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ABSTRACT

Linear and nonlinear models are used to examine the development of island thunderstorms, in particular the
Hector convective system that forms over the Tiwi Islands just north of Australia. The linear model is used to
examine the flow response to an isolated, elliptical, heat source. It is found that the low-level convergence is
maximized when the flow is weak and along the major axis of the heat source. A dry version of the nonlinear
model verifies the trends predicted by the linear model except at very low flow speeds where the convergence
is bounded in the nonlinear model but increases indefinitely in the linear model.

Deep convection develops over the heat source when a moisture profile with positive convective available
potential energy (CAPE) is added to the nonlinear model. The sensitivity of the convective strength (defined
by the accumulated rainfall and total condensate) to wind speed and direction, surface fluxes, and low-level
moisture is then examined. It is shown that the strength increases as the wind speed decreases and as the wind
direction turns toward the major axis of the island, in agreement with the prediction of increased low-level
convergence from the linear and nonlinear dry models. Sensitivity experiments indicate that the convective
strength increases as both the heat and moisture fluxes increase. The strength is more sensitive to the heat flux
since this drives the large-scale convergence and sea breezes that generate convection. As the low-level moisture
in the upstream sounding increases, the accumulated rainfall over the islands increases monotonically; however,
the total condensate reaches a maximum at a CAPE of around 1500 J kg21 and then decreases thereafter. It is
shown that the low-level moisture is an important predictor of the form of convective development. Finally,
simulations with a single coastline are performed to show that one of the reasons the Hector convective system
is so strong is that it develops over an island where the land–sea circulation from all coastlines can contribute.

1. Introduction

Hector is the name given to a thunderstorm complex
that develops regularly over the Tiwi Islands just north
of mainland Australia during the transition season
(Nov–Dec, Feb–Mar). The Tiwi’s consist of two rela-
tively flat islands (Melville in the east, Bathurst in the
west), which together cover approximately 150 km in
the east–west direction and 50 km in the north–south
direction. Convective activity maximizes during the af-
ternoon indicating the importance of diurnal heating.
The storms, which are easily visible from Darwin 100
km to the south, are among the world’s tallest often
reaching a height of 20 km.

The regular occurrence of the storms over isolated,
basically flat, terrain makes the islands an excellent test-
ing ground for observational and modeling studies. The
storms have been the subject of two recent field pro-
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grams: Island Thunderstorm Experiment (ITEX) in 1988
(Skinner and Tapper 1994) and Maritime Continent
Thunderstorm Experiment (MCTEX) in 1995 (Carbone
et al. 2000). These field programs successfully char-
acterized the structure of convection over the Tiwi Is-
lands in various flow regimes. They also gave an idea
of the functional relationship between convective
strength and various external parameters, although the
small sample size of the dataset limited the conclusions
that could be drawn.

Numerical simulations of the Hector convective sys-
tem have been performed by Golding (1993) and Saito
et al. (2001). Golding (1993) used the U.K. Met. Office’s
mesoscale model at 3-km resolution to examine two
cases from ITEX and was able to simulate the devel-
opment of deep convection over the islands. The sen-
sitivity of the simulated convection to resolution, island
shape, and model microphysics was also explored. Saito
et al. (2001) used the Japanese Meteorological Research
Institute’s mesoscale model at 1-km resolution to sim-
ulate an observed case from MCTEX. The sensitivity
to microphysics, topography, and island size was also
examined.

In this study we will concentrate on the mechanisms
that control convective development over the islands.
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Over the past decade there has been an evolving view
concerning the modes of convective development. Prior
to MCTEX, it was theorized that Hector or the largest
thunderstorms were produced only after the collision of
sea-breeze fronts from the north and south coasts. Dur-
ing MCTEX detailed observations of the sea breezes
were possible with a sensitive Doppler radar and it was
learned that the sea breezes seldom collided. This led
Carbone et al. (2000) to propose a conceptual model
for two modes of convective development. In the most
frequent mode (type B) the strongest thunderstorms de-
velop upon the interaction of one sea breeze and a gust
front from earlier convection. Carbone et al. (2000) es-
timate that this mode of development is responsible for
approximately 80% of Hectors. In the second, less fre-
quent, mode (type A) Hector develops upon the collision
of sea breezes from the north and south coasts. They
hypothesize that this mode occurs when conditions are
more stable, allowing sea breezes to progress farther
inland before evaporatively cooled gust fronts develop
and disrupt their progress. In this study we will perform
simulations to examine this hypothesis.

Although Hector is one of the most predictable con-
vective systems on Earth, there are still a large number
of parameters that can effect its development. These
include wind speed and direction, wind shear, convec-
tive available potential energy (CAPE), convective in-
hibition, sensible and latent heat fluxes, large-scale dis-
turbances, microphysics, and radiation. An exhaustive
study of the complete parameter regime is not possible
in this paper, so we concentrate here on five parameters
that have been shown to be important in previous ob-
servational studies. These parameters are wind speed
and direction, surface fluxes of moisture and heat, and
low-level moisture.

