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Abstract:

We examine in some detail a low that intensified over land near the northern coast of Western Australia in January 2015. The study is
based on European Centre for Medium Range Weather Forecasts (ECMWF) analyses as well as two cloud-permitting, 6-day, limited-
area, forecasts using the UK Met. Office Unified Model (UM) with 4 km grid spacing. In one of the UM forecasts, the latent heat
fluxes were suppressed over the land so as to assess the importance of soil moisture on the intensification of the low.

We show that the UM forecasts perform well using the ECMWF analyses as “truth”, suggesting that the forecasts can be used to learn
about the details of storm behaviour. Analyses of the forecasts support the results of previous studies showing that the intensification
of the low over land can be interpreted in terms of the rotating-convection paradigm intensification articulated in recent studies. The
forecasts indicate also that high soil moisture or special soil types are not essential to vortex intensification over land, at least in a

monsoonal environment.
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1 Introduction

Tropical low pressure systems that occur during the “Wet”
season over the northern part of the Australian continent
are a major source of monsoonal rainfall and frequently
lead to major flooding. Some of these lows originate from
tropical cyclones after they make landfall, but when the
monsoon trough lies close to the coast or over the conti-
nent, lows typically develop within the trough and intensify
as they move inland and polewards. Because of the fore-
casting challenges posed by such systems, an improved
understanding of their structure and behaviour would seem
desirable. In particular, an understanding of how such lows
intensify as they move inland is called for. An early study
of tropical cyclogenesis in the Australian region is provided
by McBride and Keenan (1982).

Some years ago, Emanuel et al. (2008) hypothesized
that inland intensification of lows over the northern part of
the Australian continent is made possible by the special
type of sandy soils that are found there. These soils are
argued to become hot prior to rain and are such that
their thermal conductivity is greatly enhanced after being
moistened by the first rains of an approaching storm so that
they are able to supply sufficient surface enthalpy fluxes to
support storm intensification. The ideas were demonstrated
in simulations using a simple, coupled soil-atmosphere
model applied to Tropical Cyclone Abigail (2001) that
made landfall from the Gulf of Carpentaria and appeared
to undergo two cycles of re-intensification as it progressed
over land. However, the question remains as to whether
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this special soil type is crucial to the intensification of real
storms?

In a related study, Evans et al. (2011) carried out
numerical simulations of tropical cyclone Erin (2007),
which made landfall from the Gulf of Mexico and re-
intensified over the central United States. Their analysis
showed, inter alia, that the along-track rainfall feedback
mechanism proposed by Emanuel ef al. was ‘of minimal
importance to the evolution of the vortex’. Instead, they
found that ‘the final intensity of the simulated (and presum-
ably observed) vortex appears to be closely linked to the
maintenance of boundary-layer moisture over pre-existing
near-climatological soil moisture content along the track of
the vortex and well above climatological soil moisture con-
tent’. They argued that ‘variations in soil moisture content
result in impacts upon the boundary-layer thermodynamic
environment via boundary-layer mixing. Greater soil mois-
ture content results in weaker mixing, a shallower boundary
layer, and greater moisture and instability. Differences in
the intensity of convection that develops and its accompa-
nying latent heat release aloft result in greater warm core
development and surface vortex intensification within the
simulations featuring greater soil moisture content’.

Tang et al. (2016) carried out numerical simulations
of a low that formed near the north coast of Australia
during the Tropical Warm Pool International Cloud Exper-
iment (TWP-ICE) in January 2006 (May et al. 2008).
This low passed over Darwin, which was the focal point
for the experiment, before it moved inland and intensi-
fied while moving southwards over several days. At the
time of its formation, the low was well sampled by a
network of radiosonde soundings in the Darwin region.
Although the intensification took place over a relatively
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data-sparse region of the Northern Territory, the contin-
ued data provided by the experiment should have benefited
global model analyses of the low even as it moved away
from the network.

Seven simulations of the low were carried out using
the Pennsylvania State University, National Center for
Atmospheric Research Mesoscale Model (MMS5): a control
simulation, five sensitivity simulations in which the initial
moisture availability is varied, and one simulation in which
the coupling between moisture availability is suppressed.
Changing the initial moisture availability adds a stochastic
element to the development of deep convection. All the
simulations captured the inland intensification of the low
that was seen also in the European Centre for Medium
Range Weather Forecasts (ECMWF) analyses for the event.

The results of these simulations were interpreted in
terms of the classical axisymmetric paradigm for tropi-
cal cyclone intensification with recent modifications, the
so-called rotating-convection paradigm (see e.g. Smith
and Montgomery 2016, Montgomery and Smith 2017). In
essence, spin-up over land is favoured by the development
of deep convection near the centre of the low circulation.
As for tropical cyclones over sea, this convection leads to
an overturning circulation that converges absolute vortic-
ity in the lower troposphere. This convergence leads by
Stokes’ theorem to an increase of the circulation about cir-
cuits of fixed radius above the boundary layer moving with
the storm and thereby to a spin-up of the tangential winds
there (see e.g. Montgomery and Smith 2017: see section 4.1
and references therein).

Recently, a series of case studies based on ECMWF
analyses examined the formation and evolution of such
lows (Smith er al. 2015, Kilroy et al. 2016, 2017). The
upshot of these studies suggested that the lows are warm-
cored, convectively-driven systems, similar in structure to
tropical cyclones. The fact that inland intensification the
ECMWEF analysis and forecast system and in the MMS5
model used by Tang et al. (2016), which do not represent
the special soil types hypothesized to be necessary by
Emanuel et al., supports the finding of Evans et al. that
the along-track rainfall feedback mechanism proposed by
Emanuel et al. is at most of minimal importance in real
storms.

