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ABSTRACT

Cyclones can be identified from gridded pressure data at different levels of the troposphere, with vertical

structure known to influence the temporal development and impacts of midlatitude cyclones. However,

studies of midlatitude cyclones typically focus on cyclones identified at a single atmospheric level. This

paper examines how the frequency of vertically organized or deep cyclones varies around the world, with a

focus on southeastern Australia. About 50% of global cyclones identified from mean sea level pressure

show a coherent vertical structure extending to at least 500 hPa, based onERA-Interim reanalysis data, and

shallow cyclones are most common in the global midlatitudes. Using a combination of reanalysis data

and satellite-based rainfall and lightning, we show that in southeast Australia deep cyclones have higher

intensities, longer durations, and more severe winds and rainfall than either shallow surface cyclones or

upper-level cyclones with no surface low, motivating a three-dimensional approach for future cyclone

analyses.

1. Introduction

Intense low pressure systems are a common occur-

rence in the global midlatitudes and extratropics, where

they can cause severe weather including heavy rainfall,

strong winds, and large waves (Leckebusch and Ulbrich

2004; Pfahl andWernli 2012; Dowdy and Catto 2017). In

southeastern Australia, the midlatitude cyclones locally

known as east coast lows (Dowdy et al. 2019) have been

shown to cause the majority of coastal floods (Callaghan

and Power 2014), large waves (Dowdy et al. 2014), and

shipwrecks (Callaghan and Helman 2008), as well as

being critically important for rainfall variability and dam

inflows (Pepler and Rakich 2010).

Owing to their significant impacts, as well as their

important role in the poleward transport of heat and

momentum (Chang et al. 2002), extratropical cyclones

have been broadly researched across the globe. The

majority of studies identify cyclones based on a closed

circulation or vorticity maxima close to the surface,

typically from gridded fields of sea level pressure or

850-hPa geopotential height from one ormore reanalyses

and using one of several automated tracking methods

(e.g., Hoskins and Hodges 2002; Wernli and Schwierz

2006;Murray and Simmonds 1991). Strong and long-lived

cyclones tend to be consistently identified, but choices of

tracking method, data source, and resolution can have a

large influence on the detection of weaker systems (Neu

et al. 2013; Pepler et al. 2015; Di Luca et al. 2015).

While cyclones are typically identified from surface

fields, the vertical structure of a cyclone is known to

play a major role in its development and impacts.

Midtropospheric fields are frequently used to classify

cyclones into subtypes, including by segregating into

warm-core, cold-core, and hybrid systems (Hart 2003;

Evans and Boyer-Souchet 2012; Yanase et al. 2014;

Cavicchia et al. 2019; Quinting et al. 2019) and by using

clustering approaches (Catto 2018; Graf et al. 2017).

Case studies of severe and impactful cyclones in multi-

ple regions have shown that these are typically associ-

ated with strong cyclonic vorticity near 500 hPa, often

with a strong upper trough or cutoff low (Mills et al.

2010; Flaounas et al. 2015). This has led to 500-hPa

geostrophic vorticity being applied as an indicator of

likely surface cyclogenesis and associated severe weather

conditions for model evaluations and climate projections,

in part due to the larger spatial scale of upper cyclones

(Dowdy et al. 2013b, 2014).

Compared to surface cyclones, fewer studies have

explicitly identified and tracked cyclones at upper levels
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of the atmosphere, despite the importance of upper

cyclonicity for surface cyclone development (Keable

et al. 2002; Fuenzalida et al. 2005; Lim and Simmonds

2007). The University of Melbourne cyclone tracking

scheme applied in this paper has previously been used

for vertical tracking in the Southern Hemisphere (Lim

and Simmonds 2007) and for explosive cyclones in the

Mediterranean (Kouroutzoglou et al. 2012, 2015). For

the Southern Hemisphere, Lim and Simmonds (2007)

showed that cyclones are most common at the surface

and at 500hPa, with a minimum in cyclone frequency at

700 hPa, and that 52% of Southern Hemisphere cy-

clones can be considered ‘‘vertically well organized,’’

extending from the surface up to 500 hPa. However,

while they identified the vertically well-organized cy-

clones as typically larger, more intense, and longer-lived

than shallower cyclones, any differences between verti-

cally organized and shallow cyclones in surface impacts

remain unclear. More recently, Lakkis et al. (2019) have

developed a more complex 4D cyclone tracking scheme

based on the methods of Hoskins and Hodges (2005),

which was applied over the Southern Hemisphere for

the season June–August 2015.

In this study, we first build on the results of Lim and

Simmonds (2007) for the Southern Hemisphere to show

the global distribution of cyclones at various vertical

levels, and how the relative frequency of vertical orga-

nization varies across the globe. In sections 5 and 6 we

then focus on southeastern Australia, where both sur-

face and 500-hPa fields have been used when analyzing

cyclone frequency, to quantify the role of cyclone ver-

tical structure on the impacts of cyclones near the sur-

face, including how the vertical structure and impacts

of a cyclone develop over time. The results highlight the

potential benefits of using multiple atmospheric levels

for tracking and analysis of cyclones.