The outline of the paper is as follows: in section 2 a
linear model of flow over an isolated heat source is
developed to examine the dependence of the lifting on
flow speed and direction and heating rate. These ana-
lytical results will help guide the nonlinear numerical
simulations, which are described in section 3. These
simulations will be used to determine the integrated con-
vective response to the heating and cooling over the
islands. Although these simulations will show the de-
pendence of the convective strength on the low-level
convergence, a complete dynamical explanation of this
dependence is considered to be beyond the scope of the
present study. Finally, section 4 summarizes the results
and gives some concluding remarks.

2. Analytical model of flow over a heat source

As discussed in the introduction, the observation that
storms form almost daily during the transition season
and gain maximum intensity in the afternoon points to
the importance of diurnal heating over the islands. In
this section we examine a linear model of flow over an
isolated heat source in order to gain insight into the

effects of that heating. The linear response of an airflow
to prescribed heating has been examined by a number
of authors (e.g., Malkus and Stern 1953; Raymond 1972;
Smith and Lin 1982; Lin 1986). In this study, we follow
the work of Lin (1986) who developed a model of the
three-dimensional response to an isolated heat source.

To simplify the analysis we assume that the flow is
steady state, Boussinesq, and incompressible. We further
assume that the upstream velocity, U, and Brunt–Väisälä
frequency, N, are constant in the vertical. The governing
equations for small-amplitude flow (u, y, w) forced by
a heat source q are then

pxUu 5 2 2 nu (1)x r

py
Uy 5 2 2 ny (2)x r

p rzUw 5 2 2 g 2 nw (3)x r r

2rN r
Ur 2 w 5 2 q 2 nr (4)x g c Tp

u 1 y 1 w 5 0. (5)x y z

The mean temperature and density of the environment
are denoted by while the perturbation pressure andT , p
density are denoted by p, r, respectively, and n is the
coefficient of both the Rayleigh friction and Newtonian
cooling and the other symbols have their usual mean-
ings. Taking the Fourier transform in x and y, the gov-
erning equations can be written as

2 2 2 2(N 2 (Uk 2 in) )k gk
ŵ 1 ŵ 5 q̂, (6)zz 2 2(Uk 2 in) c T(Uk 2 in)p

where ŵ and q̂ are the Fourier components of w and q,
respectively; k 5 (k2 1 l2)1/2 and k and l are the wave-
numbers in the x and y directions.

Equation (6) is solved for a heat source that is ellip-
tically shaped in the horizontal in order to approximate
the shape of the Tiwi Islands. It is assumed that the heat
is applied uniformly in the vertical below a height z 5
H. The heat source has the following functional form:

 Qo for z # H
2 2 x y

1 1 1q(x, y, z) 5 2 2 (7)L Lx y
0 for z . H.

Before examining solutions for the vertical velocity,
we first perform a scale analysis of the wave equation
(6). We assume that the circulation forced by the heat
source has characteristic length scales of Lx, Ly in the
horizontal and H in the vertical. The vertical velocity
then scales as
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gQ 1ow } , (8)
2 2c TNp Ly21 1 Fr

2 21 2L 1 Ly x

where we have assumed n 5 0. We have also made the
hydrostatic assumption U/NLx K 1, that is, that the hor-
izontal scale of the flow, Lx, is large compared to the
vertical scale, U/N. This assumption is valid for typical
values of the flow over the Tiwi Islands. The Froude
number is Fr 5 U/(NH), which measures the ratio of
the flow speed U to the internal wave speed NH. The
first point to note is that the vertical velocity is directly
proportional to the heating rate Qo. We now examine
the response in two parameter regimes (low and high
Froude numbers).

(a) Fr K 1 high stability/low flow:
For low Froude number flow, (8) reduces to

gQow } . (9)
2c TNp

In this parameter regime, the vertical velocity is
inversely proportional to the stability N 2 and in-
dependent of the flow U. The balance in the ther-
modynamic equation is between the heating q and
the vertical advection of buoyancy.

(b) Fr k 1 low stability/strong flow:
For high Froude numbers, (8) reduces to

2 2gQ H Lo xw } 1 1 . (10)
2 21 2c TU Lp y

In this parameter regime, the vertical velocity is

inversely proportional to U 2 and independent of
the stability N 2. The balance in the thermody-
namic equation is between the heating q and hor-
izontal advection over the heat source. Equation
(10) also indicates that the vertical velocity is
greatest when Lx . Ly, which is the case where
the flow is along the major axis of the heat source.

Determining the typical Froude number over the Tiwi
Islands when strong convection develops is not straight-
forward because of the variation of N 2 with height. In
the free troposphere, the stability N 2 is of the order of
1.0 3 1024 s22. However in the boundary layer, where
the heat is being added, the stability is near zero. In the
nonlinear simulations to be presented in section 3, the
potential temperature increase across the boundary layer
is of the order of 0.18C while the depth of the well-
mixed layer is approximately 1 km (giving an N 2 ;3.
3 1026 s22). For the flow speed, U, Carbone et al. (2000)
found that all thunderstorm days during MCTEX had
surface wind speeds less than 4 m s21. Using the esti-
mates above for the stability and depth of the boundary
layer gives a Froude number of 0.5 for a flow of 1 m
s21 and 2.0 for a flow of 4 m s21.

