
Introduction
This paper is Part III in a series examining aspects of
a monsoon depression that formed within the mon-
soon trough near the coast of northwestern Australia 

in February 1994. The depression was a prominent
feature in that area for about a week. Aspects of the
structure and evolution of the depression are
described in Part I by Hell and Smith (1998). In Part
II, Dengler and Smith (1998) describe idealised
model calculations pertaining to the event using a
three-layer baroclinic model. In this paper we exam-
ine aspects of the depression’s motion.
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This paper examines the symmetric and asymmetric structure
of a monsoon depression which formed in the large-scale mon-
soon trough over northwestern Australia in February 1994 and
seeks to isolate the factors contributing to its motion. A day or
two after formation, the depression moved in a generally south-
westward direction, similar to the motion of an idealised
barotropic vortex on a southern hemisphere beta-plane with no
environmental flow. The extent to which the motion of the
depression can be interpreted in terms of this simple paradigm
is investigated.

We identify three phases of quasi-steady motion, first
towards the southwest and later towards the west. These are
separated by periods when the centre remains almost station-
ary. We have investigated the deep-layer mean asymmetric vor-
ticity and divergence structures of the depression and its envi-
ronment to determine the extent to which the associated flow
across the vortex centre can account for the depression’s
motion. In Phase 1 the cross-vortex flow is influenced approxi-
mately equally by azimuthal wavenumber-one streamfunction
asymmetries representing the flow of larger and equal or small-
er horizontal scales compared with the scale of the monsoon
depression. Furthermore, wavenumber-one velocity potential
asymmetries of equal or smaller horizontal scales make a non-
negligible contribution to this flow. In Phase 2 the cross-vortex
flow is dominated by streamfunction asymmetries of equal or
smaller horizontal scales and in Phase 3 the large-scale stream-
function asymmetry dominates.

In Phase 2, the streamfunction asymmetry closely resem-
bles the beta-gyres in a barotropic model calculation. However,
examination of the deep-layer mean vorticity analyses shows
that there is at no time a clear-scale separation between the
depression and its environment as is normally assumed in ide-
alised model calculations.
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There is much observational evidence to suggest
that tropical cyclones move with a westward and pole-
ward component of motion relative to some mean
‘steering current’ in each hemisphere. This evidence is
reviewed by Elsberry (1995, pp. 114-119); see also Carr
and Elsberry (1990) and Franklin et al. (1996). The dif-
ference between the motion vector and the steering cur-
rent, referred to as ‘vortex propagation’ by some
authors, has a magnitude in the range 1–2.5 m s-1.
These findings depend on how the steering current is
defined and indicate that the term ‘steering current’ is a
misnomer. However, there are theoretical reasons to
expect a westward and poleward drift of a tropical-
cyclone-like vortex, including a monsoon depression*,
relative to some large-scale environmental current
under certain circumstances.

The theoretical paradigm concerns the barotropic
motion of an initially symmetric vortex on a beta-
plane in the absence of any environmental flow. The
subsequent motion can be understood in terms of the
advection of planetary vorticity by the vortex circula-
tion, which leads to the evolution of a wavenumber-
one asymmetry in the relative vorticity. The associat-
ed wavenumber-one streamfunction asymmetry con-
sists of a pair of counter-rotating gyres (the so-called
beta-gyres), which have a relatively uniform west-
ward and poleward-oriented flow between them,
across the vortex core. This flow accounts for the
westward and poleward drift of the vortex. The
dynamics of vortex motion in this paradigm is eluci-
dated in a series of papers (Chan and Williams 1987;
Fiorino and Elsberry 1989; Shapiro and Ooyama
1990; Smith et al. 1990; Smith and Ulrich 1990).

Subsequent model studies (e.g. Ulrich and Smith
1991; Smith 1991; Evans et al. 1991; Smith and
Ulrich 1993; Smith and Weber 1993) have shown that
in the presence of an environmental flow, it is the
absolute vorticity gradient of this flow, rather than the
planetary vorticity gradient alone, that largely deter-
mines the strength and orientation of the vortex asym-
metries. In turn, these asymmetries determine the
speed and direction of vortex drift relative to the envi-
ronmental flow at the vortex centre. Nevertheless, if
the absolute vorticity gradient of the environmental
flow has a predominantly poleward direction, the
structure of the asymmetries should be similar to
those in the case where there is no environmental
flow; this includes the case where the environmental
flow is weak and the beta-effect is dominant.

The question arises: to what extent is barotropic

dynamics relevant to understanding tropical cyclone
motion? Or put another way, can we observe the beta-
gyres in nature and does the flow between them
account for the cyclone motion relative to the envi-
ronmental flow as it does in the barotropic model? So
far, it has proven difficult to answer this question
unequivocally (e.g. Kaplan and Franklin 1991;
Franklin et al. 1996; Glatz and Smith 1996). Indeed,
Franklin et al. (1996, p. 71) remark that ‘While the
beta-gyres are common features of numerical models,
their occurrence in nature has not yet been demon-
strated.’ Even though the barotropic forecast models
have shown considerable skill in predicting tropical
cyclone tracks at least up to 48 h (see e.g. DeMaria
1985; Aberson and DeMaria 1994), it has not been
shown that they properly represent the development
of vortex asymmetries that occur in nature.

Part of the difficulty in identifying beta-gyres in
observational data may be the inadequacy of the data
themselves (Reeder et al. 1991, 1992). The data
requirements for detecting the beta-gyres have been
explored by Weber and Smith (1995) and Smith and
Glatz (1998). There is also a question of how to par-
tition the analysed data between the cyclone (with or
without its asymmetric part) and its environment to
facilitate a comparison with idealised model calcula-
tions. A difficulty arises because the idealised calcu-
lations invariably begin with a symmetric vortex in an
environment whose structure is specified. Then, the
flow asymmetries which develop in the model may be
attributed unambiguously to the interaction between
the vortex and its environment. Such an attribution is
not possible in reality, because there is no unique way
to partition the observed flow into a ‘symmetric vor-
tex’, ‘vortex-induced asymmetries’ and ‘vortex envi-
ronment’. We may carry out an azimuthal Fourier
analysis to define a symmetric vortex, but there is no
unique way to partition the remaining part of the flow.

The monsoon depression investigated in the pre-
sent study remained quasi-stationary for the first three
days of its existence and subsequently tracked south-
westwards as in the barotropic model paradigm
described above. Moreover, the baroclinic model cal-
culations described in Part II showed a southwest-
ward drift of the vortex on the beta-plane as well as
the development of asymmetries akin to the beta-
gyres in the middle layer of the model. Therefore it is
pertinent to enquire whether the analysed fields of the
monsoon depression show flow asymmetries similar
to the beta-gyres in models. An affirmative answer
would suggest the potential usefulness of ‘barotropic
thinking’ for understanding the motion of the depres-
sion, although it would not prove that such asymme-
tries were there in reality. This is partly because the
analyses are produced by a data assimilation scheme
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* Like tropical cyclones, monsoon depressions have upper-level
warm cores in which deep convection plays an important role. By
definition, they are weaker than tropical cyclones (surface winds less
than 17 m s -1) and they lack the rapidly rotating inner core and the
central ‘eye’ of the more intense cyclones.
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in which a previous model forecast is given a high
weighting to the analysis in data-sparse regions (see
e.g. Reeder et al. 1992). The existence or non-exis-
tence of flow asymmetries in the analyses, akin to the
beta-gyres, may have important implications for the
applicability of barotropic thinking for understanding
and forecasting vortex motion.

The paper is organised as follows: we first describe
the data used for the study and discuss the analysis
algorithms in as much as they differ from the method
described in Weber and Smith (1995). We then provide
a brief discussion of the synoptic situation and its
development in the Australian region during the time
period of interest. Selected results of the data analyses
are presented and some of these are then compared
with the output of a run of a shallow-water model. The
results are summarised in the final section.

