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Abstract Aspects of tropical cyclone (TC) activity, such as the influence of the El Niño-Southern Oscillation
and the variability of TC genesis location, have been examined in numerous previous studies. However,
relatively few studies have examined aspects such as the influence of intraseasonal variability on TC track
direction. Here we focus on a number of knowledge gaps relating to observed TC track directionality and
intraseasonal variability in the Australian region. Climatological examinations are presented for TC track
directional variability throughout the Australian region. In contrast to previous studies that have focused on
the mean direction of TC movement in this region, TC tracks are examined here based on the full spectrum of
track directions for a given location or region. Variability in initial TC track directions is investigated, including
an examination of the influence of the Madden-Julian oscillation (MJO). It is demonstrated that there is a
considerable degree of seasonal and intraseasonal variation in TC motion in this region. These variations
result from variations in genesis location throughout the TC season, as well as zonal wind anomalies
associated with the influence of the MJO on the steering flow winds. Anomalous westerly steering flow
occurs during MJO phase 4� 5 and anomalous easterly flow during phase 8� 1 in the western basin, with
resulting changes in the proportion of TC tracks in each direction during these phases of the MJO. The results
presented here are intended to provide improved seasonal TC activity guidance and enhanced resilience to
TC impacts.

1. Introduction

Tropical cyclones (TCs) and the associated extreme weather (including extreme winds, storm surge, and
heavy rainfall) can have devastating impacts on various regions throughout the world. There are also bene-
ficial effects, such as water availability, given they can provide a significant proportion of the total mean rain-
fall in some locations [Lavender and Abbs, 2013]. An ability to manage the regional TC impacts depends on an
understanding of the factors that drive TC variability. This variability can occur over a wide range of temporal
scales, including those pertaining to daily, seasonal, annual, and multidecadal processes. Some aspects of TC
activity are at present poorly understood, particularly in relation to intraseasonal variability; thus, there is con-
siderable scope for improvements in knowledge that could potentially lead to improved TC preparedness.

TheAustralian area of responsibility for TC analysis and forecasting, as recognized by theWorldMeteorological
Organization (WMO), comprises the longitude range from 90°E to 160°E in the Southern Hemisphere (SH).
Between 1970 and 2013, TCs have resulted in insurance losses of $5.3 billion for the Australian continent
[Productivity Commission, 2014]. TCs in the Australian region show a number of unique characteristics,
including relatively large variability in their direction and speed as compared to other regions of the world
[Bessafi et al., 2002], notable difficulties in predicting TC tracks in this region [Pike and Neumann, 1987], and
a majority of systems forming relatively close to land resulting in a large proportion of TCs making landfall
[McBride and Keenan, 1982]. Additionally, the southwest Pacific region, encompassing the eastern part of
the Australian region, exhibits a considerably high proportion of eastward moving TCs [Holland, 1984b].
DareandDavidson [2004]producedadetailedanalysisof40 yearsof TC tracks in theAustralian region,updating
previous literature on characteristics of TCs in the region [e.g., Holland, 1984b;McBride and Keenan, 1982].

The majority of studies analyze TC numbers and genesis, with fewer studies examining track behaviors.
Holland [1984b] analyzed the direction and speed of tropical storms, hurricanes, and major hurricanes in
the Australian and South Pacific regions over the early TC record between 1958 and 1979. Additionally, dyna-
mical and thermal structures of these systems, separated by intensity, were analyzed. Ramsay et al. [2012]
examined Southern Hemisphere tracks using a cluster analysis technique. Four (out of seven) clusters
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included tracks from the Australian region, but the clusters were heavily influenced by initial location rather
than the actual track characteristics. They analyzed the large-scale environmental variables influencing gen-
esis in each cluster and found links with both the El Niño–Southern Oscillation (ENSO) and the Madden-Julian
oscillation (MJO), confirming previous studies in the region. The same cluster technique was also applied over
the Fiji region (east of our area of interest), finding modulation of tracks by ENSO [Chand and Walsh, 2009]
and the MJO [Chand and Walsh, 2010].