One limitation of the ECMWF analyses for investigat-
ing the detailed evolution of lows is the limited temporal
resolution as the analyses are available only every six hours.
Another limitation is the fact that the ECMWF forecast sys-
tem that contributes to the analyses used a parameterization
of deep convection.

In this paper we examine in some detail an inland
low that formed over land near the northeastern coast of
Western Australia in January 2015 and intensified as it
moved inland. A visible satellite image of the low at 00
UTC 8 January 2015 is shown in Figure 1, close to the time
it had reached its mature stage.

Because conventional upper-air data in the region
are sparse, our study is based on ECMWF analyses as
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Figure 1. Visible satellite image of the low at 00 UTC 8 January
2015. Courtesy Naval Research Laboratory.

well as two cloud-permitting forecasts using the UM high
resolution model with 4 km grid spacing. Questions to be
addressed include: How well does UM perform using the
ECMWEF analyses as “truth”, what can we learn about the
storm behaviour from the UM forecasts and how important
is high soil moisture for the intensification of the low?

2 Broadscale synoptic setting

The ECMWF analyses are used here to provide a broad-
scale synoptic setting for the low. The analyses are obtained
from a global 4DVAR analysis and prediction system (see
e.g. Bauer et al. 2011). Forecasters consider the predictions
from the ECMWF system to be as good as any available.
The analyses are provided at the surface and at 25 pressure
levels between 1000 mb and 1 mb and at 6 h intervals. The
data examined here cover the domain from 100°E to 160°E
and from 40°S to 40°N, with a horizontal grid spacing of
0.125¢ latitude and longitude.

Figure 2 shows the wind fields at 850 mb over the
foregoing domain at 00 UTC on 2 January 2015, several
days before the development of the low, and at 00 UTC
on 7 January when the low had developed, but had not
quite reached its maximum intensity. A prominent features
of the broadscale flow on 2 January (Figure 2a) is the
band of strong easterlies between about 8°N and 15°N.
These merge with a “northeasterly surge” emanating from
a region to the east of China and extending over the
South China Sea and for some distance to the east of
the Philippines. The easterlies turn to northerlies between
about 100°E and 120°E, crossing the equator and feeding
into strong westerlies south of the equator, which are
typical features of the Australasian monsoon. Indeed, these
westerlies turn clockwise between about 125°E and 135°E
to enhance an easterly flow across the northwestern part
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of the Australian continent. It was within this clockwise-
turning flow, cyclonic in the southern hemisphere, that the
low of interest developed.

Five days later (Figure 2b), the nascent circulation
over northwestern Australia seen in panel (a) has expanded
and deepened to form an almost continental-scale cyclonic,
monsoonal circulation centered on the low of interest.
Figure 3 shows the absolute vorticity at 850 mb on 2
and 7 January in the region south of the equator in the
vicinity of the low. It shows, as expected, the monsoon
trough region to be one of enhanced cyclonic vorticity
that provides the necessary background vorticity source
for low development. What is required then is a suitable
distribution of deep convection within this region that can
lead to a concentration of the vorticity.

Figure 3a shows the existence of a nascent low on
2 January with its centre just onshore on the northern
coast of Western Australia with patches and strips of
enhanced absolute vorticity within its broad circulation.
This enhanced low-level vorticity is presumably a result of
the stretching of background vorticity by deep convection
within the circulation (Hendricks et al. 2004, Montgomery
et al. 2006, Wissmeier and Smith 2011). By 7 January (Fig-
ure 3b), the patches of enhanced vorticity have become
more extensive and, as characterized by the geopotential
contours, the low has intensified markedly while still cen-
tred over land. In subsequent sections, the details of the
intensification will be examined in the context of forecasts
using the UM model described in section 3.

Figure 4 shows the temperature distribution at 850
mb together with the geopotential and wind vectors at
this level. The highest temperatures lie to the west of the
low indicating that the Western Australian heat low is not
directly involved in the low dynamics, even though it might
account for the extension of the trough to the west of the
low.

3 Model forecasts

The forecasts are carried out using the latest Regional
Atmosphere and Land model developed at UK Meteoro-
logical Office (Bush et al. 2019).

The model dynamical core uses a semi-implicit and
semi-Lagrangian formulation to solve the nonhydrostatic,
fully-compressible deep-atmosphere equations of motion
(Wood et al. 2014). The equations are solved on a limited
area domain with lateral boundary conditions provided by
Met. Office global model. These boundary conditions are
implemented using a relaxation blending method (Davies,
1976; Perkey and Kreitzberg, 1976).

The SOCRATES radiative transfer scheme (Edwards
and Slingo, 1996; Manners et al. 2018) is used with a
configuration based on Met. Office Global Atmosphere
Model (Walters et al. 2011).

The microphysics scheme used is a single moment
scheme based on that of Wilson and Ballard (1999), with
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extensive modifications. The warm rain scheme is based
on that of Boutle ef al. (2014b) and includes an explicit
representation of the effect of sub-grid variability on auto-
conversion and accretion rates (Boutle er al. 2014a). Ice
cloud parametrisations use the generic size distribution of
Field et al. (2007) and mass-diameter relations of Cotton et
al. (2013).