2. Methods and data

Cyclones are identified using 6-hourly 0.758 resolution
gridded mean sea level pressure (MSLP) and the 925-,

850-, 700-, 600-, 500-, 300-, and 200-hPa geopotential height

(GPH) fields from the ERA-Interim reanalysis (Dee et al.

2011; ECMWF 2009). This is one of the most widely used

reanalyses, and was chosen due to its high resolution and

good skill at representing global climate including cyclones

and other synoptic systems (Wang et al. 2006; Tilinina et al.

2013; Rudeva and Simmonds 2015). For some results ana-

lyses are shown for twohalf-yearsMay–October (MJJASO)

and November–April (NDJFMA) to capture the distinct

seasonal patterns in each hemisphere.

There are a large number of cyclone tracking schemes

available, with general agreement between methods for

strong cyclones and higher uncertainty for weaker and

shallower systems (Neu et al. 2013; Pepler et al. 2015).

While each method has advantages and disadvantages,

for this paper we use the well-established University

of Melbourne cyclone tracking scheme (Murray and

Simmonds 1991; Simmonds et al. 1999; Simmonds and

Keay 2000). This method has been widely used for

studies of cyclone behavior across the globe (Jones and

Simmonds 1993; Pezza and Ambrizzi 2003; Allen et al.

2010; Grieger et al. 2014; Pinto et al. 2005; Mesquita

et al. 2009; Simmonds and Rudeva 2014), including

studies of the vertical structure of cyclones with altitude

(LimandSimmonds 2007;Kouroutzoglou et al. 2012, 2015).

The cyclone tracking scheme can be applied to any

gridded field, including MSLP and GPH at different

pressure levels. The tracking scheme first bilinearly

regrids this data onto a polar stereographic grid for each

hemisphere, with the grid in this study chosen to give an

effective resolution of 0.58. Diffusive smoothing is also

applied with a radius of 0.58 to minimize the influence of

erroneous gridscale lows that can be common in some

reanalyses (Pepler et al. 2018). Cyclones are first iden-

tified as maxima in the Laplacian of the field, with

an iterative technique then employed to identify a cor-

responding pressure minimum from a spline-fitted pres-

sure field, which can be either a closed or open circulation.

Cyclones are then filtered based on the average Laplacian

within a 28 radius, with additional filtering of cyclones

identified from MSLP data to remove erroneous lows

in the presence of topography above 1000m. Finally,

cyclones are grouped into events using a probability

matching function.

For this paper, cyclones were initially required to

exceed a minimum Laplacian of 10m (degrees lat-

itude)22, which is equivalent to 1.2 hPa (degrees lat-

itude)22 at sea level using the hydrostatic equation.

Both closed and open cyclones are included in the anal-

ysis, noting that strong upper-level geostrophic vorticity

has been used as a diagnostic of both open and closed

lows in eastern Australia (Dowdy et al. 2011, 2014).

Additionally, distinguishing closed from open systems

can be sensitive to data source, although results presented

in this study were checked and found to be broadly sim-

ilar when restricted to closed cyclones only. For com-

pleteness, we present results for cyclones across the globe,

rather than arbitrarily selecting a latitude at which to stop

tracking. However, it is important to note that the

tracking method has been optimized for cyclones that

occur outside the tropics and that the occurrence of cy-

clones in the tropics may be underestimated, particularly

those tropical cyclones with relatively small radii.

In addition to the constant threshold, for sections 4–6

we applied height-varying intensity thresholds based on
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the average Laplacian within a 28 radius of the cyclone

center (Table 1) to give a constant number of east coast

lows (ECLs) in the region 258–408S, 1488–1608E at each

level, as the frequency of cyclones for a constant

threshold is lowest at middle levels of the atmosphere

(Lim and Simmonds 2007). No minimum duration

thresholds are required, in order to avoid unnecessarily

breaking the vertical tracking of cyclones in cases where

cyclone tracks are inappropriately broken in time, such

as due to merging and splitting of cyclone tracks, which

can affect up to 20% of cyclones using an older version

of this tracking method (Pepler and Coutts-Smith 2013).

Vertical tracking in this paper follows the approach

used in Lim and Simmonds (2007), but cyclones are both

tracked upward from the surface and downward from

the 500-hPa level. Vertical tracking is performed for

each instance of a cyclone rather than just at themoment

of maximum intensity. For each cyclone identified at the

surface (or 500 hPa), we search for a corresponding cy-

clone within a 500-km radius at the next vertical level.

