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An analysis of the East Coast Low (ECL) that affected the eastern coast of Australia between 20 and 
23 April 2015 is presented, to get a better understanding of the dynamics of the storm as well as its 
predictability. For this, an ensemble consisting of 24 high-resolution simulations conducted using 
the ACCESS model is used. The simulated ensemble-mean forecast rainfall is in good agreement 
with the observed rainfall and identifies Dungog as the area of highest risk of extreme rainfall. A 
subset of ensemble members shows very little rain in the Dungog area; instead the high rainfall is 
located further south or east, indicating that a larger part of the coast was at some risk of significant 
rain. Ensemble member comparisons show that the strongest surface winds and highest rainfall oc-
cur to the south of the main surface low, while the strengthening of an upper-troposphere north-
westerly jet and the associated cut-off low occur west of the surface low. However, small synoptic-
scale differences between members produce large differences in the location and strength of near-
surface extreme winds and highest rainfall, which develop in response to the same dynamic process-
es in each member. The analysis also showed that the thermal advection rainfall diagnostic is appli-
cable to high-resolution data and could be used for analysing ECL development. 

1 Introduction 

The focus of this study is a low-pressure system that affected the eastern coast of Australia between 20 and 23 April 2015 
(known locally as an east coast low), with the worst impact on 21 April. This was a devastating event for the Dungog and 
Maitland area (see map in Figure 1), with at least 4 deaths and widespread damage reported. Dozens of houses lost their 
roofs, over 200 000 houses were without power, and 57 schools closed. By studying this event, a better understanding of 
the dynamics and processes that lead to the rapid intensification of these systems can be gained. Additionally, the predicta-
bility of the event can be studied as there are many issues associated with the forecasting of east coast lows (e.g., intensity 
and location of maximum winds and rainfall, location along the coast).  

East Coast Lows (hereafter ECLs) are rapidly developing and intense extratropical low-pressure systems that periodically 
affect the east coast of Australia during autumn and winter months. They form preferentially at night (Holland, Lynch & 
Leslie 1987) and although they are most common during winter months, they can occur at any time of the year (Speer, 
Wiles & Pepler 2009). ECLs bring damaging winds and heavy rainfall with flooding that can last for several days. They 
are responsible for about 50-80 per cent of extreme rainfall events within the eastern seaboard of Australia (Dowdy, Mills 
& Timbal 2013), where a large majority of the Australian population lives, and are also very important for catchment in-
flows and water security east of the Great Dividing Range (Pepler & Rakich 2010). The “Pasha Bulker” storm of June 
2007 caused the grounding of the Pasha Bulker carrier ship as well as major socioeconomic losses, making it one of the 
most significant meteorological events for Australia (e.g., Mills et al. 2010; Verdon-Kidd, Kiem & Willgoose 2016). 

Based on an examination of Australian analyses from 1970-85, Holland, Lynch and Leslie (1987) showed that ECLs are 
mesoscale systems that form on the coast within a distinctive synoptic system that consists of a trough (or “dip”) in the 
surface easterly wind regime over eastern Australia. This pattern is locally known as an “easterly dip” and its development 
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is similar to the so-called “bomb” that develops off the eastern U.S. seaboard (e.g., Sanders 1986). ECL formation is also 
associated with strong oceanic temperature gradients (e.g., Holland, Lynch & Leslie 1987; Leslie, Holland & Lynch 1987; 
Hopkins & Holland 1997). 

Speer, Wiles and Pepler (2009) described “classic” ECLs as low pressure systems with a closed cyclonic circulation at the 
surface, which form and/or intensify in a maritime environment within the vicinity of the east coast of Australia. In this 
study, the maritime low database was developed which classified ECLs into six synoptic types based on the mean sea-level 
pressure synoptic pattern in which the lows formed. Other studies also developed and investigated databases of ECLs 
based on different detection methods and identification criteria (Dowdy, Mills & Timbal 2011; Browning & Goodwin 
2013; Pepler & Coutts-Smith 2013). This indicates large inconsistency in the identification of ECL events and suggests 
that there may be different subtypes of ECL events based on different lower- and upper-tropospheric patterns.  

There are many forecasting challenges associated with ECLs due to their rapid development. These include predicting the 
location of the system along the coast, the intensity and location of maximum winds and rainfall, their relationship to the 
centre of the developing low as well as the likelihood of the associated storm surges (Leslie & Speer 1998; Mills et al. 
2010). Another challenge associated with ECLs is their representation in numerical weather prediction (NWP) models, 
especially since the area of the most intense winds and heavy rainfall is usually very narrow. For example, in the “Pasha 
Bulker” storm the strongest wind and rainfall bands were on the order of 100 km wide (Mills et al. 2010; Dowdy, Mills & 
Timbal 2013). 