Data source and analysis method
Datasets
The data for this study were obtained from analyses
produced by the then operational Australian Bureau
of Meteorology’s Tropical Analysis and Prediction
System (TAPS), which is described by Davidson and
Puri (1992). The analyses cover a horizontal area
from 45°S (the southern tip of New Zealand) to 37°N
(approximately the latitude of Tokyo) and from 85°E
(Bangladesh) to 175°E (near the Marshall Islands),
and they cover the period from 0600 UTC on 10
February to 0000 UTC on 22 February at intervals of
6 h. The data include zonal and meridional wind com-
ponents (U,V) and geopotential height H at 15 pres-
sure levels ranging from 1000 hPa to 10 hPa on a
Mercator grid tangential to the equatorial plane. The
horizontal resolution is one degree in both latitude
and longitude.

Deep layer mean
Besides analyses of vorticity and divergence fields on
separate pressure levels, we have computed deep
layer mean (DLM) vorticity* and divergence fields
and most of our investigations are carried out on
these. The DLM forms a vertical filter that reduces
features existing at one pressure level only, while
retaining patterns with vertical coherence. It is based
here on mandatory pressure-level data between 850
and 250 hPa and is calculated as follows: first, the
mid-level of two neighbouring mandatory pressure
levels (850, 700, 500, 400, 300 and 250 hPa) is com-
puted (e.g. mid-level 850-700 hPa = 775 hPa and

mid-level 700-500 hPa = 600 hPa); then, the pressure
differences between all neighbouring mid-levels are
computed (in the example 175 hPa). These pressure
differences represent the weighting factors of each
mandatory pressure level (in the example for the 700
hPa level). The normalised weighting factors corre-
sponding to the foregoing pressure levels are 0.214,
0.250, 0.214, 0.143, 0.107 and 0.071, respectively.

Analysis method
The analysis method is similar to that described by
Weber and Smith (1995) and only a brief description
will be given here, focusing on the modifications to
the original scheme. Since January 1996, the modi-
fied scheme has been used operationally for the ini-
tialisation of the Australian Bureau of Meteorology’s
Limited Area and Prediction System (LAPS) in com-
bination with a vortex enhancement scheme (cf.
Davidson and Weber 2000). The broad idea is to par-
tition the flow into components with horizontal scales
that are larger than that of the monsoon depression
and scales that are comparable with or smaller than
the depression’s scale. We determine then the sym-
metric and azimuthal wavenumber-one components
of these flows about the vortex centre and, in particu-
lar, the strength of the asymmetric components at the
vortex centre. Other measures of the cross-vortex
flow are investigated also.

Analyses of the relative vorticity ζ, divergence D
and geopotential height H are carried out on each
mandatory pressure level and for the DLM. In this
context it should be noted that the mean absolute
value of divergence, averaged over successively
increasing circular domains about the vortex centre,
was found to be relatively small in comparison with
the corresponding value of vorticity, both in the DLM
and at pressure levels lower than 300 hPa. Locally,
however, divergence is not small compared with vor-
ticity, neither at separate mandatory pressure levels
nor in the DLM. Therefore, divergence is included in
the analyses.

The various stages of the analysis procedure are
exemplified by the DLM vorticity fields at 1200 UTC
on 19 February shown in Fig. 1. First, each analysis
field is transformed to a geocentric spherical grid with
latitude and longitude as independent variables. Figure
1(a) shows the vorticity field after this transformation.
Next, a new equidistant rectangular grid is defined
with a square domain size between 6000 and 7000 km
and centred approximately at the location of the mini-
mum mean sea-level pressure of the depression. The
data on the spherical grid are interpolated to the
equidistant grid using birational interpolation as
explained in Weber and Smith (1995, p. 636). The next
step uses a modified Barnes’ scheme (Barnes 1964;
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* Henceforth, ‘vorticity’ refers to the vertical component of relative
vorticity.
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Weber and Smith 1995, pp. 637ff.) in combination
with a Fourier filter, truncated at a given wavelength,
to define a large-scale environmental component of a
given field, and is the reason for introducing the
equidistant grid*. In our calculations, the truncation
wavelength is chosen to be 15 times a rough estimate
of the radius of maximum wind, yielding values
between 2500 and 3500 km, i.e. large enough to
extract fields that vary smoothly over the horizontal
scale of the monsoon depression. Another reason to
choose such a large truncation wavelength is that the
complex filter characteristics of the iterative Barnes’
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Fig. 1 Relative vorticity fields in s-1 for 1200 UTC on 19 February obtained from the analysis algorithm described
in the ‘Analysis method’ sub-section: (a) original field, (b) large-scale environment, (c) residual field
remaining after subtraction of the large-scale environment from the original field, (d) symmetric field, and
(e) wavenumber-one field resulting from the azimuthal analysis. Contour intervals are 10-5 s-1 in (a), (c)
and (d), and 5 x 10-6 s-1 in (b) and (e).

(a)

(b)

(c)

(d)

(e)

* Note that on a spherical grid, where the grid-points are defined in
geographical latitude and longitude, the distances between neigh-
bouring grid-points vary substantially over the domain.
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scheme do not sharply eliminate all waves of shorter
wavelengths than the cut-off wavelength, but rather
lead to a smooth decrease of the magnitudes of waves
of shorter wavelengths. An example of the large-scale
field extracted in this way is shown in Fig. 1(b).
Subtraction of the large-scale field from the input field
defines the residual field (exemplified in Fig. 1(c)).

The next step is to locate the centre of the depres-
sion in the residual field with suitable precision. Since
the vorticity and geopotential height centres (local
minima in both cases) differ from each other, they are
determined separately (at 850 hPa the mean difference
in the period between 0000 UTC on 19 February and
0000 UTC on 22 February is approximately 60 km).
Furthermore, the centres of relative vorticity change
considerably with height. At lower levels, the centre
values differ by up to only 30 km relative to the centre
at 850 hPa and only in a few cases, while at higher lev-
els, the differences become very large and can amount
to 300 km. However, the level-by-level centre differ-
ences are much smaller than 300 km. The centre-loca-
tion algorithm differs from the one described in Weber
and Smith (1995), but is similar to one used by
Willoughby (1992, and personal communication). It
uses the emergence of an apparent mode of azimuthal
wavenumber one (cf. Weber and Smith 1993) from the
subtraction of an azimuthal mean about a given point
in space near the vortex centre. The removal of an
azimuthal mean practically always leads to the occur-
rence of this mode. With the use of a Downhill method
designed by Bach (1969), an attempt is made to min-
imise the magnitude of this mode iteratively. As
described in Weber and Smith (1993), the Downhill
method locates the minimum of a given function by
successively changing the values of the independent
variables using a range of walk patterns, until the min-
imum is reached to within a predefined degree of
accuracy. As the horizontal scale of the apparent mode
is larger than the distance between grid-points in the
datasets, the method is capable of producing centre
estimates with a high degree of accuracy.

Having determined the vortex centre, an azimuthal
Fourier analysis is carried out on the residual and
large-scale environmental fields of relative vorticity
and divergence. Distances and azimuthal angles are
calculated using spherical geometry. The Fourier
analysis of the residual field produces an axisymmet-
ric field, as shown for example in Fig. 1(d).
Furthermore, azimuthal wavenumber-one fields are
computed, as exemplified in Fig. 1(e), for the case of
the residual relative vorticity. Contributions from
higher wavenumbers are not examined as they have
no direct effect on motion. The symmetric and
wavenumber-one asymmetric components of stream-
function and velocity potential are found by integrat-

ing expressions involving the corresponding contribu-
tions of relative vorticity and divergence with respect
to radius as described in Appendix A (cf. also Smith
and Ulrich (1990); their Eqn 2.9). Henceforth, we
define the wavenumber-one contributions that result
from the Fourier analysis of a given large-scale envi-
ronmental field and residual field, as the environmen-
tal and residual asymmetry, respectively.