If a ‘‘partner’’ cyclone was found, the subsequent level is

then searched for a cyclonewithin a 500-km radius of the

partner cyclone. This is continued until there is no

partner cyclone identified at a given level. While surface

cyclones are traced to as high as 200hPa, upper-level

cyclones are only traced downward from 500hPa, as

500hPa has been previously used as a level for identi-

fying upper-level cyclones that may have surface im-

pacts (Dowdy et al. 2014; Pook et al. 2014). This vertical

tracking is illustrated in Fig. 1. The choice of a constant

500-km radius is somewhat arbitrary, similar to the

constant radius of 444km used in Lim and Simmonds

(2007). While a variable radius that accounts for the

different height differences between levels was tested as

per Kouroutzoglou et al. (2012), it made little difference

to results.

Throughout this paper we will discuss five subcate-

gories of cyclones, indicated in Fig. 1. Similar to Lim and

Simmonds (2007), analysis in this paper will focus on the

subsets of ‘‘surface’’ cyclones including ‘‘shallow surface

cyclones’’ (below 850hPa) and ‘‘deep surface cyclones’’

(MSLP . 500 hPa), although some results will also be

presented for cyclones of intermediate depth (‘‘midlevel

cyclones’’) where a surface low is tracked to 700 or

600 hPa but does not have a corresponding 500-hPa

‘‘upper’’ cyclone. In addition, we will show results

for ‘‘shallow upper cyclones,’’ which are identified at

500 hPa but have no surface low (i.e., the lowest level

is 700 hPa or higher), and ‘‘deep upper cyclones’’

(500 hPa / MSLP).

Analysis is performed both on individual cyclone in-

stances and using an event-based framework that ac-

counts for the vertical development of cyclones over

time, with events classified as shallow or deep based on

their deepest instance (i.e., a surface cyclone that is

tracked to 500hPa at any point during its lifetime is

considered a deep surface cyclone).

For each cyclone, the automated cyclone tracking

scheme also records the central pressure/height, the

average Laplacian within a 28 radius of the center, the

effective radius of the cyclone, and the depth (in hPa or

m) between the cyclone center and the average field at

the edge of the cyclone, as described in Simmonds and

Keay (2000). Cyclones near the east coast of Australia

are also classified into warm core, cold core, or hybrid

systems as per the Hart (2003) phase space using data

from Cavicchia et al. (2019), with events grouped based

on the dominant phase space category across times

within the region of interest.

Several cyclone-centered fields are obtained for a 108
radius around each cyclone within the Australian re-

gion, with the average and maximum of the field over a

58 radius from the cyclone center calculated as an indi-

cator of the cyclone impacts. From ERA-Interim, we

obtain the MSLP and 500-hPa GPH, the zonal and

meridional components of the 10-m wind (U10/V10) as

well as the scalar wind speed (WS), and the total column

water (TCW). To help examine the environmental

conditions associated with ECLs, we also calculate the

700-hPa Brunt–Väisälä frequency (BV700) and con-

vective available potential energy (CAPE) as measures

of atmospheric stability. We use the ‘‘most unstable’’

CAPE, which is calculated using the most unstable level

based on maximum equivalent potential temperature.

To supplement the ERA-Interim fields, instantaneous

rain rates were also obtained from the Tropical Rainfall

Measuring Mission (TRMM) multisatellite precipitation

analysis 3B42V7 (Huffman et al. 2007; TRMM 2011) at a

TABLE 1. Height-varying intensity thresholds (m) used for vertically tracking cyclones in the ECL region (258–408S, 1488–1608E) and their
average frequency of occurrence, shown for the six pressure levels used in this study.

MSLP 925 hPa 850 hPa 700 hPa 600 hPa 500 hPa 300 hPa 200 hPa

Threshold (m) 12 (1.4 hPa) 12 10.5 10 13 18.5 23.5 55

Events per year 28.6 27.0 27.6 26.8 27.6 27.8 26.2 31.5

Hours per year 79.1 83.1 88.1 83.3 80.2 74.4 36.8 37.0

Days per year 36.9 36.1 37.5 37.5 38.4 36.6 74.9 64.0
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0.258 resolution between 1998 and 2015, which was

available for 99% of surface ECLs during this period.

Additionally, lightning stroke counts within 63 h of

the observation time were obtained from the World

Weather Lightning Network (WWLN; Hutchins et al.

2013; Virts et al. 2013) between 2005 and 2015, noting

that a single lightning flash as perceived from a human

eye can sometimes contain multiple lightning strokes

(known as flash ‘‘multiplicity’’).

3. Cyclone climatology with height

a. Broad-scale features for individual levels

Figure 2 shows the average number of cyclones

identified per year across the globe for each vertical

level, using a constant intensity threshold with height of

1.2 m (degrees latitude)22. Globally, cyclones are most

common in the main midlatitude storm tracks, particu-

larly at the surface and 500 hPa, with lowest occurrence

FIG. 1. Schematic showing the vertical tracking process and the levels included for each

subcategory of cyclone. Stars indicate the location of a low at each level, relative to the 500-km

searching radius.On the right, lines are solid for levels towhich the cyclonemust be tracked, and

dashed for optional levels where cyclones that fail to reach that level are still incorporated in the

category. For example, a midlevel cyclone must be tracked from the surface to at least 700 hPa,

and cyclones that reach 600 hPa are also included in the category.