Previous studies that have also considered regional variations in TC track direction typically divide a region up
into evenly spaced boxes and calculate the average track direction per box [e.g., Hall et al., 2001; Dowdy et al.,
2012]. Although mean values can be useful for some applications, it is noted that a considerable amount of
information is lost during this averaging process which could be valuable to retain in some cases, particularly
in locations such as the Australian region where there exists a relatively large variability in the tracks [Dare
and Davidson, 2004]. Consequently, TC tracks are examined here based on the full spectrum of track direction
for a given location or region, with a view toward this information being of relevance to applications such as
probabilistic risk assessments in relation to TC track variability on a range of different temporal scales.

Numerical weather prediction (NWP) models are used by the Australian Bureau of Meteorology (BoM) to
forecast TC genesis and predict their tracks throughout the Australian region at relatively short lead times,
ranging from minutes (i.e., nowcasting) up to several days. On seasonal time scales, forecasts are also
produced operationally by BoM with some predictive skill being derived from the influence on TC activity
of large-scale atmospheric and oceanic modes of variability, such as ENSO and the Indian Ocean Dipole
(IOD) [e.g., Nicholls, 1979, 1984; Evans and Allan, 1992; Basher and Zheng, 1995; Kuleshov et al., 2008;
Ramsay et al., 2008; Dowdy, 2014; Liu and Chan, 2012; Werner et al., 2012].

There have been considerable recent efforts toward seamless forecasting ability across a wide range of time
scales [e.g., Vitart, 2014; Robertson et al., 2015; Zhu et al., 2014], further highlighting the importance of under-
standing the variability of TC activity across a range of temporal scales. Intraseasonal time scales of the order
of a week to a few months span the gap between weather forecasting time scales and those of seasonal pre-
diction. The MJO is known to modulate TC numbers globally on intraseasonal time scales, with increased TC
activity when the active phase is over the study region [Frank and Roundy, 2006; Zhang, 2013]. This link
between the MJO and TC numbers has been confirmed for the Australian region [e.g., Hall et al., 2001;
Leroy and Wheeler, 2008; Camargo et al., 2009; Vitart et al., 2010; Diamond and Renwick, 2014]. The increase
in activity is linked to various changes in the background environmental conditions, such as enhanced cyclo-
nic anomalies in the 850 hPa relative vorticity associated with the equatorial Rossby wave response to the
MJO convective heating anomalies [Hall et al., 2001]. However, there are considerable knowledge gaps on
TC activity relating to this temporal scale (e.g., as noted by Bessafi and Wheeler [2006]), indicating a clear need
for investigations of the intraseasonal variability of both TC activity and motion.

Although many previous studies have examined relationships between the MJO and TC numbers and
genesis in various regions of the world, relatively few have focussed on TC track. The studies that have
examined MJO and track direction have predominantly been for the western North Pacific region [Chen
et al., 2009; Kim et al., 2008; Li and Zhou, 2013; Wu et al., 2013; Yang et al., 2015]. The few studies that have
examined the relationships between the MJO and TC track direction in Southern Hemisphere regions [Hall
et al., 2001; Ho et al., 2006; Chand and Walsh, 2010] have not presented climatologies based on individual
TC track directions, with their analyses primarily focussed on variations in TC genesis and track density
rather than track direction.

This study focuses on TC tracks and their directional variability. Climatological examinations are presented of
TC track directions throughout the Australian region. In contrast to previous studies that have focussed on
the mean direction of TC movement in this region, a novel feature of the analyses presented here is that
the full spectrum of TC track directions is considered. In particular, the intraseasonal variability of TC activity
in this region is examined, with a focus on initial TC track direction. The drivers of this variability are investi-
gated, including factors such as variations in genesis regions, as well as the influence of the MJO. The results
are intended to provide guidance on predicting TC activity in this region, spanning the Southeast Indian and
Southwest Pacific regions.

The following section describes the data and methods used. Section 3 examines the climatology of TC track
direction and translational speed. Intraseasonal variations in the proportion of eastward and westward
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moving tracks are analyzed, and the relationships between the MJO and these variations are examined.
Section 4 discusses these results and provides some concluding remarks including possible future work.

