 1990). This reaches a local minimum at the IBL
top.

Example TKE profiles are shown in Fig. 31. In the well-developed IBL
at £ = 57 km, the TKE increases close to the ground, leading to a low—level
maximum which decays towards the IBL top. Thus, the IBL height can
be defined to be the altitude where the TKE is reduced to a small value
(less than 1 x 10~* m2?s~2). At shorter fetches, however, the strong overland
turbulence still persists, giving significant turbulence above the IBL. The
criterion of method 6 is not appropriate for these fetches, and, as shown in
Fig. 31, is unable to produce a realistic IBL height'®. Faced with the short—
fetch TKE profiles, it would be more appropriate to define an IBL through
the local minimum in TKE. However, such a scheme could only be applied
at the short fetches since the minimum disappears as the fetch increases. A
combination of the two definitions is also unacceptable, since it generates

16The criterion is not met within the lowest 30 model levels, which causes the algorithm
to return an IBL height of zero.
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an artificial dip in the IBL height where the switch between methods has to
be made.

B Initial Conditions in the Growth Equation

As noted in Sec. 7.3, integration of Eq. 11 may be sensitive to the initial
condition chosen. In this Appendix we investigate that point by considering
possible initial conditions for integration along the line y = —54 km at
1500 hr in the high wind case.

As discussed in Sec. 7.2, the generalized Garratt model will break down
unless the quantity Ag remains positive. If the model does remain valid,
then it is expected that Ay will become large around the position of the
SBF. Because of the form of Ay (see Eq. 12), a small error in the value
of h at a grid point where Ay becomes large could generate a significant
error in the calculated Ay, and hence in the value of h predicted at the
next grid point. Thus, the implementation of the model may fail for purely
practical reasons. This could occur if an update to the MIBL height had
been an significant overestimate, since there is no capacity in the model
for a subsequent reduction of h. By contrast, a limited degree of numerical
undershooting in the strong—growth region may not be so serious a problem.
At the fetches where the MIBL grows quickly, an underestimate of A at one
grid point will tend to produce an overestimate of Ay (and hence of the
growth rate) at the next. However, if an undershooting error is large enough
then Ag at the following grid point may be evaluated as negative, in which
case the model implementation will be subject to an artificial break down.

Results obtained for the mature MBL height under different initial con-
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 z positions ranged from the first grid
point after the coast (x = —96 km) up to x = —60 km. The model always
broke down if subsequent grid points were used. For most of the initial
conditions tried, integration was invalid. However, there are three regions
of Fig. 32 where Eq. 11 could be integrated over all fetches:

1. A band extending from (zg, hy) ~ (—95,50) to ~ (—60,90).
2. A band extending from (z, hg) ~ (—95,140) to ~ (—60,180).
3. A triangular region in the top left—hand corner of the figure.

Within each of these regions, a mature MBL height was evaluated that
changed remarkably little as the initial conditions varied. This can be seen
from Fig. 33, which gives a scatter plot of the mature MBL heights. For the
great majority of initial conditions where integration was valid, the mature
MBL height was calculated to be in the range 362 to 362.5 m. There were no
results below 362 m, which confirms that the calculations could cope with
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some numerical undershooting. However, overshooting caused difficulties
on the boundaries of the valid regions. This explains why the regions are
marked by “fuzzy” edges in Fig. 32.

The banded structure can be explained using Fig. 34, which shows the
full MIBL evolution using several initial conditions. For conditions below
region 1, the MIBL height is not large enough for Ay to remain positive
once the sea breeze is encountered. Such initial conditions are therefore
physically unacceptable, as discussed in Sec. 7.2. Within the valid regiouns,
there are obvious differences in the MIBL evolution before the point of rapid
growth, but excellent 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 first grid point where rapid growth is expected. The
calculated growth rate at this grid point is found to be too low for a valid
determination of Ay at the following grid point.

Thus, the bands in Fig. 32 are a numerical artefact. If the right-hand
side of Eq. 11 could be evaluated at any x position (rather than just at the
grid points) and with complete accuracy (ie, without recourse to any of the
interpolation in the vertical that is necessary in order to calculate model
quantities from vertical integrals) then the generalized Garratt model would
be found to be valid over a single, large region in (zg, hg) space.
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Tables

Table 1: Initial conditions specified for the numerical simulations in the
high wind case. 0 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 — continued 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 6.5 11.30
39 5000.0 562.79 52.00 1.49 10.30
40 6000.0 493.79 97.00 -3.54 9.30
41 8000.0 374.54 67.00 -13.52 7.30
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Figure 1: Cross sections of refractivity (M units) at 1500 hr in the low wind
case. 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 case. The height was determined using method 3,
as described in Appendix A.
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Figure 4: The curvature parameter v is plotted along the line y = —54 km