FIG. 2. Average frequency of cyclones [centers (degrees latitude)22] in ERA-Interim between 1979 and 2016 at different vertical levels

during (top) May–October and (bottom) November–April. Solid contours show frequencies of 0.05 centers (degrees latitude)22 and then

every 0.5 using a 58 averaging window.
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frequencies observed at 700hPa, consistent with Lim

and Simmonds (2007). At all levels, cyclones are most

common during the cool half of the year in both hemi-

spheres, noting that this tracking scheme is not designed

for tropical cyclones and is run on a polar stereographic

grid and so may underestimate cyclone frequencies in

the tropics.

Globally, cyclones tend to have larger radii and

longer durations when identified at higher altitudes

than lower altitudes (Table 2), noting that data for

MSLP cyclones exclude all cyclones identified at ele-

vations above 1000m. Cyclones identified at 700 hPa

have the lowest average intensities and movement

speeds and are the most likely to have closed circu-

lations, whereas at 500 hPa close to half of all

identified cyclones have open circulation. Cyclones

identified at 200 hPa have very different character-

istics from cyclones identified at 500 or 300 hPa, with

fewer cyclones identified but much larger mean in-

tensities and radii.

b. Vertical structure of individual cyclones

Globally, 50.4% of cyclones identified from surface

MSLP are tracked to 500 hPa when using a constant

intensity threshold with height, including 52% in the

Northern Hemisphere and 49% in the Southern

Hemisphere, similar to the previously reported values

of 52% for the Southern Hemisphere in Lim and

Simmonds (2007). The proportion of cyclones that are

vertically organized is smaller (42.4%) if vertical track-

ing is started at 500 hPa, which is unsurprising as the

overall number of cyclones identified at 500hPa is 33%

higher than at the surface. Cyclones are most likely to be

vertically organized in the extratropics, while shallow

surface cyclones are more common in the subtropics

(Fig. 3). Shallow surface cyclones are particularly com-

mon east of Japan and the United States, where the

warm Kuroshio and Gulf Stream could help influence

cyclogenesis (Hirata et al. 2015; Nelson andHe 2012), as

well as over continental Australia during the summer

months where weak heat lows are a common phenom-

enon (Lavender 2017).

As shown in Fig. 3, the Southern Hemisphere has

more zonally consistent features than the Northern

Hemisphere. Deep cyclones are more common at higher

latitudes in both hemispheres and in both seasons,

while a relatively high proportion of deep cyclones close

to the equator during the local warm season may reflect

the detection of some tropical cyclones. Deep cyclones

are also relatively common in the Tasman Sea east of

Australia as well as east of South America and in the

poleward part of the North Atlantic and North Pacific

storm tracks. Interestingly, however, a large proportion

of cyclones identified from MSLP off the east coasts of

the United States and Japan are shallow systems.

4. Australian east coast lows

A hot spot of cyclone activity can be observed in the

Tasman Sea between southeastern Australia and New

Zealand at all levels, especially during the cool season

May–October, with cyclones over the Australian land-

mass more common at higher levels (Fig. 2). This has

been noted previously (Dowdy et al. 2013b), with cutoff

cyclones known to move across southeastern Australia

prior to developing an associated surface cyclone off the

east coast (Mills et al. 2010). Upper-level cyclones in the

Tasman Sea are also more likely to be deep than in most

other areas of the globe at the same latitude (Fig. 3).

This means that there is an annual average of 0.28 deep

surface cyclones (deg. lat.)22 in the region 258–408S,
1488–1608E, compared to a global average of 0.22 cy-

clones (degrees latitide)22 at the same latitude.

The following sections focus on cyclones in the region

258–408S, 1488–1608E to allow a more detailed analysis,

including exploring the impacts and localized environ-

mental conditions. This region has been explored pre-

viously from both a surface and upper-level perspective

in individual studies on cyclones [known as east coast

lows (ECLs)]. However, here we examine conditions

TABLE 2. Selected statistics for global cyclones identified at different vertical levels. Note that the MSLP cyclone tracking excluded any

cyclones identified at elevations above 1000m.

MSLP 925 hPa 850 hPa 700 hPa 600 hPa 500 hPa 300 hPa 200 hPa

Events per year 15 107 18 179 13 348 9465 10 516 13 142 17 511 6553

Average duration (h) 24.1 20.8 22.5 26.4 28.0 30.5 26.9 14.5

Total instances per year 60 377 81 196 63 505 51 140 59 486 80 000 95 860 19 972

Average Laplacian [hPa (degrees

latitude)22]

17.7 16.7 16.7 16.5 16.8 18.3 19.0 84.4

Average radius (degrees) 3.2 2.9 3.2 3.7 3.9 3.8 3.9 8.9

Average velocity (kmh21) 44.2 35.9 35.5 34.5 37.2 40.4 39.6 33.6

% of instances with closed circulation 65% 67% 69% 69% 61% 52% 45% 47%

% May–October (SH) 57% 57% 57% 57% 57% 56% 52% 44%

% November–April (NH) 59% 51% 52% 54% 55% 55% 45% 28%

1 JULY 2020 P E PLER AND DOWDY 5639



throughout many levels of the troposphere in combi-

nation with each other, to investigate relationships be-

tween cyclone depth and associated severe weather

conditions for this region.