2. Data and Methods
2.1. TC Best Track Data

TC data for the Australian region, from 90°E to 160°E, come from the International Best Track Archive for
Climate Stewardship v03r06 (IBTrACS) [Knapp et al., 2010]. The TC season in the SH is from July to June,
labeled by the year it ends. The Australian TC season is typically considered to span months from
November to April (with peak activity in January to March), while noting that TCs which occur outside of this
period are also considered as occurring within that particular TC season. TC data are examined here for 43
tropical cyclone seasons: from the 1971 TC season until the 2013 TC season (i.e., from 1 July 1970 to 30
June 2013). This time period only includes the satellite era, with TC tracks being more reliable during this per-
iod than during earlier time periods for this region [e.g., Dowdy and Kuleshov, 2012]. During this time there
will still be inhomogeneities in the data due to improvements in satellite observations and changes in the
analysis techniques such as implementation of the Dvorak technique. Harper et al. [2008] give an overview
of significant events influencing the accuracy of TC location and intensity estimates. As in previous studies
examining TC activity in the SH [e.g., Dowdy et al., 2012; Ramsay et al., 2012], analysis involving intensity only
considers data from the 1982 TC season onward due to a considerably lower reliability of this information for
earlier time periods.

In cases where the temporal frequency of detections in the database differs from the 6-hourly regular time
steps contained for the majority of systems (i.e., 00 UTC, 06 UTC, 12 UTC, and 18 UTC), the location and
intensity information were interpolated to match this regular 6-hourly time. Landfall is considered as the first
location of the track that intersects with land, i.e., where the eye crosses the land (to the nearest 6 h).

The primary focus of this study is on the track directions, rather than the genesis. Some of the analysis
presented here includes examinations of track directions based on their net zonal movement being either
“eastward” or “westward” during the initial 48 h period of their recorded track. For consistency throughout
the data set, we consider the origin of a TC track (i.e., its genesis) as the first point of the track recorded in
the IBTrACS database over ocean, noting that a relatively small amount of tracks are first recorded over land
regions. This will, in most cases, be prior to reaching the Australian classification of TC intensity (17.5m s�1

[34 kt]) with average wind speeds and minimum pressures for this initial point (as calculated from the 1982
season onward) of 14.7m s�1 [29 kt] and 1000 hPa, respectively. This definition allows us to use the data from
the 1970s when the intensity data are less reliable than the more recent time periods. The analysis was also
performed, and results discussed, using TC genesis defined by intensity (wind speeds greater than 17.5m s�1

or minimum pressure below 996 hPa if wind speed information is unavailable) from the 1982 TC
season onward.

2.2. Atmospheric Data

Background environmental (steering) flow was calculated using zonal and meridional winds from the
ERA-Interim reanalysis obtained from the European Centre for Medium-Range Weather Forecasts (ECMWF)
on a 0.75° × 0.75° grid [Dee et al., 2011]. Following the method of a number of previous studies [Holland,
1984a; Carr and Elsberry, 1990; Zhao et al., 2009], the steering flow is calculated at 6-hourly intervals through-
out the study period for all grid locations in the region based on the pressure-weighted wind fields from
850 hPa to 300 hPa (i.e., horizontal wind fields at 850 hPa, 700 hPa, 500 hPa, and 300 hPa).

2.3. The MJO

The real-time multivariate MJO index ofWheeler and Hendon [2004] is used here to examine the influence of
the MJO on TC tracks. The index comprises eight different phases, representing the eastward near-equatorial
propagation of the MJO as measured in anomalies of tropospheric zonal winds and outgoing long-wave
radiation (OLR). This index is available from the 1975 TC season onward (representing the period of available
OLR data from satellite observations used for defining the MJO phases). The MJO phases are grouped as in
previous studies [Leroy and Wheeler, 2008; Camargo et al., 2009; Ramsay et al., 2012], with adjacent phases
being combined to make four categories (phases 8 + 1, 2 + 3, 4 + 5, and 6 + 7), which increases the sample size
for each category. In addition, a “weak MJO” category is defined when the amplitude of the Wheeler and
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Hendon [2004] index is less than 1. The influence of the phase of the MJO on weather over northern Australia,
including precipitation and TCs, is shown in Table 1.

