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SUMMARY

In this paper we use a simple numerical model to study vortex growth in a flow configuration which
broadly simulates the principal characteristics of a severe tornadic storm system, i.e. strong vertical forcing
by intense cumulus or cumulonimbus convection in the presence of an organized field of rotation on the
cioud scale. The mode! is similar to one described by L. M. Leslie in which the updraught in the main cloud
cell is modelled by an imposed body force, but differs in that the rotation field is determined by specifying
the vertical profiie of swirling velocity at the lateral boundary of the flow domain and air is allowed to enter
or leave the computational region through its radial and upper boundaries. In particular, we compare
situations in which the imposed swirl is concentrated aloft, primarily above cloud base, and when it extends
to lower levels. In the former case, solutions exhibit genesis to a steady suspended vortex provided that the
forcing strength lies within a certain range, depending on the level of rotation. However, if the imposed
swirl extends sufficiently far below cloud base, the vortex continues its downward growth and establishes

contact with the ground.

We believe our results provide a plausible and consistent picture of the growth of a tornado beneath the
main updraught of a severe thunderstorm and indicate why only a relatively small proportion of such clouds
spawn pendant funnel clouds and why only a fraction of these develop into tornadoes. Moreover, they
appear to be consistent with the observed development of circulation patterns deduced from single-pulse
Doppler radar measurements of a tornado-producing storm system by Burgess, I.emon and Brown.

1. INTRODUCTION

Owing to their extreme violence and capricious nature, and also their relatively short
lifetime, small scale and comparative rarity, tornadoes have so far defied systematic attempts
to probe their dynamics. Much of our knowledge is based on circumstantial evidence:
for example, attempts have been made to deduce velocity fields from damage patterns
and from the motion of debris caught up in the vortex, whilst maximum-wind estimates
have been based also on the severity of damage. Information of this type, which 1s necessarily
of low quality, is supplemented by laboratory and numerical vortex studies and by scale
analyses of the equations of motion. However, there is still uncertainty about quite
fundamental aspects, such as the pattern of motion parallel to the tornado axis, and one
can only conjecture on the structure of the vortex above cloud base. It is also not known
for certain what triggers a tornado since thunderstorms which are apparently suitable only
occasionally spawn a vortex, but such information is vital if improved warnings are to
become possible. This especially important problem is one which provides the central
motivation for our paper.

As a preliminary step towards understanding tornadogenesis we must identify a
mesoscale source of enhanced ambient rotation, strong enough to explain the cbserved
circulation of a tornado, together with a driving mechanism strong enough to initiate and
maintain a considerable local amplification of the rotation.

There seems little doubt that a tornado is driven by intense convection within the
parent cloud system as it is difficult to conceive another mechanism capable of maintaining
the huge pressure reduction across the vortex core. For intense vortices this has been
estimated to be well in excess of 100 mb. It seems unlikely that buoyancy in the core
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produced by latent heat release in the funnel cloud plays a dominant role in driving the
vortex, otherwise one might expect to see some tornadoes without a parent cloud, or to
see them forming prior to their parent cloud (see Morton 1966, p. 163).

The source of rotation is difficult to identify with as much certainty, at least in some
cases. According to Davies-Jones and Kessler (1974), there appear to be two categories
of tornadoes. The first type (we shall call them type A) form under new convective cells
which continuously develop on the right rear flank of large cumulonimbus clouds and are
thought to be triggered by the lifting of warm moist air, undercut by the cold downdraught
of the cloud. The principal source of rotation for these tornadoes is by no means clear;
there 1s undoubtedly enhanced cyclonic vorticity associated with the pseudo-cold-front of
the downdraught, but whether or not there is an abundance of circulation above cloud
base is not known. In some cases a vortex may form when the parent cloud top is only
4km high, although rapid cloud development ensues. Type A tornadoes are generally
the least severe type and are probably the counterpart of waterspouts which form under
rapidly developing cumulus congestus clouds over the sea in warm sultry conditions. The
downdraught frontal region of a neighbouring cloud has also been suggested as a possible
source of rotation for a waterspout (Golden 1974, p. 102) but again there is uncertainty
concerning the level and distribution of rotation pre-existing above cloud base.