at 1500 hr in the high wind case.
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1500 hr in the high wind case.
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Figure 6: Potential temperature contours along y = —54 km at 1500 hr in
the high wind case. The upper plot shows contours at 1 K intervals; the
lower plot shows contours at 0.3 K intervals, from 22 K to 28 K.
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Figure 8: Vertical velocity profiles are plotted for various fetches along the
line y = —54 km at 1500 hr in the high wind case.
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y = —b4 km at 1500 hr in the high wind case.
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Figure 12: The function f5 is plotted for various fetches along the line
y = —b4 km at 1500 hr in the high wind case.
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Figure 13: The upper plot shows the parameter A as a function of fetch
along the line y = —54 km at 1500 hr in the high wind case. The lower
plots hows the corresponding potential-temperature difference between the
surface and the IBL top.
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Figure 14: The parameter Aj is plotted as a function of fetch along the
line y = —54 km at 1500 hr in the high wind case. 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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Figure 15: The upper plot shows the combination Bw(h)/Aq as a function
of fetch along the line y = —54 km at 1500 hr in the high wind case. The
lower plot shows the corresponding evolution of parameter B.
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Figure 16: IBL heights predicted from the generalized Garratt model, along
the line y = —54 km at 1500 hr in the high wind case. A height of 47 m at
z = —96 km was used as the initial condition. The corresponding simulation
results are also shown.
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Figure 17: Cross section of the induced wind at 1500 hr along the line
y = —54 km in the high wind case. The u component of the wind is plotted in
units of ms~! and the w component in units of cms~'. Scales are provided by
a reference arrow shown at a height of 350 m and £ ~ —150 km, representing
u =20 ms~! and w = 20 cms~!. 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 case. Results are shown at 1300 hr, 1400 hr and 1500 hr.
Also shown is the curve h = av/X, where X is the distance from the coast

in km and a = 15.0.

93



5007\ ] T T 7 T T 7 T T 7 T T 7 [ I \7

4001

00

Height (m)

Figure 19: Cross section of the induced wind at 1400 hr along the line
y = —54 km in the high wind case. The u component of the wind is plotted in
units of ms~! and the w component in units of cms~'. Scales are provided by
a reference arrow shown at a height of 350 m and £ ~ —150 km, representing
u =20 ms~! and w = 20 cms~!. Also plotted is the IBL height.
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Figure 20: Cross section of the wind at 1600 hr along the line y = —69 km
in the high wind case. The u component of the wind is plotted in units
of ms~! and the w component in units of cms™!. Scales are provided by a
reference arrow shown at a height of 200 m and z ~ 50 km, representing
u =20 ms~! and w = 20 cms~!. Also plotted is the IBL height.
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Figure 21: Cross section of potential temperature (C) along y = —39 km at
1800 hr in the high wind case.
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Figure 23: Potential temperature profiles at the point y = —54 km, =

—102 km in the high wind case.
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Figure 24: Cross section of the wind at 1500 hr along the line y = —54 km in
the low wind case. The u component of the wind is plotted in units of ms™!
and the w component in units of cms™'. Scales are provided by a reference
arrow shown at a height of 200 m and z ~ 50 km, representing v = 20 ms~ "
and w = 20 cms™'. Also plotted is the contour ¢ = 12 mb.
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Figure 25: IBL heights according to various methods. The results are plotted
as a function of fetch along the line y = —54 km at 1500 hr in the high wind

case.
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Figure 26: The upper plot shows IBL heights according to method 1. The
results are plotted as a function of fetch along the line y = —54 km at 1500 hr
in the high wind case. The lower plot shows various potential-temperature
profiles along this line, also at 1500 hr. Arrows in the lower plot point to
IBL heights calculated at x = 57 km.
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Figure 27: The upper plot shows IBL heights according to method 2. The
results are plotted as a function of fetch along the line y = —54 km at
1500 hr in the high wind case. The lower plot shows potential-temperature
profiles along this line, also at 1500 hr. Arrows in the lower plot point to
IBL heights calculated 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 difference in IBL heights calculated
by methods 3 and 1; the dashed line shows the difference in IBL heights
calculated by methods 3 and 2. The calculations were performed along the
line y = —54 km at 1500 hr in the high wind case.
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Figure 29: The upper plot shows IBL heights according to method 4. The
results are plotted as a function of fetch along the line y = —54 km at
1500 hr in the high wind case. The lower plot shows potential-temperature
profiles along y = —54 km at 1500 hr in the low wind case. Also shown on
the lower plot is the reference line used in method 4.
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Figure 30: The upper plot shows IBL heights according to method 5. The
results are plotted as a function of fetch along the line y = —54 km at
1500 hr in the high wind case. The lower plot shows potential-temperature
profiles along y = —54 km at 1500 hr in the low wind case. Also shown on
the lower plot is the reference line used in method 5.
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Figure 31: The upper plot shows IBL heights according to method 6. The
results are plotted as a function of fetch along the line y = —54 km at
1500 hr in the high wind case. The lower plot shows TKE profiles at two
points along this line, also at 1500 hr.
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Figure 32: A contour plot of the predicted height of the mature MBL,
using the generalized Garratt model. The horizontal axis gives the initial
x position, using the co-ordinate of the mesoscale simulation grid. The
vertical axis gives the initial MIBL height used. The contours are unlabelled
since their only significance lies in the fact that they mark out regions of
qualitatively different behaviour (see Appendix B for full details).
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Figure 33: A scatter plot of the predicted height (m) of the mature MBL,
using various initial conditions in the generalized Garratt model. The hori-
zontal axis gives the initial MIBL height used.
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Figure 34: IBL heights predicted from the generalized Garratt model. Each
plot corresponds to a different set of initial conditions. Those marked by
lines use conditions from within regions 1, 2 and 3. Those marked by points
use conditions: below region 1; between regions 1 and 2; and, between
regions 2 and 3. The different regions are described in Appendix B.
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