3. Results
3.1. TC Track Climatology

A climatology of 6-hourly TC track direction and translational speed is presented in this section. This incorpo-
rates 464 TCs (14660 six-hourly events) that originated in the Australian region during the 43 year study
period comprising the TC seasons from 1971 to 2013. The TC tracks are shown in Figure 1a. The Australian
region is further categorized into three smaller regions (black lines Figure 1a), similar to those used by
BoM for operational forecasting purposes and as examined previously by Dare and Davidson [2004].

The number of TCs originating in each of the three regions (black names and numbers) is shown in Figure 1a,
indicating that the west is the most active region with 228 TCs during the study period, as compared to 122 in
the central region and 114 in the eastern region. The number of these TCs that make landfall on the
Australian continent is also shown, with 94 TCs making landfall in the central region (i.e., 77% of the total
number for this region), noting that this relatively high number reflects the close proximity of genesis to land
in this region. In contrast to the central region, only 61 (27%) TCs make landfall in the western region and 40
(35%) in the eastern regions. In total for the entire Australian region, 322 (69%) of the TCs come within 5° of
the Australian continent, also noting that over a quarter of the TCs that make landfall ultimately make landfall
multiple times.

Figure 1b shows the relative frequency of occurrence of TC tracks in a given direction, shown for eight indi-
vidual direction ranges each of 45° in range (i.e., corresponding to the cardinal and intermediate directions:
north, northeast, east, southeast, south, southwest, west, and northwest). These distributions are presented
individually for regions of 10 × 10° in latitude and longitude. The length of the bar for a particular direction
represents the proportion of TCs moving in that direction, where direction is away from the center of the plot.
The width of the “fans” highlights the number of detections in that grid box relative to the whole region with
the red (blue) numbers showing the total number of TC detections and if storms are on average intensifying
(dissipating). The colored shading indicates the translational speed distribution of the TC tracks in a given
direction, with red representing the proportion of faster speeds and blue representing the proportion of
slower speeds, as well as a range of intermediate color for the intermediate speeds (as shown in the
key provided).

The track directions are predominantly westward between about 10°S and 20°S in the western region, while
in the eastern region the distributions generally show a somewhat higher degree of variability in direction.
There is an almost equal split in the direction of movement in some grid boxes, such as over the Gulf of
Carpentaria (i.e., at 140°E, 10°S), noting that this provides an example of where the track information can
be almost completely lost when considering the mean direction (as shown by the white arrows in Figure 1b).

Intensification of the systems typically occurs in the 10°S latitude band as shown by the red numbers in
Figure 1b (based on a mean decrease in central pressure), with TCs tending to decay (blue numbers,
Figure 1b) at latitudes farther to the south. Recurvature of tracks is evident from the shift in direction between
20°S and 30°S, with the red colors in the “fans” showing that the translational speed tends to increase after
tracks make extratropical transition south of about 30°S.

Although tracks that form in the Gulf of Carpentaria are unique in some respects, including due to a large pro-
portion making landfall, the distributions presented in Figure 1b indicate that the direction that these tracks
take in the 10°S band (i.e., prior to landfall) is more similar to those to the east than west of 135°E. At 10°S, over
40% of TCs in the Gulf of Carpentaria move in an eastward direction to the east of 135°E and less than 15% in

Table 1. Influence of MJO Phase on Northern Australia, Based on Data From Wheeler et al. [2009] and Hall et al. [2001]

MJO Phase Influence on Northern Australia Phase 8� 1 Phase 2� 3 Phase 4� 5 Phase 6� 7

