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1. INTRODUCTION

Numerical prediction of tropical cyclone (TC)
tracks has significantly improved over the past few
decades; however accurate prediction of their inten-
sity has lagged behind.

TC intensification has been the subject of both
observational and theoretical studies which have
shown that it involves a combination of different
factors: (a) ocean interaction (Emanuel 1986; Shay
et al. 2000; Lin et al. 2005), (b) environmental forc-
ing (Molinari and Vollaro 1989; Hanley et al. 2001;
Davidson et al. 2008), (c) vortex structure (large
and small RMW and size), about which little is
known and is one aspect of the current study, and (d)
internal processes that modify the vortex structure
(Willoughby 1990; Montgomery and Kallenbach
1997; Schubert et al. 1999; Montgomery et al. 2006;
Nguyen et al. 2006; Hendricks et al. 2009).

The present work is partially motivated by the
fact that accurate prediction of the short-term track
and intensity of TCs in the Australian operational
numerical weather prediction system currently relies
on vortex specification to define the TC inner-core
at the observed location. The study thus consists of
investigating item (c), the sensitivity of prediction of
track and intensity to specification of initial vortex
structure, while examining item (d), the pathway
to intensification taken by vortices with different
initial structures within a given environment (item
b) which is formerly analysed in detail.

Experiments are conducted on the motion and
rapid intensification (RI) of Typhoon Sinlaku which
was observed during the 2008 Tropical Cyclone
Structure experiment, TCS08 (Elsberry et al. 2008),
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over the Northwest Pacific.
We illustrate that the use of an initial vortex with

a large radius of maximum wind (RMW) greatly im-
proves the track prediction. We suggest that this is
related to the increased influence of the β-effect as-
sociated with strong winds at the large RMW, under
weak environmental steering.

Most of the 15-km forecasts produce the observed
intensification but results at 5-km suggest that the
pathway to RI, for the same environmental forcing,
is dependent on initial storm structure. With an ini-
tially large RMW, the 5-km forecast is able to cap-
ture the observed double eyewall structure and the
evolution of structure and intensity more skilfully.
We illustrate the process and discuss some possible
dynamical interpretations.

2. SUPERTYPHOON SINLAKU

From 9 to 12 September 2008, Typhoon Sinlaku
underwent a period of Rapid Intensification (RI) de-
fined by a minimum increase of 30 kt 1 over 24
hours (Kaplan and DeMaria 2003). Central pressure
dropped to 935hPa by the end of that period dur-
ing which Sinlaku underwent large motion and inter-
nal structure changes, including the development of
multiple eyewalls and possibly multiple wind max-
ima at radii varying between 200 and 20 km. Fig. 1
illustrates an outer band of deep convection wrap-
ping around the inner eyewall.

The main environmental low- and upper- level
factors involved in the genesis and intensification of
Sinlaku are sketched on Fig. 2. Sinlaku formed as
large scale cloud features propagating from the east,
west and south collided to the east of the Philippines.
These features were associated respectively with an
easterly wave (the precursor to Sinlaku), the north-
west Pacific Monsoon (enhanced by the passage of
a Madden-Julian Oscillation event), and possibly a

11kt = 0.5144 m.s−1

1



FIG. 2. Schematic synopsis of typhoon Sinlaku environmental flow during formation and intensification, at low (850 hPa)
and high (200 hPa) levels.

FIG. 1. Typhoon Sinlaku brightness temperature
horizontal distribution from SSMIS 91 GHz chan-
nel at 09 UTC 10 September 2008. Source:
http://www.nrlmry.navy.mil/tc pages/tc home.html

Planetary Rossby Wave from the Southern Hemi-
sphere.

The environmental upper flow during formation
and intensification was driven by three large scale
features: (1) an amplifying upper trough off the
coast of NW Australia and subsequent development
of an upper ridge to its NE spawning accelerating
easterlies near the equator, (2) an amplifying TUTT 2

to the NE of the developing storm, and (3) an ampli-
fying MUTT 3 to the NW of the formation region.

Such large scale flow changes can potentially pro-

2TUTT: Tropical Upper Tropospheric Trough
3MUTT: Midlatitude Upper Tropospheric Trough

vide a favourable environment for formation and
rapid intensification via (a) reduced vertical wind
shear, (b) multiple extended outflow channels into
the equatorial easterlies and ahead of the TUTT and
MUTT, and (c) a modulation of the storm’s verti-
cal motion field via the interaction with the TUTT
and MUTT, and possibly the passage of Planetary
Rossby Waves (not demonstrated here).

From 9 to 12 September, hodographs for Sin-
laku (not illustrated here) show that its environment
evolved towards one of weak steering and weak ver-
tical wind shear.