Drift speed calculations
The vortex track (xc(t),yc(t)) is calculated by fitting
rational splines to the DLM vorticity minimum* of
the monsoon depression at all analysis times.
Henceforth we define this position to be the vortex
centre. Since the splines are analytic functions
between centre-fixes, the zonal and meridional com-
ponents of c = (cx,cy), henceforth defined as the vor-
tex drift velocity, can be obtained by differentiation.

Three methods of estimating the flow across the
vortex centre have been examined for comparison
with the vortex drift velocity. Figure 2 shows the vec-
tor flow across the vortex centre calculated using each
of the methods described below, together with the
DLM vortex drift velocity (column 2) at all analysis
times. Note that the first two methods presented below
are based on the original wind speed components and
the third on integrations of the azimuthal wavenum-
ber-one vorticity and divergence distributions:
(a) The wind speed components are interpolated at the

vortex centre using a twelve-point formula giving
U1 = (U1,V1) as shown in the third column of Fig.
2. The absolute values of the difference vectors U1
- c in the DLM range from 0.6-9.2 m s-1, with
angular differences between U1 and c varying
between 1° and 126°. Averages of U1 and c over
the drift-phases 1, 2 and 3 (defined later in the
‘Results’ section) and over all analysis times, pro-
duce mean values for |U1 - c| of 3.3, 4.2, 2.7 and
3.0 m s-1 and mean angular differences of 54°, 41°,
5° and 41°, respectively. In general, U1 is not a
very good estimate of c. Using the absolute value
of the difference vectors Ui - c and the angular dif-
ferences between Ui and c (i = 1,2,3) as equal
quality factors, U1 provides a better estimate than
U3 described below in only four out of the 12
analyses carried out in the present study.

(b)The DLM-flow across the vortex centre U2 =
(U2,V2), shown in column 4 of Fig. 2, is computed
as an areal mean of the velocity components over a
set of N = 20 circular regions centred at the vortex
centre, with successively increasing radii rn = n • Δr,
n = 1,...,N and Δr = 2000/N km. The numbers in the
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* Recall that cyclonic vorticity is negative in the southern hemi-
sphere.
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Fig. 2 Vortex drift velocity c (column 2), total DLM cross-vortex flows (columns 3-5) and flow-contributions to U3
(columns 6-9) in m s-1 as defined in the ‘Drift speed calculations’ sub-section. The numbers in column 4 repre-
sent the optimum radius rn of method (2) in km. The line in the upper-left rectangle represents 5 m s-1. Column
1 shows date and UTC time and column 10 the drift phases as defined in the ‘Results’ section.
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upper-right corners of the separate pictures in col-
umn 4 of Fig. 2 represent the values of rn in km that
produced the best estimate of c and they indicate the
strong dependence of U2 on the size of the circular
domain used to produce the flow across the vortex
centre. The optimum value of rn varies between 100
and 1400 km and values of U2, computed for differ-
ent values of rn, are scattered over a range of 7 m s-
1. In the DLM, the absolute values of the optimum
difference vector U2 - c range from 0.7-7.5 m s-1, the
angular differences between the optimum U2 and c
from 2°-68°. Averages of U2 and c over the Phases
1, 2, 3 and over all analysis times produce mean val-
ues of |U2- c| and mean angular differences between
U2 and c of 2.6, 4.0, 2.7 and 2.9 m s-1 and 32°, 19°,
15° and 27°, respectively. Using the same quality
factors as in method (a) above, the optimum value of
U2 produces a better estimate of c than method (c)
below in six out of 12 cases. However, the variable
size of the optimum rn rules out the possibility of
identifying a time-consistent radius of best agree-
ment in this particular case study and questions the
applicability of U2 as a tool for the prediction of the
drift speed of the monsoon depression.

(c) From an azimuthal Fourier analysis relative to the
vortex centre, we obtain the azimuthal wavenum-
ber-one contributions of the large-scale environ-
mental and residual vorticity and divergence fields.
The total cross-vortex flow associated with these
wavenumber-one contributions, U3 = (U3,V3), is
shown in column 5 of Fig. 2. It consists of the
large-scale environmental flow, Ue = (Ue,Ve), and
the residual flow, Ur = (Ur,Vr), which are subdivid-
ed into rotational and divergent contributions, Ur

rot

= (Ur
rot,  Vr

rot),  Ur
div = (Ur

div,  Vr
div),  Ue

rot =
(Ue

rot,  Ve
rot) and  Ue

div = (Ue
div,  Ve

div) and shown
in columns 6, 7, 8 and 9 of Fig. 2, respectively.

The individual cross-vortex flows are obtained
by inverting the wavenumber-one sine and cosine
vorticity and divergence contributions as detailed
in Appendix A (cf. also Smith and Ulrich 1990;
their Eqns 2.11-2.12). Hence, U3 is the cross-vor-
tex flow associated with a weighted areal mean of
features in the vorticity and divergence fields that
project onto a vortex-relative wavenumber-one
contribution to these fields.

As the azimuthal analysis is carried out in a finite
circular domain of radius Rd, the magnitudes of the
wavenumber-one components of the large-scale
environmental vorticity and divergence are finite
near Rd. To obtain an error estimate for the induced
flow at the vortex centre, the following tests have
been carried out: (a) the wavenumber-one vorticity
and divergence contributions were not modified; (b)

Rd was decreased successively and (c) the
wavenumber-one vorticity and divergence contribu-
tions were made to tend smoothly to zero as the
radius r → Rd. In the azimuthal analysis of the resid-
ual field, application of (a) and (c) yielded the same
results, because the magnitude of the wavenumber-
one vorticity components was found to be negligibly
small at large radii. As expected, in view of the
smaller horizontal scale of the residual vorticity
asymmetry, application of (b) produced successive
changes in the induced cross-vortex flow. Azimuthal
analysis of the large-scale environment showed that
methods (b) and (c) give a smaller flow at the centre
in comparison with method (a), but essentially no
change in direction. This result is expected because
the environmental asymmetry has a much broader
and smoother structure than the residual vorticity
asymmetry. A change in Rd as in method (b) or a
smooth decrease in magnitude as in method (c)
removes vorticity features from the wavenumber-
one field at larger radii and hence their effect on the
cross-vortex flow. In summary, the above tests show
that the environmental asymmetry represents the
direction of the induced flow at the vortex centre rea-
sonably well, whereas a determination of the magni-
tude of the cross-vortex flow is precluded by the lim-
ited domain size available for the azimuthal analysis.

The absolute values of the difference vector U3
- c range from 0.7-8.5 m s-1, while the angular dif-
ferences between U3 and c vary between 2° and
120°. The averages of U3 and c over Phases 1, 2, 3
and over all analysis times give mean values |U3 - c|
of 2.8, 1.3, 0.6 and 0.9 m s-1, and mean angular dif-
ferences between U3 and c of 41°, 5°, 2° and 7°,
superior to the corresponding values produced by
methods (a) and (b) above. Using the same criteria
as above, U3 provides superior estimates of c than
method (a) in eight of 12 cases investigated. In six
of 12 cases, method (c) produces better results than
method (b), but it is to be preferred over method (b)
because at each analysis time, the optimum value
for U2 is obtained using a different value of rn.

The divergent contribution to U3,  Udiv = Ue
div

+  Ur
div, provides a non-negligible correction to the

rotational cross-vortex flow, Urot = Ue
rot + Ur

rot, of
between 1 and 3 m s-1 (cf. columns 7 and 9 of Fig.
2) that improves the comparison between U3 and c.
It should be noted that the vectors Ur and Ue
approximate what some authors define as the ‘ven-
tilation flow’ and ‘steering flow’, respectively (see
e.g. Elsberry 1995). It follows from the results pre-
sented above, that the ‘propagation vector’, defined
by c - Ue, corresponds relatively well with the ‘ven-
tilation flow’.