OLR anomalies Positive Positive (east) Negative Negative (east)
Rainfall Decreased Decreased Increased Increased in east
Winds Little change Easterly anomalies Westerly anomalies Westerly anomalies
TC activity Decreased Small decrease Increased in west Increased in east
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Figure 1. (a) Map showing all tracks that originate in the Australian region during the study period from the 1971 to 2013 TC season in the SH. Black lines and
numbers indicate the numbers of TC numbers in the three smaller regions (western, central, and eastern regions) based on the location of origin for each TC
track, with the number of these TCs that go on to make landfall on the Australian continent also shown (in brackets) for each region. Red lines and numbers show the
same but for the two regions used in this study. (b) Polar plots for each 10 × 10° boxes for the Australian region, showing the relative proportion of translational
TC tracks in eight different directions (length of fans). These directional distributions are based on 6-hourly TC data. The distribution of TC translation speed is also
shown for each direction (from slow (blue) to fast (red) as shown in the legend). The numbers listed for each 10 × 10° box represent the number of 6 h TC occurrences
at each location during the study period, with the color of the numbers showing regions where TCs are intensifying (red) or dissipating (blue) on average. The width
of the fan also indicates the relative number of TCs in that grid box compared to the entire region. The black and white arrows represent the mean vector direction
and magnitude of the TC movement.
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the grid boxes to the west of 135°E. Consequently, for the analyses presented in subsequent parts of this
paper, the Australian region has been categorized into two basins either side of 135°E in longitude: i.e., a wes-
tern basin (WEST; from 90°E to 135°E) and an eastern basin (EAST; from 135°E to 160°E). This boundary is
included in Figure 1a (red, dashed line), with the numbers originating and making landfall in the two basins
also included (red names and numbers). There are 288 and 176 TCs originating in theWEST and EAST regions,
respectively, with 34% and 56% of these making landfall.

Figure 2 shows the distribution of translational direction and speed for all TCs (black) and split into WEST (red)
and EAST (blue) basins. When considering the directional distribution for all tracks (Figure 2a), there is a peak
in the west to southwest direction, with this being associated with the larger number of TCs in WEST (where
the direction is predominantly west to southwest) than the EAST. In contrast, EAST shows a peak in east to
southeast direction. This difference between WEST and EAST is consistent to some degree with what could
be expected based on the presence of land, with the central location of the Australian continent acting to
favor longer westward tracks in WEST and longer eastward tracks in EAST, due to dissipation of TC intensity
over land. However, the actual reason may not be quite that simple. When this analysis is repeated using
information only from the initial 48 h or initial 24 h of the track (i.e., to reduce the potential influence of very
long tracks), the distribution (not shown) remains similar in shape to that in Figure 2.

The mean speed is approximately 4.3m s�1 for the entire Australian region, with values of 4.2m s�1 and
4.4m s�1 in the WEST and EAST basins, respectively (Figure 2b). These speeds are consistent with results pre-
sented inprevious studies [DareandDavidson, 2004]. EASThas a larger spread in the rangeof speeds that occur,
with relatively higher proportions of TCs at both tails of the speed distribution (i.e., very slow and very fast) as
compared toWEST.WESThasa largerproportionof TCsmovingat speedsbetween2m s�1 and6m s�1 (shown
by dashed lines in Figure 2b), while EAST has a larger proportion of TCsmoving at speeds outside of this range.

Figure 2. Distribution of (a) direction and (b) speed for all (black), EAST (blue), and WEST (red) basin TCs (1970–2012).
Normalized such that the sum of all bins for each basin equals unity. Dashed lines in Figure 2b at 2m s�1 and 6m s�1

referred to in the text.
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3.2. Intraseasonal Variation in Westward and Eastward Tracks

Forsubsequentanalysesthetrackdatahavebeencategorizedaswestwardoreastward,basedontheirnetdirec-
tionof zonalmotionover the initial 48 hperiod (as described in section 2.1). Figure 3 shows thenumberofwest-
ward andeastward tracks during the studyperiod, presented individually for eachmonth and for theWESTand
EASTbasins. InWEST,thereare213westwardand75eastwardmovingtracks,while inEASTthere isamoresimilar
proportion of westward and eastwardmoving TCs with 87westwardmoving and 89 eastwardmoving.

The increase in TC activity in the summer is clearly evident, with largest numbers occurring during January to
March. However, in WEST the number of eastward moving systems remains relatively constant between
December and April, with increases in the number of westward moving tracks occurring between January
and March. In EAST, the number of eastward moving tracks is highest in January and February, while the
number of westward moving systems is highest in February and March. The ratio of eastward to westward
moving systems is enhanced in EAST from January to March (Figure 3 and Table 2) relative to the months
before and after, with the largest percentage of eastward tracks occurring during January (i.e., 68%).