3. MODEL DESCRIPTION AND VORTEX
INITIALIZATION

A hierarchy of 72 hours forecasts were performed
at 15- and 5-km resolution with 29 vertical lev-
els using the full-physics version of the operational
Australian Bureau of Meteorology’s Tropical Cy-
clone Limited Area Prediction System, TC-LAPS.
The system includes sophisticated vortex specifica-
tion, data assimilation, advanced numerics, a bulk
explicit microphysics scheme and a mass flux con-
vection parameterization. The synthetic vortex pro-
duced during the vortex specification is in gradient
balance and does not include a representation of the
storm’s secondary circulation. Therefore, a diabatic
nudging initialization uses the full model to balance
the mass and wind fields, and build the secondary
circulation and convective asymmetries to be consis-
tent with available satellite cloud imagery, while pre-



serving the analysed vorticity and surface pressure.
So at the base time of the forecast, the data assimila-
tion, vortex specification and nudging initialization
have created a quality representation of the storm’s
environment, inner-core circulation and cloud asym-
metries.

The present results were obtained using a vortex
specification scheme described by Ma et al. (2009)
and hereafter named VSSK. It is an enhanced ver-
sion of the original profile of Fujita (1952). Key pa-
rameters of intensity are central pressure and maxi-
mum wind, and of structure are the Radius of Max-
imum Wind (RMW) and storm size, as indicated by
for example, the Radius of 34 knot winds (R34) or
the Radius of Outer Closed Isobar (ROCI). It is un-
clear how these structural characteristics influence
the prediction of intensification. We will illustrate an
important sensitivity to vortex structure as defined
by RMW and R34, and discuss the different path-
ways to intensification taken by vortices with dis-
tinctly different initial structures.

4. IMPACT OF STORM STRUCTURE ON
FORECASTS

A more reasonable representation of Sinlaku’s ob-
served intensification is first obtained by adjusting
the vortex size parameter ROCI (which can be dif-
ficult to estimate in real time) from its original esti-
mate of 185 km to the value of 400 km hindcast on
UM analyses (not illustrated here).

Secondly, the sensitivity of the forecast to R34 is
found to be very weak, possibly because the large-
scale analysis is dominating at such large radii.

On the contrary, prediction of track and intensity
appears highly sensitive to RMW (and thus vortex
structure at inner radii). Fig. 3 illustrates the main
results for a vortex initialized either with a large
RMW value of 220 km, that can be associated with
the developing outer band hindcast on the 85 GHz
satellite imagery at the beginning of RI, or with a
55 km value that corresponds to the estimated ra-
dius of the inner eyewall. A larger initial RMW pro-
duces a superior forecast with a 72-hr track error re-
duced by 40% due to a better representation of the
motion change from east to north beyond 36 hours.
For this event, observational and analysis data pro-
vide evidence of the importance of the β-effect in
defining the track changes. We suggest that from
10 September, the actual storm gradually became
slow-moving and isolated from environmental influ-
ences, so that the β-effect increasingly influenced
the propagation of the storm. Chan and Williams
(1987) demonstrated that, in a zero mean flow, the

northwestward propagation which results from non-
linear effects (horizontal advection of vortex vortic-
ity) increases with the radius of maximum wind in
a constant-shape vortex. That is, the β-effect plays
a more important role as the winds at large radii
strengthen. This effect produces a westward and
poleward component to the motion, that is not large
(of order 2 m s−1) but can be important when envi-
ronmental influences are small and when the storm is
large enough: two criteria that seem to be present for
Sinlaku. Our simulations provide further evidence to
support this contention as the β-effect acts more ef-
ficiently when we specify a larger RMW.

These experiments demonstrate that the predic-
tion of storm motion and intensity can be highly re-
lated to the specification of the vortex structure. Al-
though it is difficult to draw firm conclusions from a
single case, the RMW appears to play a crucial role
in forecasting the β-propagation of a slow-moving
storm evolving in a weak environmental steering
flow, such as experienced by Sinlaku. It underscores
the need to optimize the initial parameters of each
TC to best fit the observed storm structure and extent
of low-level winds. To do so, a greater understand-
ing of storm structure evolution during RI is needed.

5. STORM STRUCTURE CHANGES DURING
RI

To improve our understanding of Sinlaku’s RI
with regard to vortex structure and inner-core pro-
cesses, high resolution experiments are carried out.
Both simulations with RMW = 55 km and 220 km
are illustrated here, following the quantitative infor-
mation retrieved from cloud signatures. The 5-km
forecasts are nested in the medium resolution predic-
tions, initialized from the 15-km analyses (with vor-
tex specification included) and run using the same
Bulk Explicit Microphysics and convective parame-
terization as previously.