Large scale atmospheric processes associated with explosive cyclogenesis are reasonably well represented by today's NWP 
models and by coarse-resolution global climate (Mills et al. 2010; Dowdy, Mills & Timbal 2013). However, smaller-scale 
structures and processes that occur within the overall system and often contribute significantly to extreme weather are of-
ten poorly represented by these models and require higher horizontal resolution. Fine details are also less predictable and 
one way of overcoming these challenges is by using an ensemble of high-resolution simulations. Ensemble forecasts pro-
vide the opportunity to study predictability of ECLs by analysing differences between the simulations, as well as a more 
thorough analysis of the processes that lead to rapid intensification of these systems.  

Accurate forecasts of severe weather events such as ECLs are important not only for meteorologists but also for emergen-
cy services and communities as they enable better risk management and preparedness for the event. Therefore, by analys-
ing a high-resolution ensemble of 24 simulations, the main aim of this study is to elucidate processes associated with the 
development of the April 2015 east coast low and learn about the predictability of the event. 

The remainder of the paper is organised as follows. Section 2 describes the numerical model and set-up of ensemble simu-
lations. A synoptic overview of the event is presented in section 3, while section 4 examines the results from the ensemble 
simulations. Finally, the results are discussed and summarised in section 5. 

2 Set-up and design of ensemble simulations 

In this study, high-resolution ensemble forecasts are used to analyse the development and dynamics of the east coast low 
of April 2015. For all simulations, version 8.5 of the UK Met Office Unified Model (UM), the atmospheric component of 
the Australian Community Climate and Earth-System Simulator (ACCESS) is used (Puri et al. 2013). The ensemble con-
sists of 24 simulations (1 control + 23 perturbed) that are initialised from the 24 members of the Bureau of Meteorology 
prototype global ensemble prediction system (ACCESS-GE)1 which is based on the Met Office ensemble prediction sys-
tem known as MOGREPS (Bowler et al. 2008). For the synoptic overview presented in section 3 the 12-hourly ACCESS 
operational regional analyses (Puri et al. 2013), as well as radar and water-vapour satellite imagery are used. 

The model consists of a global model run2 that is nested down to 4 km and 1.3 km regional runs (Figure 1 shows the out-
line of 4 km and 1.3 km domains). The smallest grid spacing (1.3 km) sufficed to capture the dynamics of the event be-
cause of a balance between the domain size and resolution. Each domain has 70 vertical levels and the model top for the 
nested domains is 40 km. The results presented in this study are for 1.3 km domain, unless specified. 

                                                           

1 Horizontal resolution is 0.83° x 0.55°. 
2 Horizontal resolution of the global model is 0.35° x 0.23° (≈ 40 km). 
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All simulations were initialised at 0000 UTC on 20 April 2015 (+ 10 hours for local time) and ran for 48 hours. A three-
dimensional sub-grid turbulence parametrisation scheme of Smagorinsky type was used in the 1.3 km simulations, while 
the 4 km simulations used the planetary boundary layer parametrisation. Due to an oversight in the model set up, the con-
vective parametrisation scheme was not turned off in the 1.3 km simulations. A comparison between the total precipitation 
field and the large-scale liquid and frozen precipitation fields suggested that the parametrised precipitation contribution in 
the 1.3 km simulations resulting from the set-up error was reasonably small (less than one per cent). Hence, we have ana-
lysed the model results on the presumption that this oversight will not have had a large impact on the results. 

 

Figure 1  Outline of the inner two model domains (red). The larger (stage 3) and smaller (stage 4) domains have 4 and 1.3 
km horizontal grid spacing, respectively. The black dot shows the location of Dungog. 

3 Synoptic Overview 

In order to describe the synoptic-scale environment prior to and during the development of the April 2015 ECL, a se-
quence of mean sea-level pressure (MSLP) and surface wind analyses from the operational regional analyses (ACCESS-R) 
at 12-hourly intervals from 0000 UTC 18 April 2015 to 1200 UTC 20 April 2015 is presented in Figure 2. The correspond-
ing upper-level analyses of 300 hPa geopotential height and winds are shown in Figure 3. 

Two days prior to the ECL (Figure 2a); a cold front is approaching Tasmania and subsequently moves further east and 
over Victoria during the next 12 hours (Figure 2b). At the same time (Figure 2a and Figure 2b), there is a strong surface 
anticyclone west of the Great Australian Bight and over the southern corner of Western Australia, with a ridge extending 
inland. This corresponds to the pattern seen in the upper troposphere, with a ridge of high pressure over the southwestern 
part of Western Australia and Indian Ocean, a westward-tilted upper-level trough west of Tasmania and a ridge over the 
Tasman Sea (Figure 3a and Figure 3b). A strong jet associated with the westward-tilted trough and a weaker jet to the 
north of the trough and over central Australia is present at 300 hPa, which is evidence of a split jet pattern.  