Although the above estimates are very qualitative
they do suggest that the Froude number is of the order
of one for typical flow conditions over the Tiwi Islands,
neither in the high nor low limit. In this moderate Froude
number range, the vertical velocity is dependent on both
N and U, decreasing as both parameters increase.

Solutions to the wave equation (6) are now examined.
Following the methodology of Lin (1986) the solution
for w in the heating layer (0 , z , H) can be written

` `3gb
ilz ilH ilz i(kx1ly)w 5 q̂[e (coslz 2 1) 1 i sin(lz)(e 2 e )]e dk dl, (11)E Ec TUNp 2` 2`

where l 5 Nk/Uk. We now examine the dependence of
the vertical velocity on the wind speed and direction
relative to the heat source in (7). The maximum heating
rate is set at 400 W m22, which is representative of the
values observed around midday at this time of the year
over the Tiwi Islands (Beringer et al. 1997). The depth
H is taken as 1000 m, which is a typical depth of the
boundary layer over the islands (Carbone et al. 2000).
Thus rQo 5 400/1000 W m23 5 0.4 W m23. For the
stability, N 2, we use the value of N 2 5 3.3 3 1026 s22

from the numerical simulations of section 3.
Figure 1a shows the surface velocity vectors and the

vertical velocity at the top of the heat source, z 5 H,
with a flow of U 5 4 m s21 directed along the major
axis of the heat source. As the flow passes over the heat
source it converges toward the centerline (major axis)
of the heat source. Consistent with this convergence is

a band of vertical velocity in the downwind half of the
island.

Figure 1b shows the response when the flow is along
the minor axis of the heat source. (Note that we have
rotated the heat source rather than the flow in this fig-
ure.) Again the flow converges toward the centerline (in
this case, minor axis) of the heat source. A band of
vertical velocity develops on the downwind side of the
island. The maximum vertical velocity in this case is
reduced by a factor of 3.5 compared to that in Fig. 1a.

Figure 1c shows the response when the flow is at an
angle of 458 to the major axis. Again, the largest lifting
occurs in the downwind side of the heat source with the
amplitude between that shown in Figs. 1a and 1b.

Figure 2 shows the response to changes in flow speed.
In Fig. 2b the flow is along the major axis of the heat
source with a speed of 2.0 m s21. In this case the vertical



JUNE 2001 1553C R O O K

←

along major axis of heat source, (b) along minor axis, and (c) at 458
to major axis.

FIG. 1. Surface vectors and vertical velocity at the top of the heat
source for flow of 4 m s21 past an elliptical heat source. Contour
interval for vertical velocity is 0.1 m s21. Thick contour bounds the
region where the heating rate is .25% of the maximum. (a) Flow

velocity is significantly increased by a factor of 2.2. In
Fig. 2c the flow is increased to 8 m s21 and the vertical
velocity is reduced by a factor of 2.0. We note that
although the vertical velocity does decrease as the flow
speed U increases, the dependence does not follow that
predicted in the high Froude number limit [proportional
to 1/U 2, Eq. (10)] since the Froude number for these
calculations is only in the moderate range (Fr 5 1 →
4).

The linear model described above has elucidated
some of the characteristics of the large-scale circulation
forced by an isolated heat source. As will be shown in
the next section, the full nonlinear flow is significantly
more complicated than that shown in Figs. 1 and 2.
However, it is useful to keep this large-scale circulation
in mind when viewing the more complex nonlinear sim-
ulations.

3. Numerical simulations

To explore the full nonlinear evolution of the flow
over an isolated heat source we use the Clark, nonhy-
drostatic, anelastic model (Clark 1977). Subgrid-scale
diffusion is parameterized using the first-order closure
of Lilly (1962) and Smagorinsky (1963) (cf. Clark and
Farley 1984). In the moist simulations, the Kessler
(1969) warm rain and Koenig and Murray (1976) ice
microphysical schemes are used. Radiation boundary
conditions are used at all lateral boundaries. The surface
fluxes of heat and moisture over the land are specified
as constant (not a function of surface wind speed) and
only vary with the time of day. A number of sensitivity
tests will be performed with varying maximum (noon-
time) surface fluxes. The model domain is 220 km in
the east–west direction and 120 km in the north–south
direction with a horizontal resolution of 1 km. The ver-
tical resolution is 40 m in the lowest 2 km stretching
to 800 m at the model top (24 km).

As mentioned in the introduction, the numerical mod-
el will be used to examine the sensitivity of convection
to wind speed and direction, surface fluxes, and low-
level moisture. To facilitate these sensitivity tests it was
decided to use an idealized sounding, see Fig. 3. The
wind profile is typical of a westerly flow regime (Car-
bone et al. 2000). At the surface, the flow is westerly
then changes to easterly between 2 and 6 km and then
back to westerly above 6 km. In the experiments that
examine the sensitivity to the surface flow speed, a con-
stant value is added to (or subtracted from) the wind
speed, thus keeping the vertical shear unchanged. Sim-
ilarly, in the wind direction sensitivity experiments, the
wind vector is kept unidirectional by turning the vector
by a constant angle at all heights. Note that the analytical



1554 VOLUME 129M O N T H L Y W E A T H E R R E V I E W

FIG. 2. Same as Fig. 1 except for varying flow speeds: (a) 4, (b) 2,
and (c) 8 m s21.

solutions obtained in the previous sections were for an
atmosphere with uniform upstream flow. To facilitate
comparison with these solutions, simulations will also
be performed with no shear in the upstream flow.