The second type of tornado (which we shall call type B) is spawned beneath the
updraught of a rotating cumulonimbus, sometimes called a ‘tornado cyclone’. Unlike the
more common cumulonimbi which are steered by the prevailing winds in mid-troposphere
and have a multicellular structure, these storms move with a translation velocity
component to the right (or occasionally to the left) of the mid-tropospheric winds and
have an updraught in the form of a supercell (see, e.g., Browning 1968; Newton 1967).
Typically, relatively dry air enters the storm at mid-levels ahead of the updraught, is cooled
by precipitation falling into it and circles the updraught, at the same time descending to
the rear of the storm to form an extensive downdraught. The storm propagates as the
downdraught progressively undercuts warm moist air, which enters the storm at low levels
on the forward right flank, ascends in an intense updraught and flows out ahead of the
storm in the upper troposphere (see Browning Fig. 2(b), p. 431). It is thought that the
shearing region separating the updraught from the mid-level inflow as the latter passes
around the updraught and descends, provides a suitable source of vertically orientated,
cyclonic vorticity for tornadogenesis.

Having identified a driving mechanism and a likely source of rotation, we are led to
explore ways in which the rotation may be organized to form a concentrated vortex. The
possibility of generating vortices from above in a rotation-rich environment has been
demonstrated in laboratory experiments by Turner (1966), Ying and Chang (1970) and
Ward (1972). In Turner’s experiments, a vortex is produced in a cylindrical container of
water, rotating with its axis vertical, by releasing a continuous stream of bubbles from a
fine tube along the upper part of the axis. As the bubbles rise, they exert a drag on
neighbouring fluid and thereby induce a meridional circulation which leads to vortex
formation provided that the bubbling rate is confined within an intermediate range of
values for a given rotation rate. The process of vortex evolution from the moment bubbles
are released has been elucidated by Leslie (1971) and Bode et al. (1975) in a numerical
simulation of Turner’s experiments. Immediately after the bubble supply is switched on,
the local induced circulation causes fluid to be drawn radially inwards towards the lower
end of the bubble stream. Since angular momentum is conserved, a ring of converging
fluid acquires increasing cyclonic relative rotation and continues inwards until there is a
local balance between the centrifugal force and the radial pressure gradient; if the bubbiing
rate is too strong, balance is never achieved and if it is too weak, balance is reached after
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only a small radial displacement; in neither case does a concentrated vortex form. At levels
where cyclostrophic balance is established, further radial entrainment is inhibited, and free
or relatively free radial entrainment is possible only at successively smaller and smaller
heights. Thus the vortex extends progressively downwards until it begins to interact with
the lower boundary. There it forms an inflow boundary layer in which cyclostrophic
balance is no longer possible owing to friction, leaving a net, radially-inwards pressure
gradient.

This mechanism of vortex growth provides an appealing explanation for the genesis
of type A tornadoes, assuming that the downdraught frontal region provides an adequate
source of low-level rotation and that rapid cumulus development induces convergence
analogous to the bubbles. Indeed, the downward growth is consistent with the observed
development of tornadoes, and the requirement that the driving force be confined within
certain limits for given rotation strength suggests why only a fraction of apparently suitable
storms actually spawn a tornado. It is less obvious that the mechanism extends to explain
the growth of type B tornadoes as the source of rotation for these appears to be con-
centrated primarily within the cloud, at least in the early stages of growth, whereas the
foregoing arguments assume that at every level above the friction layer, fluid entrained
into the lower end of the developing vortex has sufficient angular momentum to attain
cyclostrophic balance at an inner radius. This may not be the case if there is httle ambient
rotation at low levels.

It is also conspicuous that in all the Iaboratory and numerical simulations to date,
there is an adequate supply of low-level rotation and that all the vortices produced extend
to the lower boundary. In nature, however, not all vortices spawned from convective
clouds establish contact with the ground and only a fraction of suspended vortices, seen
in the form of pendant funnel clouds below the parent clouds, develop into tornadoes.
There appear to be a number of possible explanations for this: for example, it may be that
the convection and/or the rotation is not always sustained for long enough, or with sufficient
strength, to permit downward extension of the vortex to the ground. On the other hand,
the vortex may extend to the ground but may be too weak to produce either a complete
visible funnel or a significant disturbance at ground level: this is sometimes true in the case
of waterspouts which proceed little further than the ‘dark spot’ stage; see Golden (1974).
A further possibility is discussed in section 4.