By 0000 UTC 19 April 2015 (Figure 2c) the cold front has moved further east over the Tasman Sea and the surface anticy-
clone strengthened and moved eastward with the ridge now extending over Tasmania. At the same time the upper-level 
trough amplifies, and its width narrows while moving eastwards towards Tasmania. A jet streak to the northeast of the 
upper-level trough merges with a strong north-westerly jet on the eastern flank of the trough to form a broad area of north-
westerly winds over eastern Australia. This band of strong winds extends into the Tasman Sea (Figure 3c). 
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Figure 2   Mean sea-level pressure (contours, hPa) and surface wind (vectors) analyses from the operational regional AC-
CESS (ACCESS-R) at (a) 0000 UTC 18 April 2015, (b) 1200 UTC 18 April 2015, (c) 0000 UTC 19 April 2015, 
(d) 1200 UTC 19 April 2015, (e) 0000 UTC 20 April 2015, (f) 1200 UTC 20 April 2015, (g) 0000 UTC 21 
April 2015 and (h) 1200 UTC 21 April 2015.  

Over the next 24 hours the ridge has started to elongate and extend into the southern Tasman Sea, and a trough of surface 
low pressure forms over the northern Tasman Sea (Figure 2d and Figure 2e). This trough deepens over the next 12 hours 
and a surface low forms that moves along the coast towards central New South Wales (NSW) (Figure 2e and Figure 2f). 
Due to the ridge of high pressure to the south of the low, a strong pressure gradient has developed which is evident in the 
tight packing of the isobars. Associated with this pressure gradient are strong south-easterly surface winds on the southern 
flank of the surface low that are directed inland towards the central NSW coast and Dungog area3 (wind vectors in Figure 
2e and Figure 2f); the winds to the north of the low centre are much weaker (similar to Mills et al. 2010). 

                                                           

3 The Bureau’s Monthly Weather Review - Australia for April 2015 (http://www.bom.gov.au/climate/mwr) reports that wind gusts were as high as 135 km/h at several loca-
tions. 
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Figure 3 Upper-level analysis of 300 hPa geopotential height (blue contours with a 40	  contour interval) and winds   
(vectors and shading in 	  for the same times as in Figure 2. 

This development of the surface low and onshore jet is directly linked to the development of the upper cut-off low. Figure 
3d and Figure 3e show that the upper-level ridge/trough system amplifies as it moves eastward. The ridge now extends 
from the Bight all the way into Tasmania with the ridging extending all the way to the surface (cf. Figure 2d and Figure 
2e). At the same time an upper-level cut-off low forms and the trough axis rotates clockwise (Figure 3e and Figure 3f). 
The north-westerly jet on the east-northeast flank of the cut-off low strengthens and extends over Queensland and into the 
Tasman Sea and a small band of strong south-easterly winds is located on the western flank of the cut-off low (Figure 3e). 
Analyses of other major ECL events from (Mills et al. 2010) show that ECLs with an upper-level cut-off low and a strong 
upper-level ridge that is projected to the surface are associated with strong surface onshore jets such as the 1974 “Sygna” 
storm (see Fig. 12 in their study). This is an example of a “reverse shear” environment, where a strong thermal gradient is 
directed opposite to the direction of the pressure gradient (Duncan 1978). Reverse shear environments often produce low-
level jet structures, such as in the 1998 Sydney to Hobart storm (Mills 2001).  

By 1200 UTC 20 April 2015 (Figure 3f) the trough axis became nearly meridional, and the upper cut-off low had deep-
ened and moved towards the coast. At this time the upper-level low centre is to the west of the surface low (cf. Figure 2f) 
indicating the classic baroclinic development structure (e.g., Holton 2004). This development of the cut-off/surface low 
seems to be common for most east coast lows (Mills et al. 2010) and is consistent with explosive cyclogenesis discussed in 
Bell & Keyser (1993). Over the next 24 hours the surface anticyclone weakened, a secondary low formed offshore (Figure 
2g) and moved towards the coast, joining the main low as it continued southward movement along the NSW coast (Figure 
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2f). This was accompanied by further deepening of the upper-level cut-off low, which began to tilt towards the northeast 
and move eastward towards the coast (Figure 3g and Figure 3h). 

A 12-hourly sequence of water vapour (WV) satellite imagery starting at 0032 UTC 19 April 2015 is shown in Figure 4 
(corresponding to panels c-f in Figure 2 and Figure 3). A NW-SE oriented cloud band extending over Queensland and the 
northern tip of NSW into the Tasman Sea is seen in Figure 4a. By 0000 UTC 20 April 2015 (Figure 4c) the cloud band 
starts to show cyclonic rotation and evolution into a comma cloud, with deep cumulus clouds developing at the head of the 
comma cloud (ellipse in Figure 4c). Over the next 12 hours as the upper-level low deepens and begins to tilt negatively (cf. 
Figure 3 ), the WV cloud pattern develops a distinct comma cloud and cyclonic rotation (Figure 4d). Deep moist convec-
tion at the head of the comma cloud over NSW intensifies and this contributes to the intense rainfall that was associated 
with this ECL. 