The model uses the prognostic cloud prognostic con-
densate (PC2) cloud scheme (Wilson et al. , 2008). PC2
calculates sources and sinks of cloud cover and conden-
sate and advects the updated cloud fields. Comparing to the
diagnostic Smith cloud scheme (Smith 1990), PC2 scheme
allows a cloud to deplete its liquid water content while
maintaining high cloud cover.

The model atmospheric boundary layer uses blended
boundary-layer parametrisation described by Boutle ef al.
(2014b). The method blends a conventional boundary layer
parameterization (Lock et al. 2000), with a subgrid turbu-
lence scheme suitable for large-eddy simulation. The key
parameter for blending the schemes is the ratio of grid
length to boundary layer depth. The scheme provides a
seamless transition from parameterized to resolved turbu-
lence.

Exchanges of mass, momentum and energy between
the atmosphere and the underlying land and sea surfaces
are incorporated using the community land surface model
JULES (Best et al. 2011; Clark et al. 2011).

The convection parameterization scheme is switched
off in this model and the convective clouds are explicitly
represented by the model dynamics and thermodynamics.

The model integrated for six days with the initial
condition downscaled from the driving Met. Office global
model at 03 UTC on 5 January 2015. The model horizontal
grid spacing is 4 km and there are 80 vertical levels with
the finest resolution in the boundary layer. The domain has
600 grid points in both horizontal directions.

The comparison of intensity between the UM forecast
and the analyses is remarkably close for the entire duration
of the forecast. The intensity in the forecast is marginally
larger than that in the analyses as would be expected as the
forecasts were from a system with higher spatial resolution
than the analyses. Note the regular fluctuations in intensity
in both analyses and forecasts. These are a reflection of the
semi-diurnal atmospheric tide that has a large amplitude in
the Tropics.

4 Results

4.1 Track and intensity

Figure 5 compares the tracks of the two UM forecasts with
those from the ECMWEF analyses and Figure 6 compares
the intensities. The low centre is defined as the location
of the minimum geopotential at 850 mb, Z,,;,, and the
intensity as the value of Z,,;,. The tracks in the ECMWF
analyses show a small loop starting on 1 January followed
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Figure 2. Wind vectors and wind speed (shaded) taken from the ECMWEF analyses at 850 mb at 00 UTC on (a) 2 January and (b) 7 January
2015. Shading for wind speed as indicated in m/sec on the colour bar. Wind vector scale in m s~ ! indicated by the arrow below the figure.
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Figure 3. Wind vectors (blue arrows), geopotential (black contours, contour interval 10 m) and minus the absolute vorticity (shaded as
indicated on the colour bar with interval x107° s™* at 850 mb from the ECMWEF analyses at 00 UTC on (a) 2 January and (b) 7 January
2015. Wind vector scale in m s~ indicated by the arrow below the figure.

a general southwestwards movement until about 8 January,
when the low began to track east-southeastwards, then
eastwards from 06 UTC on 10 January and northeastwards
from 06 UTC on 11 January. The UM forecasts begin at 03
UTC on 5 January. Like the ECMWEF analyses, the track
of the low centre shows little systematic movement until
sometime on 8 January, when the centre began to track
a little south of east as in the analyses. After five days,
the tracks in the UM forecast begins to deviate from the
analysed track with a more southwards movement.

Copyright © 2020 Meteorological Institute

4.2 Dynamics of spin up

4.2.1 The rotating-convection paradigm

As discussed, for example, in Kilroy et al. (2016), the inten-
sification of tropical lows over land can be illustrated in
the context of the rotating-convection paradigm for tropi-
cal cyclone intensification over the sea as the dynamics are
much the same. The dynamics of this paradigm are encap-
sulated, in part, by the azimuthal-mean tangential momen-
tum equation (Persing et al. 2013), or equivalently by the

TCRR 1: 1-16 (2020)
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Figure 4. Wind vectors (blue arrows), geopotential (black contours,

contour interval 10 m) and temperature (shaded as indicated on the

colour bar, contour interval 5 K) at 850 mb from the ECMWF analysis
at 00 UTC on 7 January.
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Figure 5. Comparison of tracks, as characterized by the six-hourly

locations of the minimum geopotential at 850 mb, Z,,:», between the

UM forecast with 4 km grid spacing (blue) and the ECMWF analyses

(red). Numbers refer to 00 UTC on the January day indicated and
locations are marked by a cyclone symbol.

vertical vorticity equation in conjunction with Stokes’ the-
orem (Montgomery and Smith, 2017, section 4.1). This
theorem equates the circulation about any fixed loop to the
area integral of the vorticity within that loop. While the spin
up tendency derived directly from the tangential momen-
tum equation and that inferred indirectly from the vorticity
equation in conjunction with Stokes’ theorem are mathe-
matically equivalent, the vorticity approach leads arguably
to greater insights, especially in relation to the effects of the
generation of local rotation by convection. For this reason,
the main focus here is on the vorticity approach.

The rotating-convection paradigm recognizes the need
for a modest elevation of surface enthalpy fluxes to main-
tain deep convective instability in the inner core region

Copyright (© 2020 Meteorological Institute
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Figure 6. Comparison of intensities as characterized by the minimum

geopotential at 850 mb, Zy,ir , between the ECMWEF analyses (blue),

the UM forecast with 4 km grid spacing (red) and a UM forecast in

which the surface latent heat flux is set to zero over land (yellow/green
dashed).

of the vortex, which is required for continued intensifica-
tion of the vortex (Montgomery and Smith, 2017, p551).
Moreover, the paradigm relates to vortex evolution in three-
dimensions, which is arguably the proper benchmark for
interpreting observations and numerical model simulations
of tropical cyclones.