In this paper we describe a numerical model which demonstrates the possibility of
downward vortex growth in a flow configuration where the ambient rotation and the
driving mechanism are concentrated aloft. The model also demonstrates the possibility of
maintaining steady suspended vortices under certain circumstances.

2. THE MODEL

The flow domain over which computations are performed is a cylindrical region of
air with radius R and depth H with its axis vertical (Fig. 1(a)). It 1s bounded by a rigid
(no-slip) lower boundary and has a porous side wall and upper boundary through which
air may enter or leave the cylinder in a normal direction (in one experiment, only the upper
portion of the side wall is porous: see below). The flow is taken to be axisymmetric and is
driven by a body force imposed along the upper part of the axis; this force may be thought
of as a crude but simple representation of a convective cloud updraught. Rotation is
imposed by prescribing a swirling velocity component on fluid entering through the porous
part of the side wall, or a portion of it. Furthermore, the air is taken to be homogeneous
and incompressible with density p and turbulent diffusivity of momentum X,,, assumed
to be constant.
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Figure 1. (a) Schematic diagram of the flow configuration under study. (b} Boundary conditions for this flow.

In spite of its simplicity, this flow contains the two most basic features of a type B
tornado system: a source of rotation and a driving mechanism, both concentrated aloft.

The equations of motion and continuity are Du/Df = —(1/p)Vp+ Fk+X,V?u and
V.a = 0, where », = (u, v, w), 15 the velocity referred to a cylindrical coordinate system
(r,0,z), coaxial with the computational region; p is the dynamic pressure; F is the body
force per unit mass; k is the unit vector (0,0, 1); and ¢ measures time.

The boundary conditions conforming with the model description given above are
displayed in Fig. 1(b); they are as follows:

Onz=0: u=0v=0w=0,
Onz=H: u=0 000z =0,0wdz=0,
Onr=0: u=0,0v=0,0wor=0,
Onr = R: &ur)/or = 0,v = V,(a constant) for h < z < H,
t=0for0Lz< h,w=0.
These conditions are not all independent. In one experiment the lower portion of the side
wall is rigid so that the modified boundary condition on r = R becomes u = 0, v = 0,
w=0for0 €£z<h < H.

The numerical method is essentially the same as that used by Bode et al. (1975) and
the details are not repeated here. Briefly, the equations of motion and boundary conditions
are expressed in a form suitable for numerical integration and the calculations are com-
menced from an initially quiescent state u= 0, with the body force applied impulsively at
the initial instant, 1 = 0, The integrations are carried out untii a steady state is attained
and the flow fields presented later all relate to this state. The finite difference mesh has
101 points in the vertical and 67 in the horizontal in each experiment. The calculations
were performed on the CSIRO, Cyber 76 computer in Canberra.

3. PARAMETER VALUES

Although we have not set out to model a tornado and its parent cloud directly in our
experiments, we have chosen, where possible, parameter values broadly appropriate to the
atmospheric situation. Thus, in the three experiments for which we present results, the
parameters in common have values: R = 2km, H = 3km, ¥, = 2-5ms ! (corresponding
with a circulation I', = 2nRV,, equal to 31 x10°m?*s~! and a mean vertical vorticity,
I'/nR?, equal to 2:5x 107337 1), p = 1-2kgm™* and K, = 10m?s™'. Rather than attempt
to use cloud buoyancy data to obtain a suitable magnitude for F, we have determined by
trial and error a value which leads to a strong concentrated vortex for the imposed circula-
tion, I {as noted earlier, concentrated vortices will form only for a restricted range of F
for a given circulation: see the appendix and, e.g., Morton 1969). Accordingly, we take
the body force to have a maximum value of 2-4ms ™2 on the axis, tapering linearly to zero
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at two grid lengths from the axis, and to have its lower end at a height of 1-5km, which
we shall refer to loosely as the ‘cloud base’ (for additional comment on this choice, see

section 5).

4. EXPERIMENTAL RESULTS

The four experiments described in detail below differ only in their side boundary
conditions. In experiment 1, air may enter the side boundary only above ‘cloud base’ and
as it does so it acquires cyclonic rotation; below this level the boundary is rigid. In experi-
ments 2, 3 and 4, air may enter or leave through the entire side boundary but only that
which enters above a height 4 (< H) acquires rotation (strictly, the imposed swirling
velocity at r = R is reduced linearly from its uniform value V, at one grid spacing above
z = h to zero at one grid spacing below z = #). In experiment 2, the imposed circulation
is confined above cloud base (A = 1-5km) whereas in experiment 3, there is an extensive
region of circulation below cloud base (# = 0-75km) and in experiment 4, the region of
circulation extends to the ground (h = 0). Clearly, with its rigid side boundary, experiment |
is not at all relevant to the atmosphere but it provides a convenient starting point for the
development of our ideas and allows informative comparisons to be made with the other
experiments.