 

Figure 4   A sequence of water vapour satellite imagery at (a) 0032 UTC 19 April 2015, (b) 1232 UTC 19 April 2015, (c) 
0032 UTC 20 April 2015 and (d) 1232 UTC 20 April 2015. The black ellipse in (c) marks the cumulus clouds 
developing at the head of the comma cloud, while the black triangle in (d) marks the location of the striated del-
ta cloud. 

In the final image a “striated delta” cloud is present (Figure 4d, black triangle), suggesting the storm underwent a period of 
rapid development. The name is derived from the banded, triangular appearance of the cloud feature (e.g., Feren 1995). 
Two possible explanations for the relationship between banded clouds and rapid storm development are as follows: (i) 
banded clouds represent a region of upper-troposphere divergence associated with the release of inertial instability (e.g., 
Knox 2003; Schultz & Knox 2007), which causes rapid storm development; and (ii) they represent a region of atmospheric 
adjustment to rapid storm development (e.g., Feren 1995; Zhang 2004). The former explanation suggests the rapid devel-



Zovko-Rajak. Ensemble prediction of the East Coast Low of April 2015 7 

opment is imminent, whereas the latter suggests the rapid adjustment has recently occurred. While these simulations pro-
vide a good opportunity to investigate the two hypotheses (many ensemble members exhibited striated delta clouds at var-
ying stages of development, not shown) our investigations4 revealed that a lengthy and complex analysis is required, which 
is beyond the scope of this paper.  

4 Results from the ensemble simulations 

4.1 Overview of the mean forecast and comparison with observed rainfall 

Before analysing the differences between ensemble members and the dynamics of this event, an overview of the ensemble 
mean forecast is presented. Figure 5 shows the 1200 UTC 20 April 2015 near-surface (1-km) and upper-level (10-km) 
flow comparison for the ensemble mean forecast. Strong south-easterly near-surface winds are seen to the south of the 
main low in Figure 5a, while at upper levels a deep cut-off low is located west of the surface low and a strong north-
westerly jet is northeast of the upper-level cut-off low (Figure 5b). This pattern seems to be common for most ECLs (Mills 
et al. 2010) and is consistent with ACCESS-R analysis presented in section 3. However, there is large variability in the 
location and strength of maximum surface winds between the ensemble members, which is associated with differences in 
surface and upper-level flow characteristics and these are discussed in more detail in section 4.2 (note that this mean fore-
cast has somewhat smooth features due to the ensemble averaging).  

 

Figure 5  (a) Near-surface (1-km) and (b) upper-level (10-km) winds (vectors and shading in 	 ) and pressure (blue 
contours with a 2-hPa contour interval) for the ensemble mean forecast at 1200 UTC 20 April (from the 1.3 km 
domain). White areas indicate those places where the model orography exceeds 1 km of elevation above mean 
sea level.   

                                                           

4  Our results suggest hypothesis (ii) is more likely for the ensemble simulations. 



Zovko-Rajak. Ensemble prediction of the East Coast Low of April 2015 8 

A comparison between the observed 48-hr rainfall total (up to 2300 UTC 21 April 2015) and the forecast 48-hr rainfall 
total (from 0000 UTC 20 April 2015 to 0000 UTC 22 April 2015), which is averaged over the 24 ensemble members, is 
shown in Figure 6. The observed 48-hour rainfall is obtained from the Bureau of Meteorology's operational daily rainfall 
analyses (Jones, Wang & Fawcett 2009). It is evident that the ensemble mean rainfall is in good agreement with the ob-
served rainfall and preforms better than any of the individual ensemble members. This is because the low-predictability 
features of the forecast are filtered out by the mean (e.g., Surcel, Zawadzki & Yau 2014). However, the ensemble-mean 
rainfall in the Dungog area is not as heavy as observed and some individual members had higher values than the ensemble 
mean (for example, ensemble members 05, 19, 22 and 23 in Figure 7). The ensemble mean rainfall from the coarser 4-km 
simulation has a somewhat similar spatial extent to Figure 6b, but lower rainfall maxima for the Dungog area, as well as 
lower rainfall amounts further south from Dungog (not shown). This suggests that while the 4-km model is useful, running 
the ensembles at higher resolution provides greater value and more details.  