Weber and Smith: Monsoon depression over northwestern Australia 7
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As it stands, method (c) ignores the flow contribu-
tion at the vortex centre associated with the nondiver-
gent irrotational (harmonic) component Uhar of the
DLM flow. In order to estimate the magnitude of such
a flow, Poisson’s Equation has been solved as
described in Appendix B, to isolate the rotational,
divergent and harmonic contributions to the wind vec-
tor. The harmonic flow is computed as a residual Uhar

= U - Urot - Udiv. The calculations of Appendix B
show indeed that the magnitudes of the harmonic
flow are small (below 0.8 m s-1 in the whole analysis
domain). For this reason, Uhar can be neglected in
comparison with the rotational and divergent flows.

Synoptic development
The monsoon depression formed near the northwest-
ern Australian coastline, within the monsoon trough,
during the period 14 to 17 February. Hell and Smith
(1998) took the first sign of a centre of closed isobars
at the surface to characterise the time of formation,
which occurred at 1800 UTC on 15 February. At this
time, the depression had an elongated form, but the
inner region became steadily more axi-symmetric as
the system intensified. The centre of the depression
remained quasi-stationary until 1800 UTC on 18
February after which time it began to drift first to the
northwest and later to the southwest. The following
description focuses on the geopotential height analy-
ses at 850 hPa at 1800 UTC on each day between 18
February and 21 February 1994, shown in Fig. 3.
These fields can be considered as being representative
for the evolution of the flow in the lower atmosphere.

On 18 February (Fig. 3(a)) the monsoon depression
was one of two circulation systems comprising the
monsoon trough across northern Australia; the other
was a weak monsoon low centred over the Gulf of
Carpentaria. Further south, an anticyclone to the west
of Tasmania extended a ridge of high pressure north-
westwards across Western Australia. This anticyclone
was separated from another one over the Indian Ocean
by a mid-latitude low pressure system lying to the
southwest of the continent. These three higher latitude
systems moved slowly eastwards, while the monsoon
depression and the low over the Gulf drifted south-
westwards. At 1800 UTC on 19 February, the mid-lat-
itude low pressure system was almost due south of the
monsoon depression (Fig. 3(b)) and the pressure gra-
dient between the two systems was relatively weak.
One day later, the mid-latitude low had amplified and
was lying to the south-southeast of the monsoon
depression (Fig. 3(c)); the easternmost anticyclone
had moved over the Tasman Sea, while the western-
most one remained quasi-stationary. During the next

24 hours, the mid-latitude low moved southeastwards
and the flow to the south of the continent had become
more zonal (Fig. 3(d)). Weak ridging occurred across
the southern part of Western Australia, with pressure
gradients tightening to the south of the monsoon
depression. The easternmost low of the monsoon
trough was still in evidence and centred just southeast
of Darwin while the monsoon depression had reached
more or less the location of its demise.

Results
The investigations focus on the DLM vorticity and
divergence fields during the period of the monsoon
depression’s drift towards the southwest from 0600
UTC on 19 February until 0000 UTC on 22 February;
these fields are shown in columns 2 and 3 of Fig. 4.
Figure 4 also shows the residual (columns 4 and 5)
and large-scale environmental (columns 6 and 7) vor-
ticity and divergence distributions used to produce the
asymmetries discussed in the following subsections.
The symmetric vorticity and divergence distributions
are shown in columns 8 and 9 of Fig. 4. Generally, the
divergence fields are smaller in magnitude than the
corresponding vorticity contributions. The symmetric
divergence component (Fig. 4, column 9) is negligible
in comparison with the symmetric vorticity compo-
nent (Fig. 4, column 8). However, it should be noted
that the total and residual divergence fields are
approximately of the same order of magnitude as the
environmental vorticity contribution (cf. columns 2
and 3 with column 6 in Fig. 4). The environmental
divergence contribution is always much smaller in
magnitude than all other contributions.

Figure 5 shows the centre positions of the mon-
soon depression in the DLM (hurricane symbols) and
on the 850 hPa surface (filled squares) at six-hourly
intervals commencing at 0600 UTC on 16 February.
Note that the centre values in the DLM and on the 850
hPa surface differ considerably, with maximum dif-
ferences up to 100 km. The southwestward drift
began after 0600 UTC on 19 February and became
more westerly after 0000 UTC on 20 February. Using
the asymmetric vorticity and streamfunction contribu-
tions shown in Fig. 6, the complete drift period can be
divided roughly into three phases of more or less uni-
form displacement as indicated by the thick solid
lines in Fig. 5. These are:
Phase 1 (P1): from 0600 UTC on 19 February until

0000 UTC on 20 February (18 hours);
Phase 2 (P2): from 1200 UTC on 20 February until

0000 UTC on 21 February (12 hours);
Phase 3 (P3): from 1200 UTC on 21 February until

1800 UTC on 21 February (6 hours).
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Each phase is characterised by the time-consistent
asymmetric structure of some or all contributions to
the wavenumber-one vorticity and streamfunction,
both in the DLM and also in the analyses on individ-
ual pressure levels. The three phases are interrupted
by two intermediate time periods during which some
or all vorticity and streamfunction asymmetries
undergo significant changes. The approximate time-
consistency of the patterns during the three phases
suggests the existence of different flow regimes. If
one used the asymmetric patterns of divergence and
velocity potential to define the phases, the times of
the phases would be slightly different. In general, the

horizontal size of the residual divergence asymmetry
is smaller than that of the residual vorticity (cf.
columns 2 and 3 in Fig. 6) and the associated flow
across the vortex centre Ur

div is always oriented
southward (column 7 in Fig. 2), with two exceptions
at 1200 UTC on 19 February and 1800 UTC on 21
February, where it has a southwestward orientation.
Column 7 in Fig. 2 also shows that the magnitude of
Ur

div varies between 1 and 3 m s-1. The environmen-
tal divergence asymmetry (column 5 in Fig. 6) is gen-
erally much smaller in magnitude than the other con-
tributions, and produces comparably small northwest-
ward or northeastward flows across the vortex centre
(cf. column 9 of Fig. 2).

Weber and Smith: Monsoon depression over northwestern Australia 9

Fig. 3 Geopotential height at 850 hPa at 1800 UTC on (a) 18 February, (b) 19 February, (c) 20 February and (d) 21
February. Contour interval is 10 m and a value of 1500 m has been subtracted from the original geopotential
height fields. Negative deviations from 1500 m are dashed.

(a)

(b)

(c)

(d)
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Fig. 4 Legend as in Fig. 2, but DLM vorticity and divergence fields in s-1. Columns 2 and 3 show the original fields,
columns 4 and 5 the residual fields, columns 6 and 7 the large-scale environmental fields and columns 8 and 9
the symmetric fields, respectively. Negative contour lines are dashed and the last row shows the contour inter-
vals. The domain size is 46° x 46° in longitude and latitude, centred at the vortex centre.
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Phase 1
Phase 1 is characterised by the DLM-fields shown in
rows 2 to 5 of Figs 4 and 6. Column 8 of Fig. 4 shows
the DLM symmetric vorticity distribution, the maxi-
mum magnitude of which changes little with time
during Phase 1, while the outer ring of anticyclonic
vorticity changes considerably. The symmetric vortex
extends up to 250 hPa for much of this period, but
becomes shallower towards the end when its height
reduces to 400 hPa. Column 6 of Fig. 4 shows the
large-scale environmental vorticity fields used to
obtain the wavenumber-one fields shown in column 4
of Fig. 6. The dominance of the wavenumber-one pat-
tern is clearly visible. The residual vorticity asymme-
tries are shown in column 2 of Fig. 6. They approxi-
mately retain their overall structure throughout the
period, but their magnitude increases in the first
analysis times and declines near the end of the phase.
The same is true of the corresponding residual
streamfunction asymmetries (column 6 of Fig. 6). The
environmental vorticity asymmetries are shown in
column 4 of Fig. 6. Their maxima are located to the
north or north-northeast of the vortex centre and
increase in magnitude during the first part of the
phase and decline towards the end of it. The magni-
tude of the environmental vorticity asymmetries is

smaller than that of the residual asymmetries by a fac-
tor of at least two, but their structure is much broader
and more uniform. As a result, the environmental
streamfunction asymmetries (column 8 of Fig. 6) are
approximately of the same order of magnitude as the
residual streamfunction asymmetries (column 6 of
Fig. 6), indicating that the two wavenumber-one flow
patterns have a comparable effect on the flow across
the depression. This result is confirmed by the
induced flows Ur

rot and  Ue
rot in columns 6 and 8 of

Fig. 2, which have the same order of magnitude dur-
ing Phase 1.