With the advance of the monsoon in December toward Australia, the monsoon shear line (Figure 4) moves
poleward bringing conditions that aremore favorable for TC formation north of the shear line, as well as bring-
ing westerly flow farther poleward, thereby enhancing the potential for eastward TC track directions. This cor-
respondswell with percentage of eastwardmoving TCs in EAST (Table 2) but notwith the location of formation
of these TCs which are generally south of the shear line. In WEST there is a decrease in the percentage of east-
ward TCs, especially poleward of 12.5°S during January and February which also cannot be explained by the
variations in themonsoon shear line and associated background steering flow. Alternatively, this is likely asso-
ciatedwith the location of formation of TCs at this time of the year. For example, Figure 4 shows the initial loca-
tion of the westward and eastward moving systems for the months from November to April and the average

Figure 3. Number of eastward (blue) andwestward (red) TC tracks, based on their net zonal moment during the first 48 h of
the track. This is shown individually for each month in (a) WEST and (b) EAST basins.

Table 2. Summary of Figures 3 and 4a

% of All Storms

Nov Dec Jan Feb Mar Apr

5 14 22 22 19 12

% E moving WEST/EAST 32 25 33 30 17 68 20 51 28 54 30 37

% E moving 0–12.5°S WEST/EAST 32 25 33 13 26 33 33 73 29 45 29 40

% E moving 12.5–25°S WEST/EAST n/a n/a 30 42 9 73 10 45 26 58 33 25

aPercentage of storms falling in each month from November to April and corresponding percentage of eastward moving tracks for the two basins, WEST and
EAST. Additionally the percentage of eastward moving systems split at 12.5°S is shown for WEST and EAST.
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location of the 850 hPamonsoon shear line. A southward shift in the location of origin is evident in the central
summermonths due to the poleward shift in location of themonsoon shear line. This poleward shift in genesis
results in TCs forming closer to land such that the appearance of more westward than eastward TCs in WEST
could result from eastward moving systems making landfall before developing into a TC. This is also true for
EAST with more eastward moving systems in the central summer months.

3.3. Influence of the MJO

The relationship between the MJO and the direction of movement of TCs in the Australian region is examined
in this section. Figure 5, summarized in Table 3, presents the westward and eastward tracks occurring during
the different phases of the MJO. Decreased activity in phase 8� 1 and increased activity in phase 4� 5 is
clearly evident, consistent with previous studies (such as Hall et al. [2001] and Camargo et al. [2009]). It is also
suggested from the results presented in Figure 5 and Table 3 that the ratio of eastward to westward moving
TCs differs between the different MJO phases in some cases.

Considering the results for WEST, there are relatively few eastward moving systems for phase 8� 1, with only
three of the total of 20 systems (i.e., 15%) moving eastward. The proportion of eastward systems increases
(to 21%) for phase 2� 3 (anomalous easterlies, see Table 1), particularly toward the western boundary of
WEST. For phase 4� 5 (anomalous westerlies), locations with a relatively high proportion of eastward mov-
ing systems extend across much of the western basin (representing 38% of all systems) but are confined to

Figure 4. Locations of TC origins for eastward (blue triangle) and westward (red circle) moving systems during the study period. Also shown for each month is the
number of westward and eastward moving TCs, listed separately for the western and eastern basins. The boundary line between WEST and EAST is shown at 135°E.
The black line indicates the average location of the monsoon shear line calculated from the 850 hPa winds.
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the eastern part of WEST for phase
6� 7 (representing 20% of all sys-
tems in the western basin). In the
weak MJO amplitude category
(Figure 5e), locations with relatively
high proportions of eastward moving
systems extend across much of
WEST, with a total of 25% of systems
moving eastward for this MJO cate-
gory in WEST. When split by latitude
at 12.5°S (Table 3), this increase
(decrease) in eastward TCs during
phase 4� 5 (8� 1) is not notably dif-
ferent between the northern and
southern regions, suggesting that
the latitudeof formation isnotplaying
a large role in the MJO influence on
directionofmovement.WhenTCgen-
esis is defined by intensity (see
section 2.1), the influence of the MJO
on the variation in track directions is
even more pronounced, with west-
ward to eastward track ratios of 12:1
and 26:15 for phase 8� 1 and phase
4� 5, respectively, with a clearer east-
wardpropagationof theproportionof
eastward moving TCs (while noting
the smaller sample size).