 

Figure 6 A comparison between 48-hr (a) observed rainfall (up to 2300 UTC 21 April 2015) and (b) forecast rainfall (aver-
aged over the 24 ensemble members, for 0000 UTC 20 April 2015 to 0000 UTC 22 April 2015), in mm. (c) Prob-
ability matched ensemble mean rainfall, and (d,e) rainfall probability exceeding 100 mm and 400 mm (here, rain-
fall field was spatially smoothed prior to calculation of rainfall probabilities). White ellipses represent the Dungog 
area.  
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Ebert (2001) proposed a different method for computing the mean, known as the probability-matched ensemble mean 
(hereafter PMEM)5, to account for the tendency of standard ensemble mean to reduce peak rainfall amounts and increase 
the rain area. The PMEM was shown to give more realistic rainfall amounts as the highest rainfall rates from the ensemble 
mean are replaced with the highest rainfall rates from the individual ensemble members, while keeping the same spatial 
pattern as the ensemble mean (e.g., Ebert 2001; Surcel, Zawadzki & Yau 2014). This is also confirmed by the current 
study, where the PMEM of 48-hr rainfall totals (Figure 6c) shows even better agreement with the observed maximum rain-
fall than the ensemble mean forecast. The forecast probability of 48-hr total rainfall exceeding 100 mm (Figure 6d) and 
400 mm (Figure 6e), defined as the proportion of the ensemble exceeding these thresholds, shows that the ensemble identi-
fies the Dungog area as being of substantial risk of extreme rainfall, but also that large part of the coast is at risk of signifi-
cant rain. (Note that the observed daily rainfall analysis tends to underestimate extreme rainfall peaks (King, Alexander & 
Donat 2013)). 

Figure 7 shows that there is a large spread in 48-hr total rainfall between ensemble members. The values of maximum 48-
hr total rainfall averaged over the white ellipse in Figure 7, range from 27 mm for member 11 and up to 276 mm for mem-
ber 22. Some members predicted very little rain in the most-affected area (white ellipse in Figure 7); rather rain was locat-
ed more to the south (e.g., member 11) or to the north-east and south-east of Dungog (e.g., members 17 and 20).  

To further investigate ensemble member differences, two ensemble subsets are created which consist of nine members that 
have the lowest accumulated rainfall in the Dungog area6 (hereafter referred to as the dry subset), and of nine members 
that have the highest rainfall totals in this area (hereafter referred to as the wet subset). Subset means are then computed, 
and their differences are discussed here and in section 4.2 in more detail. The subset mean analysis is similar to a subset 
sensitivity analysis discussed by Bednarczyk and Ancell (2015) and Hill et al. (2016), however, conducting an ensemble-
based sensitivity analysis (Hakim & Torn 2008) is beyond the scope of this study and will be considered in future work. 

Figure 8 shows that, while the overall extent of the rain-affected area is very similar, the wet and dry subsets differ consid-
erably in magnitude, and location as well as in spread of the heavy rain. For the wet subset, the 48-hr total rainfall maxi-
mum is focused on the Dungog area and its magnitude agrees reasonably well with the observed maximum (cf. Figure 6). 
In contrast to this, the rainfall maximum in the dry subset is elongated and located south of the Dungog area (a belt of 
southward extending rainfall is also seen in observations), and its peak is ∼ 150 mm less than the wet subset. The follow-
ing analysis emphasises the importance of using high-resolution ensembles to understand and improve prediction of high 
impact weather events like this ECL event. 

                                                           

5 The probability matching procedure is developed and described in detail in Ebert (2001). Here, the rainfall values from all n ensemble members are ranked in order of greatest 
to smallest, and every nth value is saved (giving the ensemble probability density function). The rainfall rates from the ensemble mean are similarly ranked from greatest to 
smallest, and the location of each value along with its rank is stored. Then, the grid point with the highest rainfall rate in the ensemble mean field is reassigned to the highest 
value in the model rainfall rate distribution, and so on. 
6 This selection was made subjectively based on which ensemble members had the highest and lowest accumulated rainfall for the Dungog area (cf. white ellipse in Figure 9) 
where the heaviest rain occurred in reality. 
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Figure 7 A postage stamp representation of the 48-hr total accumulated rainfall for all ensemble members. White ellipses 
represent the Dungog area. 
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Figure 8    The 48-hr (from 0000 UTC 20 April 2015 to 0000 UTC 22 April 2015) total rainfall for the wet (top) and dry 
(bottom) subset. 

 

4.2 Differences in surface- and upper-level flow development between the members 

To examine reasons for differences in the flow development and location of maximum winds and rainfall, ensemble mem-
bers 11, 17 and 22 are compared and analysed in this section. Differences between the wet and dry subsets, which were 
introduced in the previous section, are also discussed here. Ensemble member 11 is an example of a “dry” member; the 
majority of predicted rainfall was located to the south of the white ellipse in Figure 7. Ensemble member 22 is an example 
of a “wet” member; the highest predicted rainfall amounts (Figure 7) were located inside the white ellipse surrounding 
Dungog. In contrast to these, ensemble member 17 was different as it had two “centres” of highest rainfall; one to the 
south of Dungog and one to the north-east (Figure 7). An analysis of the surface and upper-level low development will 
show that this member differs largely from other members in the location and rotation of the main system, as well as sec-
ondary vortices that develop along a surface shear line. The 48-hr total rainfall was also calculated for an area larger than 
the white ellipse in Figure 7, and this showed that ensemble member 22 is the wettest member, and ensemble member 11 
is the driest one. 