As the number of cyclones in a given region varies

with height, for the ECL region we vertically track cy-

clones using a height-varying intensity threshold that

gives similar cyclone frequencies at each level, as

explained in section 2 (Table 1). In this region there is

strong agreement between cyclones identified at adja-

cent vertical levels, with 83% of surface cyclones iden-

tified up to 850 hPa and 83% of cyclones identified from

500-hPa GPH data also apparent at 600 hPa (Table 3).

However, only a third of cyclones can be considered as

deep cyclones, with a center identified at every level

betweenMSLP and 500hPa.When aggregated using the

Hart (2003) phase space, shallow surface cyclones are

found to be predominantly cold core, with cold core

cyclones also forming more than 60% of cyclones that

are tracked to 200 or 300 hPa (Table 4). In comparison,

the majority of midlevel cyclones have hybrid charac-

teristics, with a shallow warm core and upper cold core.

When we look at ECLs as tracked events, more than

half of ECLs identified initially from either MSLP or

from 500-hPa geopotential height are part of events that

can be tracked for over 48 h (Table 5). In both cases,

longer cyclones are more likely to be vertically con-

nected between MSLP and 500 hPa at some point while

in the ECL region, while short-lived cyclones are more

likely to be shallow. Similar results are seen if we sep-

arate events by their length of time within the ECL re-

gion: of systems that spend at least 24 h in the ECL

region, only 7% of surface systems and 14% of upper

systems are shallow, compared to more than 60% of

systems only identified at a single instance.

Examining the different average seasonality observed

at different vertical levels (Fig. 4), 64%–66%ofmidlevel

and deep surface cyclones, and 73% of shallow upper

FIG. 3. Proportion of (left) surface and (right) 500-hPa cyclones in ERA-Interim between 1979 and 2016 that are vertically well organized

during (top) May–October and (bottom) November–April. Solid contours are shown every 20% using a 58 averaging window.

TABLE 3. Proportion of surface (or 500 hPa) cyclones in the ECL region that can be tracked vertically to at least a given level.

MSLP 925 hPa 850 hPa 700 hPa 600 hPa 500 hPa 300 hPa 200 hPa

Surface cyclone 100% 87% 83% 66% 47% 31% 24% 10%

Upper cyclone 36% 42% 46% 62% 83% 100%
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cyclones, occur between May and October. In compar-

ison, shallow surface cyclones are most common during

austral spring and early summer and least common

during June. Upper cyclones are most likely to be shal-

low if they are located over the Australian continent,

and shallow upper cyclones are less common over the

Tasman Sea (Fig. 5). This is broadly similar to the con-

ceptual ideas presented in Mills et al. (2010), who

showed for several case studies that the upper-level

cyclones frequently move eastward across southeast

Australia prior to developing an associated surface low

as they approach the Tasman Sea, under favorable

conditions. In comparison, surface cyclones are most

likely to be shallow near the coast, possibly suggesting

a tendency to develop in coastal troughs or onshore

easterly flow.

Compared to shallow surface cyclones, midlevel and

deep surface cyclones also have higher intensities and

longer durations, and are more likely to have closed

circulation at MSLP in at least one instance (Table 6).

They also have slightly slower movement speeds, and

spend almost 5 times as long in the ECL region. While

shallow upper cyclones have longer overall durations,

they move significantly faster and spend less time in the

ECL region. As with shallow surface cyclones, shallow

upper cyclones are also less likely to have closed circu-

lation and are less intense (i.e., have lower maximum

Laplacians) than deep upper cyclones.

5. East coast low impacts

Table 6 shows that surfaceweather conditions aremore

severe for shallow surface lows than shallow upper lows.

Surface wind speeds are strongest for deep cyclones,

whether the cyclone is initially tracked at the surface or

at upper levels. The heaviest surface rain rates are also

observed for surface cyclones that can be tracked ver-

tically to themidtroposphere (midlevel and deep surface

cyclones). This is consistent with previous case studies

and examination of ECLs that have caused severe im-

pacts on this region, as many of the most intense and

damaging ECLs have had clear cyclones identified at

multiple layers of the atmosphere, including the ‘‘Pasha

Bulker’’ storm of June 2007 and the ‘‘swimming pool’’

storm of June 2016 (Dowdy et al. 2019). Thus 500-hPa

vorticity has been previously found to be a good indi-

cator of severe ECLs (Mills et al. 2010; Dowdy et al.