As discussed above in the ‘synoptic development’
section, a low pressure system is moving eastwards
across the Southern Ocean at Western Australian lon-
gitudes during Phase 1. At the beginning of Phase 1
the low is located to the south-southwest of the mon-
soon depression and by the end of the phase it is due
south. Between the low pressure system and the mon-
soon depression, a spatially coherent, quasi-station-
ary, elongated region of anticyclonic vorticity makes
the main contribution to the residual asymmetries, as
shown in the example of Fig. 7(a) at 1200 UTC on 19
February. The orientation of the environmental asym-
metries is influenced by several regions of anticy-
clonic vorticity to the north of the monsoon depres-
sion and also the vorticity associated with the slowly
moving low pressure system to the south (Fig. 7(b)).
The persistent orientation of the DLM residual
streamfunction asymmetries induces a drift towards
the west or west-northwest, while the orientation of
the environmental streamfunction asymmetries
induces a drift to the east-southeast. The residual
divergence asymmetries are relatively narrow and
have maxima to the north or north-northwest of the
vortex centre (column 3 of Fig. 6). The resultant flow
across the vortex centre varies between south-south-
easterly and southwesterly and column 7 of Fig. 2
shows that its magnitude is comparable with the mag-
nitude of the rotational contribution. The environ-
mental divergence asymmetries, shown in column 5
of Fig. 6, are much smaller in magnitude than the
other contributions and have maxima to the southwest
of the vortex centre. The corresponding flow across
the vortex centre is weak and towards the west. As
shown in Fig. 2, columns 2 and 5, the agreement
between U3 and c is rather poor during Phase 1.
Generally, the vortex drift velocity is underestimated
and U3 lies in the same quadrant as c in only two out
of four cases.

First intermediate period
At 0600 UTC on 20 February, the monsoon depression
has become a shallow vortex extending up to only 500
hPa. The DLM residual vorticity asymmetry (row 6,

Weber and Smith: Monsoon depression over northwestern Australia 11

Fig. 5 Track of the monsoon depression in the DLM
(solid, hurricane symbols) and on the 850 hPa
surface (dashed, filled squares) between 0600
UTC on 16 February and 0000 UTC on 22
February 1994. Positions are marked every six
hours and the coastline of northwestern
Australia is shown by a thin line. The separate
phases of the drift, defined in the ‘Results’ sec-
tion, are represented by bold lines.
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Fig. 6 Legend as in Fig. 2, but DLM wavenumber-one contributions of residual vorticity, divergence, streamfunction
and velocity potential (columns 2, 3, 6 and 7) and environmental vorticity, divergence, streamfunction and
velocity potential (columns 4, 5, 8 and 9). The last row shows the contour intervals in s-1 for vorticity and diver-
gence and in m2 s-1 for streamfunction and velocity potential.
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column 2 of Fig. 6) has a similar structure to that in
Phase 1 as a result of the elongated region of anticy-
clonic vorticity in the south, but its magnitude has
decreased. Column 3 of Fig. 6 shows that the residual
divergence asymmetry is still narrow, but its maxi-
mum has shifted to the northeast of the vortex centre.
The environmental vorticity asymmetry in column 4
of Fig. 6, computed from the large-scale environment
shown in column 6 of Fig. 4 has changed its orienta-

tion by about 90° in a clockwise direction and signals
a change in the large-scale flow. The mid-latitude low
pressure system no longer contributes to this asymme-
try. The maximum of the environmental divergence
asymmetry is now located to the south of the vortex
centre and has the structure it has in Phase 2. The
changes in orientation, strength and size are also
reflected in the streamfunction and velocity potential
patterns shown in columns 6 to 9 of Fig. 6. The con-
tributions to the flow across the vortex centre have
weakened in magnitude and changed in direction, but
the relative magnitude of each contribution is the same
as in Phase 1. The resultant flow across the vortex cen-
tre U3 agrees very well with the vortex drift velocity c,
as shown in Fig. 2 (cf. row 6, columns 2 and 5).

Phase 2
During Phase 2 the monsoon depression drifts to the
west-southwest, in contrast to the south-southwest-
ward drift during Phase 1. The DLM fields are shown
in rows 7 to 9 of Figs 4 and 6. The symmetric vortex
is shallow throughout this phase, extending only to
the 500 hPa level. Its structure in the DLM is shown
in column 8 of Fig. 4. An outer ring of anticyclonic
vorticity still exists as in Phase 1, but its magnitude
has fallen to a value below 10-5 s-1 and its radial size
is comparatively small. Column 6 of Fig. 4 shows the
large-scale vorticity fields, which are used to obtain
the wavenumber-one patterns shown in column 4 of
Fig. 6. Note that the structure of the large-scale vor-
ticity is dominated by a wavenumber-two pattern
about the vortex centre, in contrast to Phase 1. The
DLM residual vorticity asymmetries (column 2 of
Fig. 6) differ from that of the first intermediate peri-
od. They have decreased in magnitude by a factor of
2. At individual pressure levels, the residual vorticity
asymmetries are similar at 850 hPa and 700 hPa,
while at 500 hPa their structure varies markedly with
time. The corresponding DLM streamfunction asym-
metries (column 6 of Fig. 6) change in orientation
from northwest to between west-southwest and west-
northwest during Phase 2. At 1800 UTC on 20
February, the streamfunction pattern resembles that of
beta-gyres for a vortex moving in an otherwise quies-
cent environment (see next section ‘Comparison with
a barotropic model calculation’). The environmental
vorticity asymmetries (column 4 of Fig. 6) are rela-
tively weak in magnitude compared with the residual
asymmetries in column 2 of Fig. 6 and vary in orien-
tation with time. At 1200 UTC on 20 February, the
orientation of the environmental vorticity asymmetry
is the same as that of the first intermediate period, but
its magnitude and horizontal scale are smaller. The
smaller magnitude and horizontal extent of the envi-
ronmental vorticity asymmetries are reflected in the

Weber and Smith: Monsoon depression over northwestern Australia 13

Fig. 7 DLM vorticity fields at 1200 UTC on 19
February 1994: (a) residual asymmetry, (b)
environmental asymmetry. Contour interval is
10-5 s-1. Light (dark) shaded regions in each
panel represent cyclonic (anticyclonic) values
of the corresponding wavenumber-one asym-
metry larger in magnitude than 10-6 s-1.

(a)

(b)
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wavenumber-one streamfunction fields, as shown in
column 8 of Fig. 6. The maxima of the residual diver-
gence asymmetries (column 3, Fig. 6) have shifted in
comparison with the first intermediate period and lie
to the northwest of the vortex centre. The maxima of
the environmental divergence asymmetries (column
5, Fig. 6) are located south of the vortex centre as in
the first intermediate period and in the following sec-
ond intermediate period.

Columns 2 and 5 of Fig. 2 indicate reasonably
good agreement between U3 and c at two of the three
analysis times. Figure 2 also shows that, in contrast to
Phase 1 and at two of three analysis times, the diver-
gent flow and the environmental rotational flow
across the vortex centre (columns 7, 8 and 9) is most-
ly weak compared with the residual rotational flow
(column 6) and the latter alone represents the vortex
drift velocity well. Analyses of the DLM fields show
that both the residual (Fig. 8(a), 1800 UTC on 20
February) and environmental (Fig. 8(b)) vorticity
asymmetries reflect roughly the same total vorticity
structures in the vicinity of the monsoon depression.
It is noticeable that the irregular cyclonic and anticy-
clonic vorticity features surrounding the vortex have
slightly weakened at 18 UTC on 20 February in com-
parison with the preceding analysis time. The residual
and environmental vorticity asymmetries of Fig. 8
also show that in this phase, the low-pressure system
and the anticyclones over the Southern Ocean have
little direct effect on the flow across the centre of the
depression.