As mentioned previously, ECL development is characterised by the interaction of a pre-existing lower-tropospheric trough 
and an upper-tropospheric cut-off low. Often, many small vortices form on the shear line at the southern edge of the main 
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surface low, and these can bring the most damaging winds (Mills et al. 2010). Also, the strongest winds and heaviest rain 
usually occur to the south of the main low centre. The subsequent analysis investigates these features and their relationship 
in the April 2015 ECL in more detail. By studying the synoptic features as well as similarities and differences between 
ensemble members, a better understanding of the storm dynamics can be gained. Additionally, features of varying predict-
ability can be identified in this way too.  

Figure 9 and Figure 10 show a near-surface (1-km) and upper-level (10-km) flow comparison for members 11, 17, and 22 
at 1000 and 2000 UTC 20 April 2015, and at 0600 UTC 21 April 2015. All members in Figure 9 show strong south-
easterly near-surface winds (> 20 m/s) to the south of the main low that are blowing across the isobars and toward lower 
pressure, with small low-pressure centres along the shear line. Other members also show these secondary low-pressure 
centres along the shear line, consistent with modelled and observed small low-pressure centres reported in Mills et al. 
(2010). This cross-isobar flow contributes to surface convergence which, as will be shown below, coincides with the re-
gions of highest rainfall. At the same time, the upper-level trough amplifies, cuts off and rotates clockwise, while moving 
eastwards towards the coast (Figure 10). The north-westerly jet on the northeast flank of the upper-level trough strengthens 
and splits into a cyclonic branch which curves to the south, and the anticyclonic branch which curves into the Tasman Sea 
(Mills et al. 2010, their Fig. 25). Although not evident in this analysis of 1.3 km simulations due to the domain size, there 
is a strong ridge to the west and south of the upper-level low (cf. Figure 3); this ridge extends all the way to the surface (cf. 
Figure 2) which contributes to the formation of a strong surface pressure gradient to the south of the low and subsequently 
to the strengthening of the low-level jet (LLJ). 

 

Figure 9   A sequence of 1-km winds (vectors and shading in 	 ) and pressure (blue contours with a 2-hPa contour 
interval) for ensemble member 11 (left), ensemble member 17 (middle) and ensemble member 22 (right) at (a, 
b, c) 1000 UTC 20 April 2015, (d, e, f) 2000 UTC 20 April 2015 and (g, h, i) 0600 UTC 21 April 2015. The 
purple dot shows Dungog location. White areas indicate those places where the model orography exceeds 1-km 
of elevation above mean sea level. 
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Figure 10 As per Figure 9, except at 10 km. Blue contours represent pressure at 10 km, with a 2-hPa contour interval. 

Even though the basic patterns of the evolution of the upper-level low and the strengthening of the surface low are similar 
among the analysed ensemble members and consistent with the analysis (cf. section 3), there are localised differences 
which can produce large differences in the location and strength of extreme wind and rain. It is evident from Figure 9 and 
Figure 10 that the south-easterly LLJ as well as the upper-level low have slightly different locations and strength for the 
three members. These differences are also present amongst other ensemble members; however, space does not permit us to 
show analyses for all the ensemble members.  

In member 11, the LLJ is located further south than in the other two members, with the rainfall maximum located also to 
the south, rather than around Dungog (cf. Figure 7). In member 22, the strong LLJ is directed towards Dungog, and a sec-
ondary low forms offshore after 2000 UTC (Figure 9f), moves towards the coast, begins to counter rotate with the main 
low centre (Fig. 9i) and aligns vertically towards the end of the simulation (not shown). Member 17 has very distinct vorti-
ces that develop on the shear line as evident from the pressure contours, and the strongest low developing offshore com-
pared to the other two members (Figure 9b, Figure 9e and Figure 9h). The upper-level cut-off low is located west of the 
surface low in all three members, which is similar to Figure 5 and analysis presented in section 3. However, in member 17 
the LLJ has become more southerly and the upper-level low has moved further off-shore by 0600 UTC 21 April 2015 
(Figure 9h and Figure 10h) compared to members 11 and 22.  