2013a). As the impacts of cyclones are often poorly

correlated with their intensity at the surface (Pepler and

Coutts-Smith 2013), it is important to understand how

the vertical structure of cyclones can influence their

impacts at the surface. The maximum rain rates for deep

cyclones identified from upper levels are typically lower

than for deep surface cyclones, which may relate to their

asymmetrical vertical structure, discussed in section 6.

Compared to shallow surface cyclones, deep surface

cyclones (that are identified up to 500hPa) tend to have

stronger intensities at MSLP as well as stronger mean wind

speeds throughout the year (Table 6). At the time of maxi-

mum cyclone intensity (Fig. 6), the average wind speed

within 500km of the cyclone center is 11.7ms21 for deep

surface cyclones compared to 9.6ms21 for shallow surface

cyclones. In comparison, shallow upper cyclones have rela-

tively weak surface wind speeds, although they may have

stronger winds at upper levels than shallow surface cyclones.

Throughout the lifetime of the cyclone, deep and

midlevel cyclones have higher maximum rain rates than

shallow surface cyclones, both when calculated as the

TABLE 4. Proportion of cold core, warm core, and hybrid cyclones in the ECL regions using the Hart (2003) phase space, separated by the

maximum vertical level to which the cyclone can be traced.

All MSLP 925 hPa 850 hPa 700 hPa 600 hPa 500 hPa 300 hPa 200 hPa

Cold core 55% 78% 74% 64% 40% 31% 50% 62% 67%

Hybrid core 42% 22% 25% 36% 60% 60% 39% 36% 33%

Warm core 3% 0% 1% 0% 1% 9% 11% 2% 1%

TABLE 5. Event-based cyclone frequency and proportion of systems that are shallow or deep (as defined in Fig. 1), separated by event

duration.

Surface cyclones Upper cyclones

,24 h 24–48 h .48 h ,24 h 24–48 h .48 h

Events per year 7.4 7.4 13.8 3.7 4.2 20.0

Hours in ECL region (per year) 10.3 18.2 50.6 4.7 7.7 62.1

Shallow % 52% 43% 24% 69% 75% 44%

Deep % 30% 28% 45% 25% 24% 48%
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heaviest point rainfall and when averaged over a 500-km

radius around the cyclone (Table 6). In addition, as deep

surface cyclones persist in the ECL region for longer (as

shown in Table 6) than shallow surface cyclones, the

average rainfall accumulation within 500 km of the cy-

clone center is more than double the average shallow

surface cyclone. This highlights the importance of these

deep systems for longer-duration events that can produce

large accumulated totals in some regions, as can be im-

portant for streamflow and water availability in this re-

gion. When deep cyclones are first identified at 500hPa

rather than at the surface (deep upper cyclones), the peak

rain rates are lower than if identified at the surface,

likely because the vertical tilt of the cyclonemeans some

of the rainfall is displaced more than 500 km from the

upper low. In comparison, shallow upper cyclones have

much lower rain rates than any of the surface systems,

with average total rainfall accumulations of just 2.8mm.

Figure 7 shows the averageMSLP, 500-hPa GPH, and

TRMM rain rates for the time of peak rainfall around

cyclones with different vertical structures. Compared to

Fig. 6, the surface circulation at the time of maximum

rain rate is slightly weaker and the upper-level trough or

cyclone is located farther westward of the cyclone cen-

ter. Heaviest rain rates are typically located to the south

of the cyclone center for midlevel or deep surface cy-

clones, but are generally to the east of the cyclone center

for shallow surface and shallow upper systems. While

average rain rates are lower for shallow surface cyclones

than deep systems, they produce consistently heavier

rain rates than shallow upper cyclones, with a quarter

of shallow surface cyclones producing heavy rainfall

(Table 6). Rain rates are particularly low for shallow

upper cyclones, with rain rates within 1000km of cy-

clones typically below 1mmh21, resulting in larger un-

certainty as to the occurrence of rainfall in both satellite

and reanalysis datasets.

FIG. 4. Average number of cyclones per month in the ECL region,

1979–2016, stratified by their vertical structure.

FIG. 5. Average frequency of cyclones [centers (degrees latitude)22, using a 28 smoothing radius] between 1979 and 2016 for (top)

May–October and (bottom) November–April.
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The average circulation patterns for cyclones that

produce heavy rainfall (Fig. 8) are broadly consistent

with those shown for all cyclones, with heaviest rainfall

to the south of the cyclone center for deep surface cy-

clones but farther east for shallow surface or shallow

upper cyclones. To examine the environmental condi-

tions associated with ECL rainfall, total column water

vapor, CAPE, and lightning stroke counts are also

shown. ECLs with heavy rainfall are consistently asso-

ciated with high values of total column water, particu-

larly to the east and north of the cyclone, but also close

to the cyclone center in the case of deep cyclones.

However, they have very different patterns of convec-

tion depending on their vertical structure.