Second intermediate period
At 0600 UTC on 21 February (row 10 in Figs 4 and
6), the symmetric vortex has again grown in vertical
extent to 400 hPa. As shown in column 8 of Fig. 4, no
outer ring of anticyclonic vorticity exists. The resid-
ual vorticity asymmetry (column 2 of Fig. 6) differs
substantially from the asymmetries of the previous
and following analysis times and has an elongated,
radially narrow spiral structure. The environmental
vorticity asymmetry (Fig. 6, column 4) differs from
the asymmetry at the preceding analysis time, both in
magnitude and direction, but it compares closely with
the asymmetry at the following analysis time, indicat-
ing that the large-scale flow has already attained the
structure it has in Phase 3. Indeed, a large anticyclonic
vorticity feature centred far to the southwest of the
monsoon depression over the Indian Ocean at 0000
UTC on 21 February, has moved north-northeastward
and is now located south of the depression. With the
pre-existing anticyclonic vorticity features to the
south and southeast of the monsoon depression, it
forms a relatively strong band of anticyclonic vortici-
ty that influences the structure and strength of the

environmental asymmetry. The residual divergence
asymmetry (Fig. 6, column 3) differs from the pre-
ceding analysis time by an additional secondary max-
imum to the north of the vortex centre that results in
an increased southward flow across the vortex centre
in comparison with Phases 2 and 3 (cf. Fig. 2, column
7). The environmental divergence asymmetry (Fig. 6,
column 5) is similar to those of Phase 2, but stronger
than at the preceding and following analysis times. It
produces a northward flow across the vortex centre of
the same order of magnitude and direction as the cor-
responding flow induced by the residual vorticity. As
later in Phase 3, the flow  Ue

rot alone represents the
vortex drift velocity c reasonably well and makes the
major contribution to  U3.
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Fig. 8 Legend as in Fig. 7, but for 1800 UTC on 20
February.

(a)

(b)
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Phase 3
Rows 11 and 12 of Figs 4 and 6 show the DLM vor-
ticity, divergence, streamfunction and velocity poten-
tial fields during Phase 3. The symmetric vortex has
grown vertically and extends again up to 250 hPa. In
the DLM, the symmetric vorticity distribution (col-
umn 8 of Fig. 4) is similar to that of the second inter-
mediate period. No significant symmetric outer ring of
anticyclonic vorticity is present in Phase 3. The large-
scale environmental vorticity fields, shown in column
6 of Fig. 4, have again acquired a more wavenumber-
one–like structure in comparison with Phase 2. The
residual asymmetries, exemplified in column 2 of Fig.
6, show inner and outer gyres that rotate anticycloni-
cally about the vortex centre. Their magnitude remains
approximately constant with time and is twice as large
as that at 0600 UTC on 21 February. At 1800 UTC on
21 February, the outer and inner gyres have merged to
form a trailing spiral. The corresponding streamfunc-
tion patterns (column 6 of Fig. 6) have variable orien-
tations during this phase that are reflected in the flow
across the vortex centre (cf. column 6 of Fig. 2). The
environmental vorticity asymmetries in column 4 of
Fig. 6 reflect the band of strong anticyclonic vorticity
associated with the ridging to the south of the mon-
soon depression, referred to in the previous subsec-
tion. This band remains there during the whole of
Phase 3 and weakens only slightly with time. The flow
across the vortex centre, induced by the environmental
vorticity distribution, accounts for most of the total
induced flow and provides a good estimate of the vor-
tex drift velocity. Both residual and environmental
divergence are comparably weak, which is reflected in
their contributions to  U3 as shown in columns 7 and 9
of Fig. 2. The vortex track (cf. Fig. 5) forms a mean-
der after 0000 UTC on 21 February, with a general
drift direction to the west. The environmental stream-
function asymmetries (cf. Fig. 2, column 8) show an
induced flow across the vortex centre to the west dur-
ing the entire period, indicating that this flow makes
the dominant contribution to the vortex motion. The
residual streamfunction asymmetry shows an induced
flow to the north-northwest at 0600 UTC on 21
February, to the west at 1200 UTC, and to the east at
1800 UTC, in qualitative agreement with the track
meanders and the deceleration of the monsoon depres-
sion after 1800 UTC on 21 February. Note also the
excellent agreement between  U3 and c during Phase 3
(columns 2 and 5, Fig. 2).

The DLM analyses also show that the residual vor-
ticity asymmetries (an example of which is shown in
Fig. 9(a) for 1800 UTC on 21 February) are only part-
ly a result of the high vorticity band in the south. The
asymmetries reflect also the existence of anticyclonic
vorticity features to the north and northwest of the

monsoon depression and suggest their possible influ-
ence on motion leading to the track meanders. The
environmental vorticity asymmetries (Fig. 9(b) shows
an example) reflect the anticyclonic vorticity distrib-
ution to the south and thereby the general drift of the
monsoon depression to the west.

Final analysis time
At 0000 UTC on February 22 (row 13 in Figs 2, 4 and
6), the horizontal size of the symmetric vortex has
decreased (Fig. 4, column 8) in comparison with
Phase 3. Furthermore, the anticyclonic vorticity fea-
ture to the south has become weaker and the environ-
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Fig. 9 Legend as in Fig. 7, but for 1800 UTC on 21
February.

(a)

(b)
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mental vorticity and streamfunction asymmetry (Fig.
6, columns 4 and 8) has rotated clockwise implying a
drift component towards the south-southwest (cf. Fig.
2, column 8). The residual asymmetry (Fig. 6,
columns 2 and 6) indicates a drift component to the
north-northwest (cf. Fig. 2, column 6). These effects
would combine to produce a drift towards the west, as
both divergence contributions are comparably weak.
The total flow across the vortex centre  U3 agrees well
with the vortex drift velocity c.

Comparison with a barotropic model
calculation
Despite the southwestward drift of the monsoon depres-
sion, the only analysis time when the wavenumber-one
vorticity and streamfunction patterns in the DLM analy-
ses are similar to those of a barotropic vortex moving on
a beta-plane in a quiescent environment is at 1800 UTC
on 20 February (cf. Fig. 6, row 8, column 6). At the 850
and 700 hPa level, the flow induced by the wavenum-
ber-one streamfunction pattern is even more to the
southwest than that shown in Fig. 6. The DLM analysis
at this time shows an environmental vorticity asymme-
try with an associated, west-southwestward flow across
the vortex centre of | Ue

rot| = 2.2 m s-1; this is not much
smaller than the flow across the vortex centre associat-
ed with the residual vorticity asymmetry of | Ur

rot | = 2.9
m s-1, which is also to the west-southwest. In addition,
the corresponding values of the divergent flow contri-
butions are | Ur

div| = 2.7 m s-1 (southward) and | Ue
div|

= 1.2 m s-1 (north-northwestward), respectively, and are
also not negligible. These figures show that the effects
of divergence cannot be neglected in representing the
motion of the monsoon depression and that the non-
divergent barotropic theory of vortex motion in a quies-
cent environment cannot be quantitatively correct.
However, a comparison of the flow asymmetries at
1800 UTC on 20 February with the flow asymmetries
predicted by an idealised experiment with a shallow-
water model is of interest because of the possible co-
existence of beta-gyres in the analysis with other fea-
tures that are not related to the beta-effect.

The shallow-water model, which is described in
Appendix C, is initialised with the symmetric vortex
obtained from the analysis at 1800 UTC on 20
February, but relocated to the position of the monsoon
depression 36 h earlier, in a quiescent environment.
The symmetric part of the analysed geopotential
height, added to a mean geopotential height of 3500 m,
is used as a first-guess field for the solution of a sta-
tionary divergence equation in a spherical coordinate
system via successive over-relaxation. The horizontal
domain of the model covers a square area of 80° lati-

tude and longitude centred at the vortex centre to min-
imise the influence of the boundaries during the 66-
hour period of time integration. The horizontal resolu-
tion used for the numerical experiment was 0.2° longi-
tude and latitude, corresponding to approximately 20
km near the Equator. The shallow-water model fields
are analysed in the same way as the real datasets.