The temperature and moisture profile in Fig. 3 was
obtained by smoothing an early morning sounding taken
during MCTEX (28 Nov 1995). The control moisture
is shown by the solid curve and has a surface value of
19.8 g kg21 and a CAPE of 1500 J kg21. Two additional
moisture profiles to be used in section 3b(5) are also
plotted. The first has a CAPE of 1000 J kg21 and a
surface value of 18.2 g kg21 (dotted line) and the second
has a CAPE of 3000 J kg21 and surface value of 21.2
g kg21 (dashed line). The surface fluxes of sensible and
latent heat are specified as a percentage of the incoming
solar radiation for this latitude (118S) and time of year.
All of the simulations begin at 0700 local time.

a. Dry simulations

In order to describe the development of large-scale
convergence and sea breezes over the Tiwi Islands, sim-
ulations without moisture were first performed. The con-
trol simulation has a surface flow speed of 4 m s21

toward 908 (i.e., along the major axis of the islands).
The latent heat flux is set to zero while the sensible heat
flux is set at 40% of the incoming solar radiation. This
value for the sensible heat flux is typical of that observed
during MCTEX (Beringer et al. 1997). [The sensitivity
to both the sensible and latent heat fluxes is examined
in section 3b(4).] Figure 4 shows the surface wind vec-
tors after 4 h of integration, 1100 LT. (Vectors are shown
at every fourth grid point). Sea breezes from the north
and south coastlines have moved approximately 15 km
inland. Convective boundary layer eddies have devel-
oped over the heated land surface, between the two sea
breezes.

The linear model described in the previous section is
not able to capture nonlinear features such as sea breezes
and convective eddies. The vertical velocities associated
with these nonlinear features (of the order of meters per
second) are also significantly larger than the vertical
velocity associated with the large-scale convergence
shown in Figs. 1 and 2. (of the order of centimeters per
second). Nevertheless, the influence of the large-scale
convergence can still be seen in the nonlinear simula-
tions. To identify this large-scale convergence a passive
tracer field was added at t 5 0. The tracer was initially
horizontally homogeneous with a value of one at the
surface linearly decreasing to zero at a height of 3 km.
The tracer field at 1100 LT and at a height of 1500 m
is shown in Fig. 5a (surface velocity field overlaid). A
band of increased tracer concentration can be seen in
the downwind half of the island complex similar to that
predicted by the linear model. An important point to
note is that the tracer concentration is enhanced through-
out the region between the two sea breezes and not just
at the leading edge of the sea breezes. In other words,
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FIG. 3. (a) Temperature and moisture sounding used in the control experiment with the nonlinear model. Moisture profiles with CAPEs of
1000 J kg21 (dotted) and 3000 J kg21 (dashed) are also shown. (b) Wind profile.

FIG. 5. (a) Concentration of tracer field at z 5 1500 m overlaid on
surface vector field (t 5 1100 LT). Initially, the tracer field is hori-
zontally homogenous with a value of one at the surface, linearly
decreasing to zero at 3 km. (b) Vertical profile of mean buoyancy
field above the Tiwi Islands. Note that the scale on the negative side
has been expanded by a factor of 10.

FIG. 4. Surface vectors at t 5 1100 LT for a simulation without
moisture and an upstream flow of 4 m s21. Vectors are shown at
every fourth grid point. The coastline of the Tiwi Islands is shown
by the solid contour.

large-scale lifting is occurring not just at the two sea-
breeze fronts but throughout the region between the two
breezes.

The large-scale lifting can also be seen in the buoy-
ancy field. Figure 5b is a vertical profile of the buoyancy
averaged over the islands. At low levels, the buoyancy
has been increased by surface heating (by an average
of 38C at the surface); however, above the boundary
layer, there is a layer of approximately 2000 m in thick-
ness of negative buoyancy. On average, this negative
buoyancy reaches a minimum of around 20.28C, al-
though there are local minima of 22.08C. This cooling
is caused by the large-scale lifting over the islands,
which is important for destabilizing the atmosphere for
the later development of convection.

To quantify this lifting, we plot the mean vertical
velocity over the islands (integrated vertical velocity
divided by the total area of the islands) as a function
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FIG. 6. Profile of mean vertical velocity above the islands for the
control experiment, which uses the velocity profile shown in Fig. 3
(dashed line), and an experiment that uses a uniform upstream flow
of 4 m s21 (solid line).