In the case of midlevel and deep surface cyclones,

lightning is concentrated in the warm sector of the

TABLE 6. Statistics for ECLs by their maximum depth, as defined in Fig. 1. Average and maximum wind/rain rates for each cyclone are

calculated over a 500-km radius around the cyclone center. ECLs are considered to have heavy rainfall if the maximum rain rate is at least

25mmh21 or the maximum average rain rate is at least 1.5mmh21. Statistical significance between the ‘‘shallow’’ and ‘‘deep’’ subsets is

tested using a two-tailed two-sample Mann–Whitney U test for means and a two-tailed two-proportion Z test for proportions. In the

‘‘shallow’’ column for both surface and upper cyclones, statistical significance is indicated with italics for p, 0.05 and bold for p, 0.001.

Shallow surface

cyclones

Mid-level

cyclones

Deep surface

cyclones

Deep upper

cyclones

Shallow upper

cyclones

Events per year 10.5 7.7 10.4 11.4 14.5

Proportion in May–October 52% 63% 66% 64% 73%

Proportion ever closed 78% 88% 85% 86% 51%

Duration (h) 37.3 62.0 60.7 96.3 67.9

Time in ECL region (h) 3.8 13.4 15.3 15.6 5.4

Maximum Laplacian in ECL

region

13.8 19.1 21.6 28.1 23.2

Speed in ECL region (kmh21) 27.8 26.6 24.4 37.8 51.7

Highest mean ERAI wind

speed (m s21)

9.6 10.8 11.7 11.2 9.2

Highest mean TRMM rain

rate (mmh21)

0.9 1.1 1.2 0.8 0.3

Maximum TRMM rain

rate (mmh21)

15.7 19.3 20.4 16.7 10.7

Mean total TRMM rainfall (mm) 7.4 14.6 17.4 10.9 2.8

Proportion with heavy rainfall 26% 36% 42% 16% 8%

FIG. 6. 10-m wind speed (m s21; shaded), MSLP (black), and 500-hPa geopotential height (red) at the instance of highest Laplacian

within the ECL region based on cyclone vertical structure in (top) May–October and (bottom) November–April. Fields are composited

for a radius of 108 around the cyclone center, with longitude shown on the x axis and latitude on the y axis.
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cyclone, with 42% of low-rainfall and 53% of heavy-

rainfall cyclones recording more than 100 lightning

strokes at the time of peak rainfall intensity. Lightning

plays a more important role in shallow cyclones: 72% of

shallow surface cyclones with heavy rainfall recorded

more than 100 lightning strikes, with an average of 1478

strikes, compared to 656 strikes for surface cyclones

without heavy rain (p 5 0.027 using a two-tailed t test).

Similarly, 80% of shallow upper cyclones with heavy

rainfall recordedmore than 100 lightning strikes, with an

average of 1062 strikes compared to 264 strikes for cy-

clones without heavy rain (p , 0.001). This shows that

convection plays an important role in the generation of

rainfall from cyclones, consistent with previous studies

FIG. 7. TRMMrain rate (mmh21; shaded),MSLP (black), and 500-hPa geopotential height (red) at the instance of highest average rainfall

rates within the ECL region based on cyclone vertical structure in (top) May–October and (bottom) November–April.

FIG. 8. Environmental characteristics at the instance of highest average rainfall rates, averaged for all cyclones that produced heavy

rainfall within the ECL region, shown individually for cyclones of different vertical structures. (top) TRMM rain rate (mmh21; shaded),

MSLP (black), and 500-hPa geopotential height (red) and (bottom) ERA-Interim total columnwater (kgm22; shaded) andmost unstable

CAPE (black; every 100 J kg21), and proportion of cyclones with lightning detected (red; every 10%, smoothed). The number of events in

each group with rain data is listed in the top panel, with the bottom panels listing the number of events with lightning data available.
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including in southeast Australia (Dowdy and Catto

2017; Chambers et al. 2015). Convection is particularly

important in shallow cyclones that lack the deep verti-

cal structure more commonly associated with extreme

impacts.

6. East coast low development

Figure 9 shows how the circulation patterns and rain

rates develop over time for ECLs relative to the time of

maximum rain rates. The spatial and vertical structure of

ECLs changes as the event develops. The heaviest rain

rates typically occur as the cyclone is intensifying, as

indicated by lower central pressures of the cyclone after

the time of maximum rainfall intensity, consistent with

previous studies of Pfahl and Sprenger (2016) and Booth

et al. (2018a,b). The highest intensity rainfall occurs

overwhelmingly while the cyclone is within the ECL

region (90%), and frequently within the first 6 h for

which the cyclone is identified (38%). The maximum

Laplacian based on MSLP is reached on average 4.8 h

after the time of peak rainfall intensity, increasing

to 6.3 h later for cyclones that last for at least 24 h.

Consistent with Mills et al. (2010), the upper cyclone is

often located to the west or northwest of the surface

cyclone during the period of maximum intensification

and impacts (e.g., Fig. 6). The closest vertical alignment,

based on the minimum horizontal distance between the

MSLP and 500-hPa cyclone centers, occurs on average

10.8 h after the maximum rain rate.