The streamlines for the mature flow fields in experiments 1, 2 and 3 are shown in Fig. 2
and the corresponding isotachs of swirling velocity and isobars of dynamic pressure are
shown in Figs. 3 and 4 respectively. Additional data derived from the four calculations are
listed in Table 1: this includes the maximum vertical velocity, w,,, ; the maximum swirling
velocity, v__ , together with the radius r_,, at which this occurs; the maximum pressure
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Figure 2. Streamlines for the meridional flow in experiments 1, 2 and 3, labelled (a), (b) and (c) respectively.
Note: these are intended to give an indication of the flow patterns only and the contours are not everywhere
equi-spaced.

(a) (b} (c)
Figure 3. Isotachs of swirling velocity; otherwise as in Fig. 2.
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Figure 4, Isobars of dynamic pressure; otherwise as in Fig. 2.
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reduction across the vortex, Ap; the time taken to reach the steady state, T (based on the
arbitrary criterion that the total kinetic energy changes by less than one percent over ten
time steps) and the‘amplification factor’, 4, defined as (v ,,,./7 ma)/(V./ R), @ measure of the
angular rotation of the vortex core compared with that of the ambient field of rotation.

TABLE 1. DERIVED VORTEX CHARACTERISTICS FOR THE FOUR PRINCIPAL NUMERICAL EXPERIMENTS

Experiment 1 Experiment 2 Experiment 3 Experiment 4

WiaxUN1§ 1) 71 53 62 77
Vmex(MS™ 1) 64 52 57 70
Y ennx{IM1) 40 47 43 38
Ap(mb) 52 32 46 39
Tr(min) 44 3% 4% 44
A 1290 890 1050 1470

In experiment 1, the vortex grows down to the lower boundary by the mechanism
explained in section 1. This is possible because all the air which is entrained into the lower
end of the developing vortex enters through the side boundary, where it acquires sufficient
angular momenium to reach cyclostrophic balance at some inner radius {(presumably this
argument holds only so long as the main body of flow is dominated by advection; if, for
example, H 1s increased, keeping H—#4 and all other parameters fixed, one anticipates
that a stage will be reached where the inflow towards the end of the developing vortex is
controlled by viscous effects rather than by the cyclostrophic constraint).

In experiment 2, air may cross the side boundary below cloud base (a situation which
obviously models the atmosphere more closely) but the circulation at this boundary is
still held zero at these levels. During the early stages of growth, the incipient vortex draws
predominantly on air which enters the side boundary above cloud base; as in experiment 1,
this air carries angular momentum with it and the vortex descends. However, as it grows
down it begins to draw on air originating through the side boundary at levels where there
is no imposed rotation and the downwards growth terminates aloft. In the mature state,
a hittle of this air enters the vortex core through its lower end but most of it circulates as
shown in Fig. 2(b) and diverges at low levels. In this configuration, therefore, a steady,
suspended vortex is maintained. Perhaps not surprisingly, this vortex is weaker and slightly
broader than that obtained in experiment 1 (see Table 1). It is also important to note that
further downward extension of the vortex cannot be predisposed merely by increasing the
forcing strength as this simply augments the entrainment of non-rotating air from lower
levels; indeed a calculation of this kind in which the forcing strength was doubled produced
a much weaker and broader vortex with v_,, = 36ms™', r___ = 60m and 4 = 480,

It is now of interest to compare experiment 2 with experiment 3 in which air entering
through the side boundary down to a height of 0-75 km has rotation. In this case, the vortex
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extends to the lower boundary (Figs. 2(c) and 3(c)) and there is no low-level meridional
circulation with divergence near the ground. The mature vortex is again weaker than that
in experiment 1, especially just above the ground, since air which enters the vortex at low
levels originates through the lowest part of the side boundary (Fig. 3(c)) where there is no
imposed rotation. This air acquires angular momentum only by diffusion from the flow
above. The inflow boundary layer adjacent to the ground is likewise less pronounced than
in experiment 1 (compare Figs. 1(a) and 1(c)) in accordance with the weaker swirl, and this
is reflected in the smaller maximum vertical velocity — see Table 1.