FIG. 7. Average vertical velocity above the islands at t 5 1100 LT
as a function of (a) surface heating rate, (b) wind speed, and (c) wind
direction. In (a) the heating rate is given as a percentage of the
incoming solar radiation. In (b) the thin contour is for an unsheared
flow, the thick contour for a sheared flow, and the dashed contour is
the prediction of the linear model. In (c) the thin contour is for an
unsheared flow and the thick contour for a sheared flow.

of height (Fig. 6). The mean vertical velocity reaches a
maximum of 5.5 cm s21 at a height of 500 m, which is
approximately the midlevel of the boundary layer. Also
plotted in Fig. 6 is the mean vertical velocity from the
simulation with no shear. As can be seen, the maximum
lifting is reduced by approximately 30% in the case
without large-scale shear. The increased lifting in the
sheared case is most likely due to trapping of gravity
wave energy by the critical level in this simulation (at
z 5 1800 m).

We now examine the sensitivity of this large-scale
lifting field to surface heating and to the wind speed
and direction. Plotted in Fig. 7a is the mean vertical
velocity at 1100 LT as a function of the surface heating
rate. As expected from the results of the linear model,
the mean vertical velocity shows an approximate linear
dependence on the heating rate.

Figure 7b shows the vertical velocity as a function
of surface flow speed. Curves are plotted for cases with
shear (thick contour) and without (thin contour). For
both cases, the integrated vertical velocity decreases
with increasing surface flow speed. Also plotted in Fig.
7b is the mean vertical velocity predicted by the linear
model. As can be seen, there is reasonable agreement
between the linear and nonlinear predictions for flow
speeds greater than 4 m s21. However the curves diverge
significantly for flow speeds less than 4 m s21 indicating
that nonlinear effects become important at these speeds.
The linear model also has a singularity at U 5 0 whereas
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FIG. 8. Evolution of the control experiment with moisture. (a) Cloud
water field at z 5 1.0 km (t 5 1000 LT), (b) rainwater field at z 5
1.0 km (t 5 1130 LT), (c) surface rainwater field (t 5 1300 LT) (gust
front with 10 m s21 surface winds is shown by the solid line), and
(d) surface rainwater field (t 5 1400 LT).

the nonlinear solution in the no shear simulation is
bounded at zero flow speed (with an integrated vertical
of velocity of 8.8 cm s21).

During MCTEX, all days with strong thunderstorms
had surface winds with speeds less than 4 m s21 (Car-
bone et al. 2000), placing the flow in a regime where
nonlinear effects are important. Hence, although the
nonlinear simulations do show that the lifting decreases
with increasing flow speed, it is unreasonable to expect
a closer agreement with the linear model in this regime.

Figure 7c shows the vertical velocity as a function of
surface flow direction. Again, curves are plotted for
cases with shear (thick contour) and without (thin con-
tour). For both cases, the integrated vertical velocity is
greatest when the flow is toward the east (908) and de-
creases as the flow direction turns toward the north.
Hence, the numerical simulations are in qualitative
agreement with the linear model, which showed that the
lifting is greatest when the flow is along the major axis
of the islands.

b. Simulations with moisture

1) CONTROL SIMULATION

The previous section has described the development
of large-scale convergence over the islands; in this sec-
tion we examine how that convergence generates moist
convection. The control simulation of the previous sec-
tion is repeated with the moisture profile shown in Fig.
3a added. The surface latent heat flux is set at 40% of
the incoming solar radiation. The evolution of the flow
is shown in a series of panels in Fig. 8. The surface
velocity vectors and cloud water field (z 5 1.0 km) at
1000 LT are plotted in Fig. 8a. Sea breezes from the
north and south coastlines are shown by the onshore
flow and cloud lines along the leading edges. Some
clouds have also formed in the interior of the islands.
An hour and half later (1130 LT) the two sea breezes
have moved farther inland (Fig. 8b). The speed of prop-
agation of the two sea breezes at this time is approxi-
mately 1.5–2.0 m s21. Overlaid on Fig. 8b is the rain-
water field at z 5 1.0 km. A number of small showers
have formed along the two sea breezes and some rain
is reaching the surface at this time. At the eastern (down-
wind) end of Melville Island, there is evidence of cells
merging together to form a larger storm complex.

The surface rainwater and velocity field at 1300 LT
is shown in Fig. 8c. The north and south sea breezes
have propagated farther inland and are now approxi-
mately 15 km apart. An east–west line of rainshowers
has developed over Melville Island, with the strongest
activity at the eastern end. Associated with this con-
vection is an intense gust front (shown by the solid
contour) with easterly wind speeds that reach 10 m s21.
One hour later (1400 LT, Fig. 8d) the convective activity
has moved farther east and is located near the center of
Melville Island. The convection has developed into one
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FIG. 9. (a) Surface rainwater and vector fields for (a) low-level
northwesterly winds and (b) low-level southwesterly winds.

FIG. 10. (a) Total condensate vs wind direction. (b) Accumulated
rainfall vs wind direction. Both measures are normalized by the con-
trol value.

fairly large cell with horizontal dimensions of approx-
imately 40 km and vertical velocities in excess of 35 m
s21, which places it in the regime of a Hector of mod-
erate size.