Deep cyclones show a clear pattern of development,

broadly consistent with studies elsewhere in the world

(Pfahl and Sprenger 2016; Booth et al. 2018a). Whether

we identify cyclones first at MSLP or at 500 hPa, at the

time of peak rainfall the surface low is on average more

than 200 km offset from the upper cyclone (Table 7).

Where this distance is at least 250km, such that relative

locations aremore robust, the upper low is located to the

northwest of the surface low in most cases (70%). This

result is similar to previous studies that have reported

this general northwest tilt with height of cyclones in

this region including Mills et al. (2010) and Lim and

Simmonds (2007), corresponding to a baroclinic condi-

tion. Following the time of peak rainfall, the surface

low continues to intensify and its radius increases, and

the upper low moves eastward until the cyclone is

vertically stacked (i.e., barotropic). The horizontal

separation of the surface and upper cyclone at the time

of peak rainfall may also explain the lower average

rain rates for deep upper cyclones shown in Table 6, as

the heaviest rain rates may be farther than 500 km

from the center of the upper cyclone, or in some cases

the upper cyclone may not be able to be tracked

vertically to the surface until after the time of peak

rainfall.

While surface wind speeds remain high, average rain

rates rapidly decrease from the peak of 1.2mmh21

to just 0.7mmh21 at the time the cyclone is vertically

stacked (Table 7). This could be partially related to

movement of the cyclone away from the vicinity of the

warm East Australian Current, which contributes to

increasing rainfall from ECLs near the coast (Pepler

et al. 2016). Eddies and SST gradients within the East

Australian Current have also been found to influence

the location of lightning strikes and associated areas of

high rainfall intensity (Chambers et al. 2014, 2015). The

lightning stroke density also decreases over this period,

while the total column water remains high, suggesting a

potential weakening of the convectively driven rainfall

during this time (i.e., associated thunderstorm activity as

indicated by the observed lightning activity).

7. Discussion and conclusions

Cyclones are a common feature of the globe at all

levels of the atmosphere. For a given intensity threshold,

cyclones are most common at the surface and around

the midtroposphere (500 hPa) and less common around

700 hPa. Globally, half of all cyclones identified at

MSLP are vertically well organized and can be traced

vertically to at least 500 hPa, with shallow surface cy-

clones most common in the subtropics.

On the east coast of Australia, 37%of ECLs identified

from MSLP fields are deep surface cyclones that can be

traced up to 500 hPa. Deep surface cyclones tend to be

stronger, larger, and longer-lived than shallow surface

cyclones, and are more likely to occur during the

Southern Hemisphere cool season May–October. Deep

surface cyclones also have higher maximum rain rates

and wind speeds than shallow surface cyclones and

spend longer in the ECL region, resulting in significantly

larger total rainfall accumulations. However, shallow

surface cyclones can sometimes produce heavy rainfall

despite their lower intensities, which may potentially be

related to associated thunderstorm activity [as discussed

in Dowdy and Catto (2017)]. Consistent with Booth

(2018a) and Pfahl and Sprenger (2016), the heaviest

rainfall in both surface and deep cyclones typically oc-

curs as the cyclone is intensifying, with deep cyclones

producing highest rain rates while the upper low is lo-

cated to the west of the surface cyclone (commonly as-

sociated with baroclinic conditions) and prior to the

cyclone becoming vertically stacked (commonly associ-

ated with barotropic conditions).

As well as shallow surface cyclones, southeast

Australia experiences a large number of shallow upper
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FIG. 9. TRMM rain rate (mmh21; shaded), MSLP (black), and 500-hPa geopotential height (red) at the time of highest

rainfall intensity aswell as for timesup to 24hbefore andafter thepeak.Left panels are centeredon the surface cyclone, for (left)

surface-only and (center left) deep systems, while right panels are centered on the 500-hPa cyclone for (center right) deep and

(right) upper-only systems. Note that the number of events included differs over time, asmany cyclones persist for less than 24h,

particularly surface-only and upper-only systems. Composites are only shown where there are at least five systems to average.
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cyclones (i.e., without any surface cyclone develop-

ment). These tend to be weaker and faster moving than

deep upper cyclones (associated with a surface cyclone)

and are particularly common over land areas. Shallow

upper cyclones produce very little rainfall and have only

weak surface winds, although they may have stronger

winds at 500 hPa, so are of little relevance at the surface.

The results in this paper demonstrate that the vertical

structure of cyclones plays a major role in their impacts

at the surface, and should motivate a more three-

dimensional approach to cyclone tracking and analysis

in future studies. However, if cyclones are identified at

only a single atmospheric level, surface cyclones are

more likely to be associated with strong surface winds

and heavy rainfall than upper cyclones. These findings

clearly highlight a number of benefits from examining

cyclones over multiple levels of the troposphere, in-

cluding the importance of deep events for causing ex-

treme weather events in this highly populated region of

Australia. Future work will examine the factors influ-

encing which upper cyclones develop a surface circula-

tion and produce significant impacts at the surface.
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