In experiment 4, where the rotation is imposed over the whole side boundary, the
flow patterns (not shown) are similar to those in experiment 3 but the vortex is now much
stronger, even than that in experiment 1, and there is a strong inflow boundary layer. Data
for this calculation are included in Table 1.

Finally, we note that the dynamic pressure fields shown in Fig. 4 are consistent with
the azimuthal and meridional circulations shown in Figs. 2 and 3. It is also interesting to
note that the growth times of our simulated vortices are not unrealistic in relation to the
observed development of tornadoes from cloud base to the ground and that the other flow
quantities listed in Table 1 also lie within the ranges characteristic of these vortices.

5. DPISCUSSION

In the foregoing experiments we have demonstrated the possibility of downward
vortex growth in a flow configuration where both the fields of rotation and the upward
driving force are concentrated aloft. In this situation, the ambient rotational field develops
downwards, with the vortex, due to the meridional circulation which the vortex induces.
We have shown also that the vortex extends to the lower boundary only if the ambient
rotation occurs at sufficiently low levels and that in other cases a steady, suspended vortex
is maintained.

We believe the mechanism of growth we have described offers a plausible explanation
for tornadogenesis, and it does not rely on submechanisms to trigger the vortex such as
that suggested by Eskridge and Das (1976); see also Smith ef al. (1977). Moreover, it gains
considerable support from a series of high resolution, single pulse, Doppler radar
observations of the 1973 Union City tornado reported by Burgess ef al. (1975). In these
observations, a vortex circulation on a scale only slightly larger than the radar resolution
(~1km), is revealed by radial velocity maxima of opposite signs between two radar range
gates at adjacent azimuths; a situation referred to in the paper cited as gate-to-gate shear
but recently renamed tornado vortex signature (TVS) by Burgess et al. (1976). From the
data obtained, Burgess et al. (1975) draw the following tentative conclusions:

(i) the TVS extends well up into the storm and is contained within a parent
circulation;

(it) the larger circulation shrinks before tornado touchdown and the TVS migrates
to the circulation centre;

(iii} the TVS is both definable and trackable for over 30 minutes prior to tornado
touchdown; and

(iv) the TVS descends with time from the storm mid-levels to the surface and the
surface TVS positions trace out the tornado track.

These inferences suggest strongly that the tornado is initiated from above by con-
vergence of the existing cloud circulation in the manner we have described, and it is

reasonable to assume that the convergence is associated with the large verticakacceleration
within the cloud updraught.
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The fact that a vortex can be generated in our experiments only when the forcing is
confined within certain limits for a given strength of rotation would explain why only a
few apparently suitable clouds spawn a vortex, since of the number of clouds having
significant circulation, only a few would be expected also to have an updraught strength
capable of concentrating the existing rotation to form a vortex. Our results also suggest
that tornadogenesis requires a suitable spatial distribution of the rotation field and if the
cloud circulation is confined predominantly to mid-levels, a pendant funnel cloud may
develop but it may not evolve into a tornado.

We now consider certain aspects of the numerical model in detail in relation to tornadoes
and their parent circulations. Firstly, we must expect some structural difference between
our simulated vortices and tornadoes, for in at least a few cases, the latter show evidence
of downflow in an axial core (not necessarily extending to the ground), and this feature
has been confirmed in the case of waterspouts (Golden, p. 27). Indeed, axial downflow is
likely to prevail in regions where a vortex suffers axial decay or radial spread (Morton 1969,
p. 319; Smith and Leslie 1976, p. 797), but appears to be precluded in our model due to
the location of the driving force along the axis. Presumably, with convective forcing, the
lateral constraints on the buoyancy field are not so great and allow the latter to be organized
so as to accommodate axial downflow, as in the case of dust devils (Smith and Leslie 1976).
There is also a disparity between the lateral extent of the forcing in our model and in a
cloud updraught and this is likely to be of some mportance. In this connection, we note
that the body force used in these calculations, and determined as described in section 3,
corresponds with a mean buoyancy force per unit mass of 0-:08 g. With a typical upper
air temperature of 250K, this corresponds with a temperature difference of 20K, which 1s
too large by a factor of four or five, but the force is distributed over a radial extent of
only 60m. Further studies of these problems are planned and we hope to Incorporate
thermal forcing effects in a future model. Nevertheless, we do not believe the structural
difference noted above invalidates the conclusions, nor detracts substantially from the
relevance of our paper.