2) SENSITIVITY TO WIND DIRECTION

We now examine the sensitivity of convective
strength to a number of environmental parameters. The
first parameter is the low-level wind direction. In the
control simulation, the low-level flow is westerly, which
means that there is no preference for convective de-
velopment along the northern or southern sea breezes.
This can be changed by turning the low-level flow so
that the sea breeze on the downwind coastline becomes
dominant. Figure 9 shows the surface rainwater and flow
fields for cases with low-level northwesterly winds (pan-
el a) and low-level southwesterly winds (panel b). With
northwesterly winds the major convection occurs along
the southern (downwind) sea breeze. With southwesterly
winds, the major convection occurs along the northern
sea breeze.

Two measures of convective strength are calculated
from the simulations. The first is the accumulated rain-
fall over the islands, which gives a measure of the time-
integrated strength of convection over the islands. The
second is the maximum value of the total condensate
(sum of the cloud, rain, ice A and ice B categories) that
occurs during the simulation. This measure gives a bet-

ter sense of the time-instantaneous strength of convec-
tion.

The accumulated rainfall and total condensate are
plotted against the low-level wind direction in Fig. 10.
Both measures are normalized by the values that occur
in the control simulation. As can be seen, the accu-
mulated rainfall and total condensate maximize for
westerly low-level flow (i.e., along the major axis of
the island complex). Both measures then drop off mono-
tonically as the flow turns toward the north (along the
minor axis), which is in agreement with the decrease in
low-level convergence predicted by the linear and non-
linear dry models. The total condensate is reduced by
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FIG. 11. (a) Total condensate vs wind speed. (b) Accumulated rain-
fall vs wind speed. The dashed line is for experiments where the
upstream sounding is adjusted in order to give a sounding at the
downwind end of the island, which is similar to the 2 m s21 simulation.

60% for flow along the minor axis compared to flow
along the major axis, while the accumulated rainfall
decreases by only 30%.

As mentioned in the introduction, a complete dynam-
ical explanation of the dependence of convective
strength on low-level convergence is beyond the scope
of the present study; hence, we only speculate on the
reason why the accumulated rainfall is less sensitive to
the wind direction than the total condensate. When the
flow is along the major axis, the low-level convergence
is maximized, which leads to the development of an
intense convective system (and hence a large total con-
densate). However the convective system is short lived
as the sea breezes from the north and south coastline
converge and shut off the supply of unstable air (which
leads to a reduced rain accumulation). When the flow
is along the minor axis of the island the reduced low-
level convergence leads to much weaker convection (as
shown by the reduced total condensate). However, the
convection lasts longer since the sea breezes from the
lateral coastlines do not interrupt the supply of convec-
tively unstable air. Hence the accumulated rainfall does
not drop off as quickly as the total condensate as the
wind direction turns toward the minor axis of the is-
lands.

3) SENSITIVITY TO WIND SPEED

In Fig. 11, the accumulated rainfall and total con-
densate are plotted against the low-level wind speed (for
westerly flow). Above 4 m s21, both measures increase
as the flow decreases in agreement with the increase in
low-level convergence predicted by the linear and non-
linear dry models. However, the convective strength
does not continue to increase as the flow decreases be-
low 4 m s21. Simulations with the dry nonlinear model
indicated that the low-level convergence does increase
in this flow regime (Fig. 7b). The fact that the convective
strength does not continue to increase indicates that the
relationship between convective strength and low-level
convergence predicted by the linear and nonlinear dry
models is not strictly monotonic. This is not surprising
for a highly nonlinear phenomenon such as moist con-
vection; however, the mechanism that produces this non-
monotonicity is currently not clear.

One of the nonlinearities in the island thunderstorm
problem is the fact that the magnitude of convective
instability depends on the flow speed. As the flow speed
decreases, the low-level air spends more time over the
heat and moisture source provided by the island, and
hence the conditional instability at the downwind end
of the island is increased. To adjust for this nonlinearity
a further set of simulations was performed in which the
upwind temperature and moisture profiles for simula-
tions with low-level flow speeds greater than 2 m s21

were modified so as to give profiles at the downwind
end of the island that were similar to the profiles from
the 2 m s21 simulation. The convective strength for these

adjusted simulations is shown by the dashed lines in
Fig. 11. The first point to note is that the change in
convective strength at 4 m s21 is insignificant. This is
because the adjustment to the upstream profile was small
since the low-level air spends most of the time over the
heat source in this simulation. The second point to note
is that total condensate in these modified simulations is
not changed significantly, and is still decreasing as the
flow increases. The effect on the accumulated rainfall
is greater, with the accumulation increasing by 17% at
6.0 m s21 and 60% at 8 m s21. However, the accumulated
rainfall still shows the trend of decreasing convective
strength with increasing wind speed shown in the un-
modified simulations.