4.2.2 Flux form of the vorticity equation

In pressure coordinates, the equation for the local tendency
of the vertical component of absolute vorticity, (,, has a
particularly concise form in terms of a horizontal diver-
gence of a horizontal flux (Haynes and Mclntyre, 1987),
i.e.,
9
ot

where FCa = Far + Fpuar, with Far = (yup, and Fpar =
—Caw + k A Fgi. Here up = (u,v,0) is the horizontal
velocity vector, (y, is the horizontal component of vortic-
ity, w is the material derivative of pressure and plays the
role of ‘vertical velocity’ in pressure coordinates, Fg; is the
horizontal force per unit mass due to molecular effects and
subgrid-scale eddy momentum fluxes, and k is a unit vector
in the vertical. Equation (1) applies equally to rectangular
coordinates (z,y, p) or cylindrical coordinates (r, A, p), in
which r is the radius, \ is the azimuth and v and v are
the radial and tangential velocity components. Raymond et
al. (2014) provide a succinct interpretation of the terms in
Equation (1): see their Fig. 1 and related discussion. The
flux vectors F,¢ and F ¢ are called the advective flux and
non advective flux, respectively. Above the boundary layer,
where Fgy can be neglected, the non-advective flux, Fyat,
incorporates the effects of vertical vorticity advection and
the tilting of horizontal vorticity into the vertical that appear
separately in the material form of the vorticity equation.

=—Vi-Fe, (D
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Figure 7. Vertical velocity fields at 500 mb (left columns, colour shaded) and minus the absolute vorticity fields at 850 mb (right columns,

colour shaded) with the wind fields and geopotential at 850 mb superimposed from the 4 km grid UM forecast at selected times: (a),(b) 0600

UTC 6 January, (c),(d) 0600 UTC 7 January. Contour intervals: for vertical velocity as indicated on the colour bar in m s~'; for absolute
vorticity as indicated on the colour bar in x 107 s™*.

4.2.3 Axisymmetric flow

For an axisymmetric flow, F,¢ reduces to u(,f and, above
the frictional boundary layer, Fp.¢ reduces to w(9v/dp)t,
where T is a unit vector in the radial direction. In this case,
the vorticity equation has the flux form

o 1O (e
ot~ ror| \"e w@p ’

2
which is equivalent to the perhaps more familiar material
form:

¢, ¢, 0Ca . Ow  0viw
o tw = Ga Op Opor’

ot or dp 3
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in which the left-hand-side is just the material derivative
of (, and the terms on the right-hand-side represent the
generation of vorticity by the vertical stretching of existing
¢, and the tilting of radial vorticity (proportional to dv/0p)
by the radial gradient of w.

Above the boundary layer in a warm-cored vortex,
the tangential velocity decreases with altitude so that the
non-advective flux vector points outwards. It follows that
tilting by a convectively-driven, axisymmetric overturning
circulation would lead to enhanced cyclonic vorticity at
radii where the vertical velocity increases with radius, i.e.,
where Jw/dr < 0, and reduced vorticity at larger radii
where dw/0r > 0. Within the boundary layer, w(9v/0p)f
points inwards and the vorticity tendencies due to tilting are

TCRR 1: 1-16 (2020)
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Figure 7. (continued) panels for times: (e),(f) 0600 UTC 8 January, (g),(h) 0600 UTC 9 January.

reversed in sign, but there one cannot, of course, ignore the
contribution of F; to Fpar (see Raymond et al. 2014, Fig.
lc).

The corresponding axisymmetric, inviscid, isobaric,
tangential momentum equation' has the form:

v v
i —uCq — wa—p. “)
Since (, = (1/r)0M/dr, where M =rv+ 1 fr? is the
absolute angular momentum, the term u(, is proportional
to the radial advection of M and characterizes the local spin
up or spin down that occurs as air parcels move radially
while conserving their value of M. In essence, this term

Mt is easy to verify that the divergence (1/7)d[r x Eq. (4)]/dr leads to
Eq. (2).

Copyright (© 2020 Meteorological Institute

represents the classical spin up mechanism articulated by
Ooyama (1969): see Montgomery and Smith (2014). The
term w(Ov/0p) is proportional to the vertical advection
of M. Note further that the two terms on the right-hand-
side of (4) are just the advective and non-advective fluxes,
respectively, that appear on the right-hand-side of Eq. (2).

4.2.4 Non-axisymmetric flow

In a flow that is not axisymmetric, one can consider the
change in circulation about a fixed circular loop at a given
pressure level and radius. By Stokes’ theorem, the circu-
lation at a particular time is equal to the areally-integrated
vorticity within the loop. Hence, the circulation about the
loop will increase if there is a mean flux of positive abso-
lute vorticity into the loop. In Equation (1), which is not

TCRR 1: 1-16 (2020)
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restricted to axial symmetry, the convergence of the advec-
tive flux incorporates the effects of both the radial vorticity
advection and the stretching of vertical vorticity, terms that
appear separately in the corresponding material form of
the vorticity equation. Since the circulation about the loop
is proportional to the mean tangential velocity around the
loop, an increase in circulation implies an increase in the
mean tangential wind speed at this radius. The rotating-
convection paradigm invokes the lower tropospheric branch
of the overturning circulation produced by the collective
effects of deep convection within the loop to provide the
influx of vorticity required for vortex intensification.