Our use of the term ‘cloud base’ for the height of the lower end of the forcing function
is a useful aid to description but the analogy should not be interpreted too literally if, as
we have tacitly assumed, the forcing field is taken to model the effect of buoyancy. Thus,
in the case of a small cumulus cloud fed by a thermal from the subcloud layer, the forcing
function would extend below cloud base. In contrast, the updraught in severe thunderstorms
is frequently observed to be negatively buoyant in the lower part of the cloud and is
therefore driven by dynamically induced pressure gradients at these levels (Marwitz 1973;
Browning and Foote 1976, p. 506). In this situation, our ‘forcing function’ would refer to
the buoyant part of the updraught in the middle and upper levels of the cloud.

The choice of swirling condition on the side boundary also merits further comment.
In particular, in experiment 2 this condition may be improved by taking 8(rv)f6r|,ﬁ g =0
wherever fluid leaves the computational region, thereby allowing angular momentum to be
conserved on exit. However, since the low-level outflow rotates only weakly in experiment 2
(Fig. 3 (b)), we anticipate that this alternative condition would lead to only marginal
differences in the flow obtained, although the differences might be more significant for
some ranges of parameters, More generally, we consider briefly some implications of the
prescription of swirling velocity (and hence circulation) at the side boundary, where an
alternative condition might be to prescribe the vertical component of vorticity. A detailed
comparison of these two boundary conditions is given in a recent paper by the authors
(Leslie and Smith 1977) in the context of thermally driven vortices. It is shown that whereas
the former condition corresponds approximately with an irrotational, ambient swirling
flow at heights where diffusive effects are small, the latter approximates to the imposition
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of ambient solid body rotation. Even so, the different conditions do not lead to dynamical
differences between the vortices obtained. In the tornado situation, as in the dust devil
case, neither boundary condition is likely to be strictly correct but for the limited objectives
here, we believe the boundary condition chosen is adequate. Further studies of the problems
involved in interfacing tornado models with models of the parent cloud-scale circulations
are currently in progress, and the effects of stratification, which have been completely
neglected here, are also being investigated.

Finally, we are aware of the limitations of using a constant turbulent diffusivity but
in the absence of any guidance from observations, investigations of the effects of hypothetical
variations in diffusivity are unlikely to be rewarding at the present time. However, we
note that our previous vortex calculations show that the swirling flow field is relatively
insensitive to the value of the diffusivity providing diffusive effects are not large (see Smith
and Leslie, p. 802; Leslie and Smith, p. 509).
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APPENDIX

We have been unable to undertake a comprehensive study of parameter space for
these models owing to computational expense, but to give some appreciation of the range
of values of forcing strength for which a concentrated vortex forms, we have repeated
experiment 4 with values of F on the axis, say F;, equal to 0'6, 1-2, 3-6 and 48ms~ 2,
keeping all other external parameters fixed and, in particular, the circulation maintained
on the radial boundary. The vortex characteristics as /, changes are summarized in Fig. 5,
which shows the variation of 4, v, 7., and w,,, as functions of F,. As F, increases
from low values (<0-6) to values between 3-0 and 4-0, A, v__ and w___ all increase, whereas
rmax G€Creases. Thus, as the forcing strength becomes larger, fluid can be drawn in to smaller
radii before local cyclostrophic balance is achieved and a stronger vortex results. As F,
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Figure 5. Variation of derived vortex characteristics as functions of F,.

increases further, w,,,, and hence the strength of the meridional circulation, continues to
increase but the amplification factor decreases sharply, due mainly to the marked increase
in r,,, and to a lesser degree to the slight decrease in v_ . This is a reflection of the
decreasing constraint of cyclostrophic balance as radial accelerations become significant
throughout much of the flow. The sharpness of the peak of A(F,) is an indication of the
extent to which the imposed circulation and forcing strength must be ‘tuned’ for a con-
centrated vortex to form. Finally, we note that the time taken for the flow to become
established measured by T’ (see section 4) is relatively insensitive to the value of F, (the
curve T (F,) is not shown).