The vortex track in the model is shown in Fig. 10
and agrees qualitatively in direction with the track of
the monsoon depression during the 66-hour period
between 0600 UTC on 19 February and 0000 UTC on
22 February, although the speed of the model vortex
is approximately constant at later times (around 4-5 m
s-1), whereas the speed of the monsoon depression
varies appreciably (2-11 m s-1) during this period. As
can be expected from the foregoing discussion, the
model wavenumber-one vorticity field after 66 hours,
shown in Fig. 11(a), has significant differences in
structure compared with the analysed vorticity asym-
metry at 1800 UTC on 20 February shown in Fig. 6
(column 2, row 8). These are also reflected in differ-
ences in the streamfunction patterns as shown by a
comparison of Fig. 11(b) with Fig. 6 (column 6, row
8). However, the agreement is better for the single-
level analyses at 850 and 700 hPa, indicating the pos-
sibility that at least part of the wavenumber-one vor-
ticity pattern shown in the DLM fields of Fig. 6 is a
result of the beta-effect at lower altitudes at this par-
ticular analysis time.
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Fig. 10 Vortex track in the shallow water model
(dashed) compared with that of the monsoon
depression in the DLM (solid). Six-hourly
positions of the depression are marked by hur-
ricane symbols, those of the model vortex by
encircled crosses. The thin line shows the
coastline of northwestern Australia.
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Summary
We have investigated the symmetric and asymmetric
structure of a monsoon depression which formed in
the large-scale monsoon trough over northwestern
Australia in February 1994 in an effort to determine
the factors contributing to its motion. A day or two
after formation, the depression moved broadly in a
southwestward direction, similar to the motion of an
idealised barotropic vortex on a southern hemisphere

beta-plane with no environmental flow. We have
sought to determine the extent to which the motion of
the depression can be interpreted in terms of this sim-
ple paradigm.

During the whole period, the absolute values of
areal-mean divergence were found to be small at
lower levels and in the DLM in the vicinity of the
monsoon depression, compared with the correspond-
ing values of relative vorticity. However, locally the
divergence was found to be non-negligible compared
with the vorticity at all pressure levels and in the
DLM. As a result, the cross-vortex flow associated
with the divergent component of the total flow was
not always small compared with the corresponding
rotational component. The inclusion of divergence in
the analyses resulted in improved estimates U3 of the
vortex drift velocity c, at least in the time period after
Phase 1.

The analyses point to significant difficulties in
assessing the applicability of the barotropic model par-
adigm to the atmosphere. Specifically, there are major
obstacles in identifying beta-gyre-type flow asymme-
tries in analyses obtained from operational numerical
analysis and prediction systems as well as in nature:
for one thing, in idealised (barotropic) models, the
‘large-scale environment’ of a vortex is prescribed,
normally as a steady flow, whereas in operational
analyses and in nature, it must be obtained by some
smoothing or filtering procedure and is intrinsically
unsteady. The non-uniqueness of any such procedure
precludes one from unambiguously identifying the
field that corresponds to the ‘large-scale environment’
in an idealised model. This is unfortunate, since the
structure and evolution of the vortex asymmetries that
evolve in the model depend on the structure of the
large-scale environment and its evolution. In the pre-
sent case study, the original fields used for the analy-
ses, and therefore all large-scale contributions to the
original fields, vary appreciably in structure during the
period of interest. A further obstacle to identifying
beta-gyre–type flow asymmetries in operational analy-
ses and in nature arises because the analysed vorticity
field is normally composed of structures that are much
larger in amplitude and generally smaller in scale than
the beta-gyres in idealised models. In contrast, the
large-scale environment in models is normally
assumed to be slowly varying on the scale of the outer
vortex circulation. Despite the difficulties described
above, studies like the present one are required to pro-
vide a framework for the construction of synthetic vor-
tices for initialising tropical cyclones in forecast mod-
els (cf. Davidson and Weber 2000).

The track of the monsoon depression indicates
three phases of more or less uniform movement, first
towards the southwest and later to the west. We have
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Fig. 11 Wavenumber-one (a) vorticity in s-1 and (b)
streamfunction in m2 s-1, resulting from an
azimuthal analysis of the fields produced by
the shallow water model after 66 h. Negative
values are dashed and contour intervals are 10-
6 s-1 in (a) and 5 x 105 m2 s-1 in (b).

(a)

(b)
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analysed the DLM asymmetric structure of the
depression and its environment during these periods
and during the intervening periods to determine the
extent to which these might account for the motion.
The results can be summarised qualitatively as fol-
lows. In Phase 1, the environmental and residual
wavenumber-one vorticity asymmetries have the
same order of magnitude and represent the largest sin-
gle contributions to the flow across the vortex centre.
The magnitude of the environmental wavenumber-
one vorticity pattern is smaller than the corresponding
magnitude of the residual vorticity, but the environ-
mental asymmetry is broader and spatially more
coherent. Hence the corresponding streamfunction
patterns have the same order of magnitude with a
comparable effect on the cross-vortex flow. The
southward flow associated with the narrow residual
wavenumber-one divergence asymmetry is not small
compared with the sum of the foregoing two flows
and also makes an important contribution to the total
flow across the vortex centre. The effect of the envi-
ronmental divergence is negligible. The total DLM
cross-vortex flow, computed by three independent
methods, represents the drift direction of the monsoon
depression only moderately well and mostly underes-
timates its speed. In Phase 2, the environmental vor-
ticity asymmetry is smaller in magnitude than the
residual asymmetry as in Phase 1, but this time the
horizontal scale of the environmental vorticity asym-
metry is smaller than before, leading to a smaller
magnitude and horizontal scale of the environmental
streamfunction and therefore to a comparatively
smaller flow across the vortex centre. Hence, the
major contributors to the cross-vortex flow during
Phase 2 are vorticity features of smaller horizontal
scales, even though the larger scale features make a
non-negligible contribution to the motion. The resid-
ual divergence is associated with a southward compo-
nent of flow as before and of approximately the same
magnitude as the flow induced by the environmental
vorticity, whereas the effect of the environmental
divergence is again negligible. Generally, the drift
speed c of the monsoon depression between 0600
UTC on 20 February (first intermediate period) and
0600 UTC on 21 February (second intermediate peri-
od) is very well represented by the total cross-vortex
flow U3, while the agreement between U1, U2 and c is
relatively poor. In the second intermediate period and
in Phase 3 the structure, orientation and magnitude of
the asymmetric patterns and the differences between
the contributions to the cross-vortex flow U3 and the
vortex drift velocity c indicate that the large-scale
environmental vorticity is dominant in determining
the general westward drift, while smaller scale vortic-
ity patterns lead to fluctuations about the mean track.

The total flow across the vortex centre, U3, represents
the motion of the monsoon depression very well, in
contrast to U1 and U2. Moreover, the flow induced by
the environmental vorticity alone, Ue

rot, provides a
good estimate for the vortex drift velocity. The flows
induced by the residual and environmental contribu-
tions to the divergence are relatively small compared
with the rotational contributions.