4) SENSITIVITY TO SENSIBLE/LATENT HEAT FLUX

Figure 12 shows the sensitivity of the convective
strength to the surface fluxes of heat and moisture. These
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FIG. 12. (a) Total condensate vs sensible and latent heat flux. (b)
Accumulated rainfall vs sensible and latent heat flux.

sensitivity tests were conducted by varying one of the
fluxes while keeping the other fixed (at 40% of the
incoming solar radiation). As expected, an increase in
either flux leads to an increase in convective strength.
However, both measures of convective strength (accu-
mulated rainfall and total condensate) are more sensitive
to the sensible heat flux than the latent heat flux. This
is not surprising since the low-level convergence that
generates the convection is driven by the surface heat
flux. This can be seen by the fact that convection does
not develop if the surface heat flux is set to zero, whereas
there is still some convective development at zero latent
heat flux.

5) SENSITIVITY TO LOW-LEVEL MOISTURE

Finally, we examine the sensitivity of convective
strength to the low-level moisture (moisture below 1500
m).1 Figure 13a shows the sensitivity of the accumulated
rainfall and the total condensate to the low-level mois-
ture (plotted in terms of the CAPE of the sounding). As
can be seen, the accumulated rainfall increases mono-
tonically as the low-level moisture increases. The sen-
sitivity to low-level moisture is strong with the accu-
mulated rainfall increasing by approximately a factor of
2, when the CAPE of the sounding is doubled (from
1500 to 3000 J kg21). However, Keenan et al. (2000)
found only a weak correlation between rainfall and
CAPE from the 28 days of MCTEX. There are a number
of possible reasons why only a weak correlation was
found during MCTEX. These include the small sample
size of the MCTEX dataset, the difficulty in determining
the upstream CAPE from a single sounding taken over
the Tiwi Islands, and the fact that other parameters that
the rainfall is sensitive to (such as wind speed and di-
rection, surface fluxes, external forcing, etc.) also varied
during the field program.

Figure 13b shows that the total condensate reaches a
maximum at a CAPE of around 1500 J kg21 (surface
moisture 20 g kg21) and then slowly decreases there-
after. The reason for this local maximum appears to be
that the convection does not organize as well at higher
values of low-level moisture. Figure 14 shows the sur-
face rainfall at 1400 LT for a simulation with a CAPE
of 3000 J kg21. The two sea breezes have stalled in this
simulation with a separation of approximately 30 km.
Consequently, the rainfall is distributed more widely
across the islands compared with the control simulation
at the same time (Fig. 8d).

The reason that the two sea breezes do not converge

1 It should be noted that varying the low-level moisture changes
both the CAPE and the convective inhibition of the sounding. It is
possible to vary just the CAPE of the sounding by fixing the low-
level moisture and varying the lapse rate above the level of free
convection. However, the observations from MCTEX indicate that
the day to day variability in CAPE was primarily due to variability
in low-level moisture rather than the upper-level temperature.

at higher values of surface moisture is that the convec-
tion is generated earlier and evaporatively generated
cold pools retard the farther inland progression of the
sea breezes. This can be seen in Fig. 15, which is a time
series of the total condensate for simulations with sur-
face moisture of 18.2 g kg21, 19.8, and 21.0 g kg21

(CAPE of 1000, 1500, and 3000 J kg21, respectively).
At 21.0 g kg21, convection commences about 2 h earlier
than in the control simulation. This is not surprising,
since the convective inhibition of the sounding has de-
creased significantly (from 47 to 20 J kg21) and less
lifting is required to produce convection.

To show that evaporatively produced cold pools retard
the inland progression of the sea breezes, the simulation
with the highest surface moisture was repeated with the
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FIG. 13. (a) Accumulated rainfall vs the CAPE of the upstream
sounding. (b) Total condensate vs CAPE.

FIG. 14. Surface rainwater and vector field at t 5 1400 LT for
experiment with a CAPE of 3000 J kg21.

FIG. 15. Total condensate against time for simulations with up-
stream CAPEs of 1000, 1500, and 3000 J kg21. All measures are
normalized by the maximum value from the control experiment.

evaporative cooling turned off. Figure 16 shows the
surface vector and rainwater field at t 5 1400 LT. With-
out evaporatively driven cold pools to impede their pro-
gress, the two sea breezes have converged along the
east–west centerline of the two islands. The rainfield
maximizes along the islands’ centerline in contrast to
the simulation with evaporative cooling where the rain-
field maximizes along two lines where the sea breezes
converge with the cold pools.

It is interesting to note that both the accumulated
rainfall and total condensate increase significantly when
the evaporative cooling is turned off. The accumulated
rainfall increases by a factor of 4.7 while the total con-

densate increases by a factor of 5.8. It is not surprising
that the accumulated rainfall increases since the rain
does not evaporate at low levels. However, the fact that
the total condensate also increases indicates that the
convection over a heat island is more efficient without
the disruptive influence of evaporatively produced cold
pools.

6) TYPE A VERSUS TYPE B CONVECTION

In this study we have primarily concentrated on the
integrated convective response to island forcing rather
than the details of the convective structure. As men-
tioned in the introduction, one of these details in struc-
ture is the difference between type A and type B modes
of development discussed in Carbone et al. (2000). The
simulations presented herein suggest that the parameter
that is most important for determining whether the con-
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FIG. 16. Surface rainwater and vector field at t 5 1400 LT for an
experiment with a CAPE of 3000 J kg21 and with evaporation turned
off. To be compared with Fig. 14.