In EAST, there is some indication of
an influence of the MJO on track
direction, although the variations
are not as pronounced as the case
for WEST. However, there is some
suggestion in EAST of an increase in
the proportion of eastward moving
TCs during phase 6� 7 (anomalous
westerlies), with 22 eastward and 17
westward moving systems, while in
all other phases (including the weak
MJO category) the number of west-
wardmoving systems is slightly larger
than thenumber of eastward systems.

After accounting for variations in TC
numbers between different MJO
phases, the spatial distribution and
average latitude of formation is rela-
tively similar for each of the different
MJO phases. Similarly, the annual
cycle of the MJO and the months in
which each phase occurs is unable to
explain this variability, noting that
Wheeler et al. [2009] documented no
obvious phase locking to calendar

Figure 5. Westward (red) and eastward (blue) moving TCs during different
MJO phases. Also shown are the numbers of westward and eastward mov-
ing TCs in each case, listed separately for the western and eastern basins. The
boundary line between the WEST and EAST basins is shown at 135°E.
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date. Consequently, in contrast to the monthly analysis (Figure 4), the variations in TC track directions
categorizedbasedonMJOphasesareunable tobeexplainedbysystematicvariations ingenesis location in rela-
tion to the coast or latitude of genesis. Rather than being associated with variations in TC formation, the influ-
ence of the MJO on TC track direction in the western region is likely associated with other factors such as
variations of the broader-scale environmental conditions in response to the MJO.

Figure 6 presents the variation in the eastward component of the steering flow winds for different phases of
the MJO, noting that the MJO can be characterized in part by its influence on the background wind condi-
tions throughout the troposphere. The steering flow is calculated over latitudes from 20°S to 5°S as described
in section 2.2. The largest eastward component to the steering flow occurs in phase 4� 5 with 35% of the
total flow being westerly in WEST. In contrast, during phase 8� 1, the eastward component only accounts
for about 20% of the steering flow. In EAST the largest eastward component occurs in phase 6� 7, consistent
with the percentage of eastward moving TCs in this phase.

The mechanism for the change in steering flow in different MJO phases can be explained by the vertical and
longitudinal structure of the zonal wind anomalies associated with each of the MJO phases (Figure 7). These
zonal wind anomaly composites are constructed by removing the seasonal cycle and averaging over all days
that fall in a particular phase of the MJO. In phase 8� 1, corresponding to suppressed convective activity in
the Australia region (Table 1), the zonal wind anomalies are easterly in the WEST and westerly in the EAST,
extending from the surface up to around the 500 hPa pressure level throughout the main portion of the

Table 3. Summary of Figure 5a

Phase 8� 1 Phase 2� 3 Phase 4� 5 Phase 6� 7 Weak All

% All Storms 10 14 25 17 35 100

% E moving WEST/EAST 15 47 21 47 38 47 21 56 25 45 27 49

% E moving 0-12.5°S WEST/EAST 23 50 22 33 44 42 38 50 28 23 31 39

% E moving 12.5–25°S WEST/EAST 0 45 18 55 30 50 0 59 20 56 18 54

aSame as Table 2 but for storms in each MJO phase and for all phases.

Figure 6. Fraction of the steering flow that is eastward in different phases of the MJO, during November–April, within the
latitude range of 5°S and 20°S. The dashed horizontal lines show the mean for each region.
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atmosphere that drives TC motion [e.g., Chan, 2005]. The region of anomalous easterly flow propagates
eastward as indicated by increasing phase numbers of the MJO. In phase 2� 3, this anomalous westward
flow extends over the Australian continent (from about 120°E to 150°E). In phase 4� 5, anomalous westerly
winds become apparent in the western part of the Australian region, resulting in a more prevalent eastward
component of the steering flow (Figure 6) and an increased proportion of eastward moving TCs (Figure 5).

4. Discussion and Conclusions

Climatological examinations of TC activity in the Australian region were presented, with a particular focus on
the variability of TC track directions. Climatological maps were shown detailing the full spectrum of TC track
directions throughout the region (Figure 1), including the distribution of translational speed in each direction.
The seasonal variability in TC track directions was also investigated, including an examination of the factors
associated with this variability such as the influence of the MJO.