On the convective scale, where the flow is fully three-
dimensional, the non-advective flux leads to localized vor-
ticity dipoles (Kilroy and Smith, 2015). If a particular con-
vective element occurs entirely within some circular loop
in a pressure surface, the associated vorticity dipole will
not contribute to the circulation about the loop. For this
reason, only dipoles that are intersected by a particular loop
would contribute to the circulation about that loop. Dipoles
that are contained entirely within the loop do not contribute.
Therefore, the main contribution to the non-advective flux
is from the azimuthally-averaged vortex-scale dipole dis-
cussed in section 4.2.3 for the pure axisymmetric case.

4.2.5 Tangential wind tendency

The alternative approach to investigating spin up for the
case of non-axisymmetric vortex is to use an azimuthally-
averaged form of the tangential momentum equation:

o<v>

<uly > — < 8U>
=—<u —<wgz >,
ot “

ap )

where the brackets < > denote an azimuthal average at
a fixed radius and height centred on an appropriate def-
inition of the vortex centre. Typically, quantities on the
right-hand-side of this equation would be separated into
azimuthal mean terms and terms involving perturbations
about this mean leading to so-called “eddy contributions”
to spin up. The eddy terms complete the description of
the spin up process by accounting for the effects of local-
ized deep convection. As in the axisymmetric form (Eq.
(4)), comparison between (5) and (1) indicates that the two
terms on the right-hand-side of (5) are just the advective
and non-advective fluxes, respectively, that appear on the
right-hand-side of Eq. (1).

As explained above, the main contribution to the non-
advective flux is from the azimuthally-averaged vortex-
scale dipole. This equivalent effect is contained in the
second term on the right-hand-side of Equation (5) as
a vertical flux of tangential momentum. This effect is a
particularly important element of eyewall spin up because
the vorticity flux — < u¢, > in the eyewall is outwards
on account of the outward radial flow there (Persing et al.
2013, Smith and Schmidt 2016).

The alternative articulation of the rotating-convection
paradigm framed in terms of the azimuthally-averaged
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momentum equations is discussed in detail by Persing et
al. (2013) and reviewed by Montgomery and Smith (2017,
section 4.2). Its extension to encompass the effects of
vertical shear is discussed by Smith et al. (2017).

4.2.6 Vorticity analysis of the UM forecast

Figure 7 shows a sequence of flow fields taken from the UM
forecast at selected times during the intensification period.
These fields include vertical velocity fields at 500 mb and
absolute vorticity fields at 850 mb. In each case, the wind
vectors at 850 mb are superimposed.

The left panels of Figure 7 show the vertical velocity
fields at 500 mb, which give an indication of regions
with deep convective cells (the yellow areas represent
updraughts in excess of 1 m s~! and the black regions
within these cells are where the updraughts exceed 4 m s,
At 0600 UTC 6 January (panel (a)), there are numerous
cells of deep convection within the broadscale circulation
of the low, but only one or two cells within a degree of
the circulation centre. At this time, which is close to the
time of diurnal convection maximum over land (Yang and
Slingo, 2001), much of the convection is located several
degrees away from the centre. By 7 January (panel (b)),
however, the low has intensified and deep convective cells
have begun to develop closer to the circulation centre. The
latter location is a geometrically favourable for continued
intensification because the convectively-induced secondary
circulation is able to concentrate absolute vorticity close to
the centre (see Smith and Montgomery, 2016, especially
section 3.2).

One day later, at 0600 UTC 8 January, near the time
of maximum intensity in the UM forecast (Figure 3), there
are some intense convective cells in the sector from west
to north of the circulation centre, but again much of this
convection is located several degrees from the centre, a
situation that is not conducive to further development.

The intensification of the low occurred in a favourable
cyclonic vorticity-rich environment of the monsoon trough
(Figure 7, right column). Large areas of this environment
have embedded small-scale anticyclonic vorticity anoma-
lies that are presumably a result of the tilting of horizontal
vorticity into the vertical. Such a process leads to vortic-
ity dipoles (see e.g. Kilroy and Smith 2016). The large
cyclonic absolute vorticity anomalies are produced by the
vertical stretching of absolute vorticity, principally by mod-
erate to deep convection (Hendricks et al. 2004, Wissmeier
and Smith 2010).

At 0600 UTC 6 January, the enhanced cyclonic abso-
lute vorticity anomalies (regions coloured yellow in the
right column of Figure 7), are patchy, but are distributed
over a large area of the incipient low vortex. However,
as time proceeds, patched nearest to the centre aggregate
to form an approximate monopole structure in the central
region of the vortex (Figure 7h). It is this process of vor-
ticity aggregation in the lower troposphere that leads to the
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Figure 8. Time-height cross-sections of system-averaged vertical mass flux per unit area (Unit: kg m™2 s™*) within lat-lon columns (a) 3°

lat x3° lon, and (b) 6° lat x6° lon, centred on the location of the minimum wind speed at 850 mb (Contour interval 2 units as indicated on

the colour bar). Panels (c) and (d) show the corresponding time series of the magnitude of system-averaged normalized circulation (m s7h
around these columns. Contour interval 2 units as indicated on the colour bar.

vortex intensification, a result of Stokes’ circulation the-
orem. In turn, the convergence is brought about by the
lower-tropospheric branch of the overturning circulation
associated with the collective effects of deep convection.