FIG. 17. (a) Surface vectors and vertical velocity at the top of the
heat source for linear flow of 4 m s21 past a heat source that has
only a northern coastline. To be compared with Fig. 1a. (b) Surface
vectors and rainwater field for nonlinear flow of 4 m s21 past a heat
source that has only a northern coastline (t 5 1400 LT). To be com-
pared with Fig. 8d.

vection is of type A or B is the low-level moisture. A
similar conclusion was drawn from the MCTEX dataset
by Carbone et al. (2000). Before convection develops,
the inland progression of the sea breezes is controlled
largely by the surface heat flux and the low-level flow
conditions. However, at higher values of low-level mois-
ture, convection is generated earlier and evaporatively
produced cold pools then retard the farther inland pro-
gression of the sea breezes. Subsequent convective de-
velopment then occurs between the sea breezes and the
evaporatively produced cold pools. At lower values of
moisture, the generation of evaporatively produced cold
pools is delayed so that the sea breezes have time to
converge. Convection will then be generated between
the converging sea breezes as long as the intervening
air has positive CAPE.

As discussed above, type B convection occurs be-
tween a single sea breeze and a cold pool produced by
previous convection. An interesting question then is
whether convection of similar strength can be generated
along a sea breeze from a single coastline in the absence
of a nearby coastline. In other words, could similar
strength convection be generated along the coastline of
a continent where the influence from the opposite coast-
line is negligible. To answer this question, both the lin-
ear and nonlinear models were run for a landmass that
had only a northern coastline as shown in Fig. 17. For
the linear model the northern coastline was assumed to
be half of an ellipse, while the nonlinear model uses
the northern coastline of the Tiwi Islands. The linear
response, shown in Fig. 17a, indicates that the large-
scale convergence is decreased by approximately a fac-
tor of 2 for this continental landmass (cf. with Fig. 1a).
This is not surprising since the circulation is forced by
only one land–sea contrast instead of two. Figure 17b
shows the nonlinear response along with the surface
rainwater field. Some convection is generated along the
sea breeze but it is insignificant compared with that
which forms over an island. This indicates that the con-
vergence between the sea breeze and cold pools is en-
hanced by the proximity of the opposite coastline. In

other words, one of the main reasons that the Hector
convective system is so strong is that it forms over an
isolated heat source.

4. Summary and conclusions

In this study, we have examined the flow response to
an isolated heat and moisture source in order to gain
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insight into the development of island thunderstorms.
Both linear and nonlinear models have been used to
examine this response. The main conclusions of the
study are as follows.

1) Linear results: For moderate and high Froude num-
ber conditions (U/NH . 1) the linear model predicts
that the low-level convergence forced by an elliptical
heat source is maximized when the flow is weak and
along the major axis of the heat source.

2) Nonlinear results: (i) Dry conditions—A dry version
of the nonlinear model verified the trends predicted
by the linear model except at very low flow speeds
where the convergence was bounded in the nonlinear
model but increases indefinitely in the linear model.
(ii) Moist conditions. An intense convective system,
similar to that observed over the Tiwi Islands, was
simulated with a moist version of the nonlinear mod-
el. The dependence of the convective strength on the
wind speed and direction, surface fluxes, and low-
level moisture was then examined. It was shown that
the convective strength increases as the wind speed
decreases and as the wind direction turns toward the
major axis of the island, in agreement with the pre-
diction from the linear and nonlinear models. The
one exception to this general result was for flow
speeds less than 4 m s21 where the convective
strength did not continue to increase as the wind
speed decreased.

The nonlinear model showed that the convective
strength increases as both the heat and moisture fluxes
increase. The strength was more sensitive to the heat
flux since this drives the large-scale convergence and
sea breezes that generate the convection.

The accumulated rainfall over the islands increases
monotonically as the low-level moisture increases.
However, the total condensate reaches a maximum at a
CAPE of around 1500 J kg21 and then decreases there-
after. At higher values of surface moisture, the convec-
tion is more widespread and less organized and efficient.
It was also shown that the parameter that differentiates
between the type A and Type B modes of convection
is the low-level moisture. At higher values of surface
moisture, convection is generated earlier and evapora-
tively produced cold pools retard the farther inland pro-
gression of the sea breezes. Further convection then
develops between the sea breezes and the cold pools
(type B). When the CAPE is low but still positive, the
generation of convection is delayed until the sea breezes
converge near the center of the island (type A).

Finally, the question of island versus continental con-
vection was examined by running a simulation with a
single coastline. The convective strength in this simu-
lation was diminished significantly suggesting that one
of the reasons the Hector convective system is so strong
is that it develops over an isolated heat source where
convergence is generated by two nearby coastlines. This

raises the question of what is the optimal size for an
island to produce the most intense convection. If the
island is too large, then the influence from the other
coastline is diminished. However, if the island is too
small then the flow does not have enough residence time
over the island to produce convergence or conditional
instability. The question of optimal island size was ad-
dressed briefly by Saito et al. (2001) although no firm
conclusions were drawn. Thus, a quantitative investi-
gation of this question remains to be performed.
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