The benefits of considering the full spectrum of TC track directions rather than mean direction were clearly
demonstrated, particularly in cases such as for the region near the Gulf of Carpentaria (around 140°E) where
there was a nearly equal proportion of eastward to westward moving systems which cancel each other out in
zonal direction when averaged together (Figure 1b). The track characteristics of the TCs presented here indi-
cate that a longitude of 135°E represents a boundary between TCs that are more similar to those of western
and eastern Australia, respectively. TC tracks west of this line tend to have a directional spectrummore domi-
nated by a westward component than east of this line where there is an almost equal proportion of eastward
and westward moving systems. Consequently, these results suggest the use of this line of 135°E longitude for

Figure 7. Composite longitude-pressure plots of zonal wind anomalies for different phases of the MJO, averaged over the
latitude range of 5°S to 20°S during the study period.
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climatologically defining TC basin boundaries and characteristics, based on considerations of TC track
directional variability.

It was demonstrated that there is a considerable degree of variability in TC track directions in this region.
During the middle of the TC season (January–March), there is a greater proportion of westward moving
TCs in the western basin, as well as eastward moving TCs in the eastern basin. This variation is consistent
with a southward shift in the location of genesis during the middle of the TC season (Figure 4), consistent
with the shift in the monsoon shear line, resulting in more systems with the potential to develop occurring
closer to land, thereby favoring the formation of systems that remain over water due to motion away from
the continent.

In addition to the aforementioned seasonal variations that are relatively fixed with respect to particular
months within the TC season, the MJO was also found to influence TC track direction in the Australian region.
This is a somewhat different result to that of Hall et al. [2001] who found no significant relationship between
track direction and the phases of theMJO, while noting differences in themethodology used. Hall et al. [2001]
used the average TC track direction over 10° × 10° boxes, in contrast to the method used here which consid-
ers individual TC directions, as well as noting the longer time period of available data used. We demonstrated
that the influence of the MJO on track directions in the western part of this region is consistent with MJO-
related variations in the background environmental winds (steering flow). Anomalous eastward steering flow
occurs during phase 4� 5 and anomalous westward flow during phase 8� 1 in WEST, with resulting changes
in the proportion of TC tracks in each direction during these phases of the MJO.

In contrast to some previous studies that have used a cluster analysis method to classify TC tracks [Chand and
Walsh, 2010; Ramsay et al., 2012], here we applied a relatively simple method of classification as either west-
ward or eastward based on the initial net zonal motion during the first 48 h of the recorded track. While noting
that there canbebenefits tousinga rangeofdifferent analysismethods (e.g., dependingona specificpurpose),
the relative simplicity of the classificationmethodusedhere reduces the risk of potentially introducing artifacts
resulting from the use of highly complex methodologies and allows results to be easily reproduced.

The results presented here indicate a considerable degree of variation in TC tracks in this region, with plau-
sible physical reasons for these variations being suggested. Consequently, this study indicates the potential
for improved predictive capacity in relation to aspects of TC activity in this region, including in relation to TC
track directions. It is intended that these results will be of use for providing guidance for operational predic-
tive services in this region, as well as potentially forming the basis for the future development of predictive
tools relating to TC track direction variability at intraseasonal time scales. Recent initiatives such as the Sendai
Framework for Disaster Risk Reduction [Aitsi-Selmi et al., 2015] highlight that improved knowledge of the
characteristics of extreme phenomena such as TC activity is important in a changing environment, particu-
larly for improving predictive capacity to reduce risk and increase resilience to the impacts these events
can have on various regions throughout the world.

There is a considerable scope for further investigations into the factors that influence TC track variations in
this region, particularly on intraseasonal time scales. For example, the ability of dynamical and/or statistical
predictive models to represent intraseasonal variations in TC track directions associated with the influence
of the MJO on TC steering flow could be examined, with this representing a required step for assessing
the applicability of the results presented here in an operational context. Additionally, the influence of the
MJO on recurvature could also be investigated in relation to the observed intraseasonal variations in TC tracks
in this region. Furthermore, as ENSO and the Indian Ocean Dipole (IOD) are dominant modes of variability on
seasonal scales, with significant influences of background environmental conditions of relevance to the
modulation of a number of different aspects of TC activity, the interactions between the MJO and these
seasonal modes of variability could potentially be of importance in relation to an improved understanding
of the drivers and predictability of variability in TC tracks.
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