Another prominent feature of the vorticity fields is
the development of a band of enhanced vorticity stretching
southeastwards from the low. This band is most pronounced
on 8 and 9 January (Figures 7f and 7h) and is seen to be
accompanied by a band of vigorous deep convection that
separates a southeasterly flow of continental origin from
the moist, northeasterly monsoonal flow circulating around
the low.

To cement our interpretations of the convectively-
induced low-level convergence leading to the concentration
of absolute vorticity and thereby an increase in the low-
level circulation of the vortex, we show in Figure 8 time-
height cross-sections of system-averaged vertical mass flux
within latitude-longitude columns 3° latitude x3° longi-
tude and 6° latitude x6° longitude in cross-section, centred
on the location of the minimum wind speed at 850 mb.
Show also are the corresponding time-height cross-sections
of normalized circulation (circulation divided by the length
of the circuit) around these columns.

In the smaller area column (Figure 8a), there are
regular ‘bursts” of deep upward mass flux until about 0600
UTC on 9 January, a time at which the storm was near
its maximum intensity (Figure 6). These bursts have a
tendency to occur in the afternoon or evening (0300 UTC-
1200 UTC local time) as would be expected over land. At

Copyright (© 2020 Meteorological Institute

most later times, the bursts do not extend through a deep
layer.

In the larger area column (Figure 8b), the strongest
bursts occur in the 12 h period starting 1800 UTC 7 January
and mass flux values tend to be larger than in the smaller
area column, at least until about 1200 UTC 8 January,
indicating that much of the deep convection in the low lies
outside the inner 3° latitude x3° longitude area. Figure 7
exemplifies this behaviour at 0600 UTC 6 January (panel
(a)), 8 January (panel (e)) and 9 January (panel (g)). In
contrast, at 0600 UTC 7 January (Figure 7c), there is much
vigorous deep convection over a substantial part of 3° x 3°
column.

Figure 8c and 8d show the evolution of the normalized
circulation around the two columns with time and height.
The normalized circulation around the innermost column
shows a sharp increase through a deep layer starting a
little before 18 UTC 7 January, but the next prominent
and sustained increase occurs about 18 h later, one that is
confined mostly to heights below the 700 mb level. In other
words, the low is a “bottom up” development as opposed to
“top down”, a finding similar to that in the cases described
by Kilroy et al. (2016, Fig. 9f) and Kilroy et al. (2017,
Figs. 5f, 10f and 14f). Even so, the enhanced cyclonic
circulation extends through most of the troposphere during
the intensification and mature stages.

The normalized circulation around the 6° x 6° column
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Figure 9. Hovmoller radius-time cross-sections of the (a) tangential, and (b) radial velocity components at 850 mb from the UM forecasts.
Contour intervals as indicated on the colour bar in m s~ *. Panel (c) and (d) show similar cross-sections of vertical velocity at 850 mb and 500

mb, respectively. Contour interval 10 cm s~ !. Shading as indicated on the colour bar in cm s~ *.

shows a more prolonged enhancement, especially at pres-
sure levels above 600 mb, with a significant increase begin-
ning about 0900 UTC 7 January, about a day earlier than in
the 3° x 3° column, and again with maximum strength in
the lower troposphere, in this case at pressure levels above
600 mb. The cyclonic circulation around this column does
not extend quite so high as in the 3° x 3° column. This
feature would be expected and is consistent with the idea
that as air parcels move outwards at upper levels, the Cori-
olis force they experience leads to a anticyclonic circulation
beyond a certain radius.

Further insight into the role of convectively-induced

Copyright © 2020 Meteorological Institute
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low-level convergence in leading to an increase in the
low-level vortex circulation is provided by the Hovmoller
(radius-time) plots of the azimuthally-averaged radial and
tangential velocity components relative to the moving vor-
tex centre at 850 mb shown in the upper panels of Figure
9.

In general, tangential winds exceeding 20 m s~! do
not occur until 3 UTC 8 January, about 9 hours after the
minimum geopotential (cf. Figure 6). These values are
located beyond a radius of 150 km and persist until late
on 9 January. The maximum tangential velocity (23.6 m
s™1) occurs at 15 UTC 9 January at a radius of 177 km.
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Figure 10. Time series of Rvmaz (corresponding with the yellow
curve in Figure 9a) and Vip,qz at 850 mb.

Thus, unlike a typical tropical cyclone in the region, the low
did not have a concentrated core of high rotational winds
within, say, 100 km of the centre. There were significant
fluctuations in the radius, Ry 4., of maximum tangential
wind speed, V42, as illustrated by the yellow line in panel
(a).

Time series of Ry 4, Shown in Figure 9 and the corre-
sponding and of V4, itself, are shown in Figure 10. Com-
parison of the curve for V,,, with that for the minimum
geopotential, Z,,;,, in Figure 6 shows that whereas the
maximum intensity as measured by Z,,,;,, occurs at 18 UTC
7 January, the maximum intensity as measured by V.
occurs nearly two days later at 12 UTC 9 January. There
is not a clear relationship between changes in Ry 4, and
changes in V4, : during some time periods V., value of
Ry maz occurs 6 h later than the maximum V,,,,, although
changes in V,,,,, are relatively small during the period.

Returning now to Figure 9, we note that there are
periods where the radial flow is inwards and periods when it
is outwards, but the periods of inflow become increasingly
prolonged as the low intensifies and matures. The largest
values of inflow (above 2 m s~!) are found to occur mostly
beyond a radius of 150 km from the centre of the low.
On 8 January, maximum values of inflow were in excess
of 4 m s~1. These pulses of inflow can be attributed to
the occurrence of deep convection and are suggestive that
the classical paradigm for tropical cyclone intensification is
operating to support the spin up of the low.