Results show that the quality of the forecast is
improved at high resolution for the large initial
RMW (both track and intensity are very encour-
aging) whereas the small storm continues to over-
intensify (below 900 hPa) suggesting that different
inner-core processes might be involved. Fig. 4 illus-
trates for both storms the radial profile of tangential
wind within the boundary layer, and its evolution ev-
ery 6 hours during model integration.

It appears that a secondary wind maximum devel-
ops in the inner core of the large storm (right panel),
consistent with the study of Nguyen et al. (2006).
It can be linked to a change in the radial distribu-
tion of the relative vorticity (RV). In the first hours,



FIG. 3. Typhoon Sinlaku observed and predicted track and intensity from base time 00 UTC 9 September 2008. 72-hr forecast
resolution is 0.15◦. Left panel is from a small initial vortex (RMW = 55 km, value estimated in real time). Right panel is
for a large storm (RMW = 220 km).
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FIG. 4. Radial distribution of tangential wind speed at 0.975 σ-level every 6-h of model integration from base time 00 UTC
9 September 2008, at 0.05◦-resolution. Left panel is from a small initial vortex (RMW = 55 km). Right panel is for a large
storm (RMW = 220 km).
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FIG. 5. Radial distribution of the normalized relative vorticity at 0.975 σ-level for the large storm (RMW = 220 km) at
specific times during model integration, from base time 00 UTC 9 September 2008.



this distribution is an elevated ring structure (simi-
lar to Fig. 5 right panel) with a region of barotropic
instability. As suggested by Schubert et al. (1999),
this instability (plus convective instability) can cre-
ate meso-vortices, also called Vortical Hot Towers
(VHTs) by Montgomery et al. (2006). Via a mixing
process, the VHTs relax the ring of RV into a sta-
ble monopolar distribution with a maximum in the
center (see Fig. 5 left panel). These VHTs could ex-
plain, via stretching arguments, the sudden increase
in maximum RV observed (not illustrated here) dur-
ing that “monopole phase” occurring from hour 17
to around 30. The RV is then axisymmetrized and
returns to a ring structure (see Fig. 5 right panel). It
is suggested that the propagation of Vortex Rossby
Waves (VRWs) is responsible for redistributing the
vorticity produced by the VHTs, from the inner core
to the region of maximum winds.

This process can elucidate the strengthening of the
mean flow in the eyewall as observed in Fig. 4. The
unstable ring structure persists later in the integra-
tion without transforming back to a monopole like
during the RI period; even though a region of neg-
ative gradient exists, barotropic instability is appar-
ently not triggered in that time scale. The ring struc-
ture is associated with an azimuthal wavenumber-
three vertical velocity asymmetry, suggestive of a
polygonal eyewall in which three vorticity centres
can be seen subsequently rotating around each other
(see Fig. 6).

During the initialization stage, we suggest that the
inner eyewall was re-created in the simulated TC
from the observed regions of deep convection lo-
calized on the GMS (with adiabatic ascent). Then
what ensues is a quite new phenomenon. The in-
ner RMW intensifies more rapidly than the outer one
(maybe partly due to its small radius and to the pe-
riod of relaxation) but instead of contracting inwards
as usually observed, it extends outwards and finally
merges with the contracting outer eyewall, leading
to the accurate intensification of the storm. In that
aspect, the model does not really forecast an eye-
wall replacement cycle but rather an “Interior Eye-
wall Formation” (IEF) and a “merging eyewall pro-
cess”, with seemingly a feedback between the two
regions of maximum winds to produce the intensi-
fication. On the contrary, the small-RMW simula-
tion initialized with a unique ring of convection is
not able to simulate the observed outer bands form-
ing, nor the possible interaction of the two eyewalls
to produce a correct intensification. Of course, fur-
ther experiments need to be carried out on other TCs
that underwent an eyewall replacement cycle to ex-
tend the hypothesis and understand the operative IEF

and “merging eyewall process”. Preliminary experi-
ments with Typhoon Jangmi indicate similar skill in
forecasting track, structure and intensity, and some
similar processes to that described here.

FIG. 6. 0.85 σ-level wind magnitude (contours in m s−1)
on top of the 0.6 σ-level omega field (shaded values in Pa
s−1) for the large storm (RMW = 220 km) after 36h
of model integration from base time 00 UTC 9 September
2008.

6. CONCLUSION

The results indicate that with an enhanced speci-
fication of vortex structure and increased resolution,
TC-LAPS forecasts of typhoon track and intensity
can be greatly improved. Further, high resolution ex-
periments have provided insights on the evolution of
TC inner structure during RI. There is no doubt that
ongoing strategic research on understanding vortex
behaviour will result in improving prediction of such
high impact weather events. A main issue can be
raised from the present work: how can we specify
vortex structure which has two wind maxima, and
how does the intensification then occur?
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