Only at one analysis time during the second phase
of drift were the azimuthal wavenumber-one stream-
function and geopotential height patterns in the DLM
and lower level fields roughly comparable in size,
structure, strength and orientation with beta-gyres
found in an idealised run with a shallow-water model.
The analysed wavenumber-one fields were reproduced
only qualitatively by the numerical model for several
reasons. In the model, the symmetric vortex does not
alter its horizontal structure with time, at least not to
the same degree as in the analysed data. Also the
analysed wavenumber-one vorticity and divergence
patterns are affected in general by flow structures that
have no relation with the beta-effect, but may produce
gyres similar to beta-gyres that result in a southward
and poleward displacement of the monsoon depres-
sion. The model beta-gyres are rather small in ampli-
tude, even for a broad vortex like the monsoon depres-
sion investigated in this study. Finally, examination of
the DLM vorticity analyses shows that there is at no
time a clear-scale separation between the depression
and its environment as is normally assumed in ide-
alised model calculations. Nevertheless, the analysed
wavenumber-one streamfunction and geopotential
height patterns at 1800 UTC on 20 February were sim-
ilar to the patterns produced by the idealised numeri-
cal calculation, especially at the two lowest pressure
levels, indicating the possibility that at least a portion
of the analysed wavenumber-one patterns at lower
altitudes may have been generated by the advection of
planetary vorticity.

A weakness of any kind of study using analysed
data of the type used here is that the analysis scheme
gives a proportionately large weighting to the model
first-guess forecast in regions where observations are
sparse. As a result it is not possible to determine the
extent to which analysed features are real, or simply
artefacts of the forecast model used to provide the
first guess. For this reason we have exercised caution
by relating our conclusions to the analyses and not
immediately to the atmosphere. A favourable factor in
the present study is that the monsoon depression was
a relatively large system, comparable for example
with many tropical cyclones, and it was close to the
Australian continent, where the data density is a little
higher than over the tropical oceans. Accordingly, the
depression should have been better captured by the
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observational network than a tropical cyclone far out
over the ocean. However, uncertainties inevitably
remain, especially the degree to which some of the
smaller-scale features we have shown are real.
Despite these uncertainties, we believe that studies of
this type are important. For one thing, the analysed
datasets are the best we have for operational forecast-
ing. Furthermore, documentation and understanding
of the structure of flow asymmetries in these analyses
is necessary for improving the design of synthetic
vortices for the initialisation of tropical cyclones in
forecast models. Finally, the methodology we have
developed could be applied to situations elsewhere
where the data coverage is better, such as Atlantic
hurricanes when airborne dropwindsonde soundings
are frequently available.
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Appendix A
Computation of streamfunction and velocity
potential
In a geographical coordinate system, relative vortici-
ty ζ and divergence D can be expressed in terms of
the zonal and meridional wind speed (U,V) as

and

where a denotes the Earth’s radius and (λ,ϕ) longi-
tude and latitude, respectively. The azimuthal Fourier
analysis, described in the ‘Analysis method’ subsec-
tion, yields azimuthal wavenumber contributions of
relative vorticity and divergence of the form

where F represents ζ and D; r and θ denote radius and
azimuthal angle in cylindrical coordinates computed
using spherical geometry, k denotes the azimuthal
wavenumber, N the truncation wavenumber and the
subscripts c and s refer to the cosine and sine contri-
bution of F. Substitution of the streamfunction ψ and
the velocity potential χ for F in Eqn A3, followed by
the insertion of ψ and χ in Poisson’s Equations ∇2ψ =
ζ and ∇2χ = D in cylindrical coordinate representa-
tion, allows separate solutions for the radially depen-
dent cosine and sine contributions of the form (cf.
Smith and Ulrich 1990)

In Eqn A4, p represents radius, ∞ the largest possible
radius of the limited analysis domain and the sub-
script l represents (c,s). The zonal and meridional
components of the rotational and divergent flow con-
tributions across the vortex centre, Urot(r=0) and
Udiv(r=0), defined in the ‘Drift speed calculations’
subsection, are then given by

and

Note that in the above approach, the symmetric con-
tributions of the radial rotational wind and the tan-
gential divergent wind are zero by definition.

Appendix B
Solution of Poisson’s Equation
Following Lynch (1989), the wind field U can be par-
titioned into a rotational contribution Urot, a divergent
contribution Udiv and a residual nondivergent irrota-
tional (harmonic) contribution Uhar = U - Urot- Udiv.
The velocity contributions Urot and Udiv result from
solving Poisson’s Equation for the streamfunction ψ
and the velocity potential χ with given distributions
of relative vorticity ζ and divergence D (cf. Appendix
A), i. e. ∇2ψ = ζ and ∇2χ = D, and with appropriate
boundary conditions ψB and χB. The explicit solution
of Poisson’s Equation is carried out using the FOR-
TRAN subroutine package BLKTRI described in
Swarztrauber and Sweet (1975, pp. 115ff).

In the present study, ψ and χ are computed itera-
tively. In the first step, a Neumann boundary condi-
tion Udiv B = U B - Urot B for the solution of ∇2χ = D
is produced by solving ∇2ψ = ζ with ψB = 0. In the
second step, ∇2χ = D is solved with this Neumann
boundary condition to yield a Dirichlet boundary con-
dition χB for a second solution of ∇2χ = D. This sec-
ond solution results in another Neumann boundary
condition of the form Urot B = U B - Udiv B for a new
solution of ∇2ψ = ζ, which provides another Dirichlet
boundary condition ψB for a second solution of ∇2ψ
= ζ in the same way as before. This leads to a new
Neumann boundary condition Udiv B that can be used
for the repetition of the iteration cycle. During the
iteration described above, the sum  Urot B + Udiv B

converges toward UB and produces Uhar at the bound-
ary and in the inner domain as a residuum.

Checks of the numerical iteration resulted in vor-
ticity and divergence distributions, computed with
finite differences from Uhar, that were at least two
orders of magnitude smaller than the magnitude of
vorticity and divergence computed from U. Hence,
the requirement that Uhar has zero ζ (irrotational) and
zero D (non-divergent) is approximately met.
Furthermore, the harmonic flows resulting from the
solution of the Laplace Equations ∇2ψ = 0 and ∇2χ =
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0 with Neumann boundary condition Uhar were found
to be nearly identical and agreed well with the resid-
ual Uhar, suggesting an approximate uniqueness of the
iterative solution.

Appendix C
The shallow-water model
The mathematical formulation of the shallow-water
model used in the ‘Comparison with a barotropic
model calculation’ section is based on the equations
of Dietachmayer (1992, his Eqn 3.1), but the right-
hand sides of the momentum equations are rewritten
in a form using absolute vorticity η = ζ + f and total
energy E = gH +0.5 (U2 + V2), where U and V denote
the zonal and meridional wind components, respec-
tively, ζ is the relative vorticity, f = 2 Ω sin ϕ the plan-
etary vorticity, Ω the angular rotation rate of the earth,
H the geopotential height, and g the acceleration due
to gravity. The momentum equations are expressed in
spherical coordinates, with longitude λ and latitude ϕ
as:

and the continuity equation is:

In these equations, t is the time, a is the radius of the
earth and Fu , Fv and Fh represent a numerical ∇2-
damping following Holloway and Manabe (1971,
their Eqns 19 to 27). The relative vorticity is given by
Eqn A1 of Appendix A.

The equations are discretised in space using cen-
tred second-order finite differences on a non-stag-
gered horizontal grid. Near the free lateral boundaries
a sponge zone of five degrees latitude and longitude
is applied to Eqn C3, while the zonal and meridional
wind components are smoothed in the same zone
every half hour using a five-point operator as
described in Haltiner and Williams (1980, their Eqn
11-108). The dependent variables are updated at the
boundaries at each time step using a radiation bound-
ary condition as in Dietachmayer (1992, his Section
3e). For the temporal discretisation an Euler-forward
step is used for the first time step, an Adams-
Bashforth step of order two for the second time step
and Adams-Bashforth steps of order three with vari-
able temporal step sizes for all subsequent time steps.
The last method is described in Dengler and Reeder
(1995) and is based on that of Durran (1991). The
length of each time step is determined by application
of the Courant-Friedrich-Levy criterion to the depen-
dent variables and by multiplication of the time step
computed in this way with a safety factor of 0.3 to
retain numerical stability.

Weber and Smith: Monsoon depression over northwestern Australia 21

Text :Text   2/6/09  12:01 PM  Page 21



Text :Text   2/6/09  12:01 PM  Page 22