Similar analyses of the wet and dry subsets show that, while at first the subsets look similar, the position and the vertical 
alignment of the surface and upper-level low do differ slightly between these two subsets (as indicated by the black line in 
Figure 11). By this time, the surface low for both subsets had deepened off the NSW coastline with strong south-easterly 
surface winds to the south of the low and very weak or no wind to the north of the low (Figure 11a, b). As mentioned pre-
viously, this asymmetry in surface wind is associated with an asymmetric pressure gradient that develops at the surface 
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and is a common characteristic of most ECLs (Mills et al. 2010). In the dry subset the surface low lies partly over Dungog 
and the strongest winds are therefore found to the south-southwest of Dungog, whereas for the wet subset the pattern is 
similar but located further north and east. 

 

Figure 11 A sequence of (a, b) 1-km and (c, d) 10-km winds (vectors and shading in 	 ) and pressure (blue contours 
with a 2-hPa interval) for wet (left) and dry (right) subsets at 0000 UTC 21 April 2015. The purple star in (c, d) 
marks the location of the 1-km low centre and a black star marks the location of the 10-km low centre, while the 
black line connecting these markers indicates the vertical alignment. 

A comparison of the low-level wind and hourly rainfall for the three members is shown in Figure 12, and for the wet and 
dry subsets in Figure 13 (note, the times of these plots are different). It is evident that the surface low (inferred by the 
curved wind-vector field) is not symmetric, and that the strongest surface winds are localised. Also, rain occurs in discrete 
regions within the low; along the low-level convergence lines to the south of the main low and coincides with the area of 
strongest winds. Strong near-surface temperature gradients are collocated with regions of extreme wind (not shown). From 
Figure 12 it is evident that for members 17 and 22 the rain band on the convergence line encompasses the Dungog area by 
2000 UTC, however, in member 11 it is located further to the south. These analyses also show that the distribution of rain 
east of the main low, near the eastern edge of the domain is very similar for the individual members as well as the wet and 
dry subsets. Thus, localised differences in extreme wind and rain are due to the different structure of the upper-level and 
surface forcing and also to subtle differences in vertical alignment of the low core (cf. Figure 11). 

In order to have a better understanding of the relationship between maximum winds and rainfall, mid-level winds and 
hourly rainfall are compared to a thermal advection rainfall diagnostic for members 11, 17 and 22 (Figure 14 and Figure 
15). The diagnostic is based on the relationship between thermal advection and geostrophic winds turning with height 
(e.g., Holton 2004) which also applies for gradient winds that turn with height (Tory 2014). It has been used for decades 
by the Australian forecasting community in the prediction of subtropical and tropical heavy rainfall and can be used suc-
cessfully for most large scale and mesoscale systems, including ECLs. For both geostrophic and gradient wind formula-
tions the relationship is the same, namely, anticyclonic (cyclonic) rotation with height is associated with warm (cold) air 
advection and isentropic ascent (descent). Rainfall is expected to be enhanced where the diagnostic indicates broad-scale 
ascent, provided there is sufficient moisture in the environment. It follows that not all positive values will coincide with 
observed rainfall, and small regions with weak positive values are less reliable. Furthermore, the diagnostic does not iden-
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tify orographic lifting, which explains much of the discrepancies between the thermal advection diagnostic and rainfall in 
Figure 14 and Figure 15. Here, the gradient wind formulation is used to calculate the thermal advection diagnostic (equa-
tion 15 in Tory (2014)).  

 

Figure 12 Low-level wind (250-m wind vectors) and hourly rainfall (shading, mm) for ensemble member 11 (left), ensem-
ble member 17 (middle) and ensemble member 22 (right) at (a, b, c) 1000 UTC 20 April 2015, (d, e, f) 2000 
UTC 20 April 2015 and (g, h, i) 0600 UTC 21 April 2015. The purple dot shows Dungog location. White areas 
indicate those places where the model orography exceeds 250-m of elevation above mean sea level. 
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Figure 13 Surface winds (vectors) and hourly rainfall (shading, mm) for the wet (left) and dry (right) subsets at (a, b) 1200 
UTC 20 April 2015 and (c, d) 0000 UTC 21 April 2015. 

 

Figure 14 Hourly rainfall (shading, mm) and 2-km (blue vectors) and 5-km (red vectors) winds for ensemble member 11 
(left), ensemble member 17 (middle) and ensemble member 22 (right) at (a, b, c) 1000 UTC 20 April 2015, (d, e, 
f) 2000 UTC 20 April 2015 and (g, h, i) 0600 UTC 21 April 2015. The purple dot shows Dungog location. 
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A comparison of mid-level winds with hourly rainfall in Figure 14 shows that areas of heavy rain broadly coincide with 
winds that rotate anti-cyclonically with height, while the rain-free areas broadly coincide with winds that rotate cyclonical-
ly with height. This agrees well with the thermal advection diagnostic shown in Figure 15, where positive warm air advec-
tion (WAA) or isentropic ascent (red in Figure 15) coincides with areas of heavy rain, while to the north negative WAA 
(blue in Figure 15) indicates cold air advection (CAA) and rain-free areas. This comparison is valid for all three members 
analysed here, however as mentioned previously, they differ in location and strength of heavy rain and winds. Here, the 
distribution and intensity of the heavy rain is strongly influenced by the relative motion of the upper- and lower-level sys-
tems, or, in other words, the tilt of the vortex. 