Figure 9c and 9d show the azimuthally-averaged ver-
tical velocity at 850 mb and 500 mb, respectively. Elevated
values of vertical velocity at 500 mb that are approximately
colocated with such values at 850 mb provide an indication
of the radial location(s) of deep convection at a particular
time and radius. It is significant that, in the simulation, there
are regions of deep convection within 50-100 km of the
vortex centre during the spin up phase of the low ending
late on 7 January (Figure 6). These regions contribute to
the convective “bursts” seen in the 3° latitude x3° column
averages shown in Figure 8a. This location near the centre
of circulation would be a geometrically favourable location
for vortex intensification (Smith and Montgomery 2016).

Copyright (© 2020 Meteorological Institute

After about 18 UTC 8 September until 21 UTC 9 Septem-
ber, there is at most weak ascent at 850 mb within about
60 km of the vortex centre, although there is marked ascent
at 500 mb after about 12 UTC 9 September. The lack of
deep convection in the central region during this period is
consistent with the weakening of the low.

Figure 11 shows Hovmoller (radius-time) plots of the
azimuthally-averaged absolute vorticity flux and vertical
tangential momentum flux, equivalent to the terms on the
right-hand-side of Equation 57, but at a height of 1.5 km
(close to the 850 mb isobaric surface). As noted in sec-
tion 4.2.1, these two terms are simply the advective and
non-advective vorticity fluxes that appear in the vorticity
tendency equation (1). The sum of these two terms, which
according to Equation (5) gives the tangential wind ten-
dency, ignoring, of course the turbulent diffusion of tan-
gential momentum and any eddy contributions?, is shown
in Figure 12.

During the main spin up phase of the low, between 00
UTC 7 January and 12 UTC 9 January (Figure 10), there are
several notable pulses of vorticity flux: one between about
00 UTC and 09 UTC 7 January, a more prolonged one
between about 15 UTC 7 January and 12 UTC 8 January
and further one between about 00 UTC and 12 UTC 9
January (Figure 11a). Of course, these pulses coincide with
periods of enhanced inflow. The tangential wind tendency
of the last two pulses is reinforced at radii beyond about
100 km radius by a positive vertical flux of tangential
momentum (Figures 11b and 12), but the absolute vorticity
flux makes the dominant contribution to spin up. This
finding adds support to the foregoing idea that classical
paradigm for tropical cyclone intensification is operating
to promote the spin up of the low.

As a point of interest, the tangential wind tendency
due to the azimuthally-averaged vertical flux of tangential
momentum (equivalent to the non-advective vorticity flux)
is opposite to that in a tropical cyclone (see section 4.2.3)
where positive values are expected at inner radii and neg-
ative values at outer radii. Here, negative values are found
at inner radii and positive values at outer radii, albeit still
within the radius of maximum tangential wind speed. These
differences appear to be related to the relatively wide inner
core region in the low and the nature of the flow asymme-
tries therein.

4.3 Thermodynamic aspects
4.3.1 Thermal structure

Figure 13 shows zonal and meridional cross-sections of
perturbation potential temperature, ¢’, as a function of

2From the UM model output it turned out to be easier to evaluate
these terms in height coordinates in which < wdv/dz > replaces <
wdv/Op >.

3A complete budget of the full azimuthally-averaged tangential momen-
tum equation taking account of these additional terms is beyond the scope
of the present study.
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Figure 11. Hovmoller radius-time cross-sections of the azimuthally-averaged absolute vorticity flux and vertical momentum flux on the
right-hand side of Equation (5) at a height of 1.5 km diagnosed from the UM model forecast. These are equivalent to the advective and
non-advective vorticity fluxes that appear in Equation (1). Contour intervals as indicated on the colour bar in m s~ per hour. The dashed
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height through the centre of the mature low at 0600 UTC 9
January. The perturbation is relative to a domain average of
potential temperature at each pressure level. It is seen that
the low has a warm core aloft (6’ > 0), but is cold cored in
the lower troposphere, similar that of the monsoon trough

Copyright (© 2020 Meteorological Institute
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itself (Love and Garden, 1984). These latter authors sur-
mised that the cold core structure in the lower troposphere
is a result of the evaporation of precipitation in the rela-
tively dry continental air that wraps into the monsoon on
the southern and western side of the monsoon trough. The
cross-sections in Figure 13 supports that idea to a degree in
that the maximum cool anomalies are found on the south-
ern and western and sides of the low where continental air
would be wrapped around it. However, there is a significant
cool anomaly on the northern side of the low as well, albeit
more than a degree away from the centre.

4.3.2 Soil moisture and latent heat flux over land

Through much of its intensification stage, the low centre
was over land, albeit not too far inland, no more than about
300 km at its most intense stage. However, it was embedded
in a large-scale monsoonal circulation with abundant mois-
ture supply to the north and west from the warm ocean,
where sea surface temperatures were in excess of 29°C.
The immediate question that arises is whether the ocean
moisture source was sufficient to support the intensification
process over land, or whether soils, moistened by previous
monsoonal rainfall events, were an important factor also?
To set the scene for answering this question, we show in
Figure 14 the distribution of soil moisture at 0300 UTC 5
January and 1800 UTC 7 January.