 

 

Figure 15 As per Figure 14, except for the thermal advection rainfall diagnostic (calculated using spatial smoothing), with 
1.5-km (blue vectors) and 5.5-km (black vectors) winds. Red indicates ascent, blue indicates descent, in units of 
K/day. 

5 Summary and conclusions 

An analysis of the East Coast Low (ECL) that affected the eastern coast of Australia between 20 and 23 April 2015 is pre-
sented, to get a better understanding of the dynamics of the storm as well as its predictability. For this, an ensemble con-
sisting of 24 high-resolution simulations conducted using the ACCESS model is used, as well as satellite imagery and op-
erational analyses. Additionally, characteristics and potential source mechanisms of a striated delta cloud system associat-
ed with this ECL were investigated.  

A comparison between the observed and forecast rainfall of the event (averaged over the 24 ensemble members) showed 
that the forecast rainfall is in good agreement with the observed rainfall. Even though peak rainfall in the Dungog area of 
the ensemble-mean forecast was not as high as observed because the ensemble averaging process smoothed the rainfall 
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field, the forecast probability of rainfall exceeding 100 mm showed that the ensemble identified Dungog as the area of 
substantial risk of extreme rainfall. Ensemble analysis also showed a large spread in total rainfall, with some members 
having more rain located to the south or east of the Dungog area. This indicated that a substantial part of the coast was at 
risk of significant rain.  

Ensemble members 11, 17 and 22 were analysed to understand differences in the flow development and location of maxi-
mum winds and rainfall in more detail. These members were chosen due to their differences in the strength and location of 
heavy rainfall relative to the affected area, and also because space does not permit us to show analyses of all ensemble 
members. A comparison of ensemble members 11, 17 and 22 showed that, common to most ECLs, the strongest surface 
winds occur to the south of the main low, and the strengthening of the north-westerly jet and the upper cut-off low occur to 
the west of the surface low. The intensification of the onshore low-level jet was associated with the cut-off low develop-
ment and upper-level ridging that extended all the way to the surface, thus creating a strong near-surface pressure gradient 
and strong onshore winds. For all members, rain occurred along the low-level convergence lines to the south of the main 
low, and also on the eastern edge over the Tasman Sea. However, localised differences between members produced large 
differences in location and strength of extreme winds as well as in rainfall. While member 22 (wet member) had an on-
shore jet directed towards Dungog and maximum rainfall accumulated around the Dungog area, the low level jet and max-
imum rainfall in member 11 (dry member) were located further south. In contrast to these two members, member 17 had 
the strongest low developing offshore and maximum rainfall to the south and to the north-east of the Dungog area.  

A comparison of the thermal advection rainfall diagnostic (calculated using the gradient wind approximation) with mid-
level winds and hourly rainfall showed that the vertical alignment of the low core is important and that areas of heavy rain 
broadly coincided with anticyclonic rotation of winds with height and positive warm air advection (WAA), while rain free 
areas broadly coincided with cold air advection (CAA) and cyclonic rotation of winds with height. In other words, the 
rainfall distribution is affected by the relative movement of the upper- and lower-level low pressure systems. This analysis 
showed that this diagnostic approach works well with the high-resolution data and could be used for analysing ECL devel-
opment.  

To further address the differences between the members, two ensemble subsets were created which consisted of members 
that had very little accumulated rainfall in the affected area, and of members that had highest rainfall totals in this area. 
Similar to the above analysis, the comparison of the wet and dry subsets showed that localised differences in extreme wind 
and rain likely stem from the different structure of the upper-level and surface forcing and also to differences in vertical 
alignment of the low core. In the dry subset, the rainfall maximum was located more to the south and east than in the wet 
subset. These subset differences further emphasise the importance of using ensembles to understand and improve predic-
tion of high impact weather events like this April 2015 ECL. 

These results show how the use of ensembles in studying severe weather events such as ECLs provides valuable insight 
into the processes that lead to the development and rapid intensification of these systems. It also provides the opportunity 
to study their predictability by analysing differences between the simulations. This study has also demonstrated some of 
the advantages of ensemble prediction. For example, the ensemble-mean rainfall forecast is generally more accurate than a 
single deterministic forecast, and the computation of probabilities provides a range of possible outcomes and the level of 
uncertainty associated with an event. A better understanding of the dynamics and predictability of ECLs, as well as other 
high impact weather events, is important not only for forecasters, but also for emergency services preparedness. 
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