On 5 January, at the start of the UM simulation, the soil
within 1-2¢ latitude of the circulation centre was relatively
moist with large patches having values exceeding 300 kg
m~3. The moist soils extend over much of the region
shown, to the east of the low and to about 21°S, while soils
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beyond a few degrees to the south and south west of the
circulation centre are comparatively dry.

On 7 January, the region of moist soils has extended
southwards and as would be expected, the moisture has
increased in the vicinity of the low. On the other hand, the
soils to the south and southwest have become drier.

To examine the potential influence of soil moisture on
the intensification of the low, Figure 15 shows the spatial
distribution of surface latent flux at 0600 UTC, when the
low in the model was still strengthening, and at 1800 UTC
on 7 January, times when the low first reached its peak
intensity. This figure shows that latent heat fluxes have
a strong diurnal variation, being a maximum during the

Copyright © 2020 Meteorological Institute

daytime (e.g. at 0600 UTC, 2 pm local time in Western
Australia) and falling to zero over night (e.g. at 1800 UTC
2 am local time). Typical values are in the range 100-200 W
m~2, comparable with values found by Kilroy et al. (2016,
Fig. 10) and Kilroy et al. (2017, p774). Typical values over
the ocean during the monsoon are somewhat higher (from
200 W m~2 to more than 400 W m~2 in the case examined
by Kilroy et al. (2016): see their Fig. 10).

To examine further the impact of soil moisture on
the intensification of the low over land, we carried out
an additional simulation in which the surface latent heat
flux is set to zero over land. The intensification curve for
his simulation is included in Figure 6. As expected, the
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14 H.ZHU AND R. K. SMITH

u,v 850 mb, slhf 150107 06 UTC u,v 850 mb, slhf 150107 18 UTC
- T T Q. V.n —T {:,. .v;
v Y »./“au -
= AT = JEHS
300 s _‘.'.' I, gt e 1 300
S .
200
=
=
>
100
50
x (lon) - x (lon) -
(a) AN VBcToR (b) \nRN vecTOR

Figure 15. Surface latent flux (shaded), surface pressure and wind vectors at two times: (a) 0600 UTC and (b) 1800 UTC on 7 January, while
the low was still strengthening. Unit for heat flux: W m ™2 as indicated on the colour bar. Contour interval for surface pressure 1 mb, wind
vector scale in m s~ ! indicated by the arrow below the figure.

B e . B e

' ° ' ' PN ‘
-15 | o . -15 | % 98'«4 7 7

y (lat)
&
O O
N
oo
o
Yo )l
\H
(=}
y (lat)
\/\US
5
o o
o o
=

- -20 &
. A ] / ]
,gg/ ] [ 6

o e o e
115 120 125 130 135 115 120 125 130 135

(a) x (lon) (b) x (lon)

Figure 16. Locations of minimum surface pressure every six hours denoted by a cyclone symbol in (a) the main simulation and (b) the
simulation with suppressed surface moisture fluxes over land, starting at 00 UTC 6 January. The locations at 00 UTC are indicated by the day
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intensity is lower in this simulation than in the control proximity of the relatively warm sea in our case.
simulation, but only slightly and intensification still occurs.

Thus there is sufficient moisture available from the sea in .

the suppressed moisture flux simulation to sustain deep 5 Conclusions

convection. However, it should be pointed out that the
centre of the suppressed moisture flux simulation remains
a little closer to the coast until after 10 January and at early
times the centre is frequently over the sea. This difference
in behaviour may be seen in Figure 16, which compares
the locations of minimum surface pressure for the two
calculations.

We have presented a case study of an inland low that inten-
sified over land near the northern coast of Western Australia
in January 2015. The study was based on European Centre
for Medium Range Weather Forecasts (ECMWF) analyses
as well as two cloud-permitting, 6-day, limited-area fore-
casts using the Australian Bureau of Meteorology’s UM
model with 4 km grid spacing. In one of the UM forecasts,

It should be noted also that the foregoing behaviouris the latent heat flux was suppressed over the land in order to
different from that postulated by Emanuel et al. (2008) and assess the importance of soil moisture on the intensification
that found by Evans ef al. (2011), presumably due to the of the low.
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For the first five days, the track and intensity of the
low in the UM forecast was in close agreement with those
in the ECMWF analyses, but there was a notable departure
of the track on the final day of the forecast. The low inten-
sity, characterized by the minimum geopotential height at
850 mb, was slightly deeper in the forecast, a result that
would be expected on account of the higher horizontal res-
olution of the forecast model than of the ECMWF global
analyses. The dynamics of low intensification in the UM
simulation is shown to be consistent with that in the clas-
sical paradigm for tropical cyclone intensification. In this
paradigm, convergence in the lower troposphere brought
about by the overturning circulation driven by the collective
effects of deep convection leads to a concentration of ver-
tical absolute vorticity. As a result of Stokes’ theorem, the
concentration of vorticity is accompanied by an increase in
circulation about fixed closed circuits about the centre of
circulation.

It was shown that the mature low had a warm-core
structure in the upper troposphere, but a cold-core structure
in the lower troposphere, similar to the previously reported
structure of the monsoon trough, itself.

In the simulation where the surface latent heat fluxes
were suppressed over land, the vortex still intensified and
the maximum intensity was only marginally less than in
the main simulation. Such behaviour is different from that
postulated by Emanuel et al. (2008) and that found by
Evans et al. (2011). However, in this case the centre of
circulation was closer to the coast or even just out to sea
in the early stages of evolution in the simulation with the
latent heat flux suppressed.
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