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Due to their large influence on both severe weather and water security along the
east coast of Australia, it is increasingly important to understand how East Coast
Lows (ECLs) may change over coming decades. Changes in ECLs may occur for
a number of reasons including changes in the general atmospheric circulation (e.g.
poleward shift of storm tracks) and/or changes in local conditions (e.g. changes
in sea surface temperatures). Numerical climate models are the best available tool
for studying these changes however, in order to assess future projections, climate
model simulations need to be evaluated on how well they represent the historical
climatology of ECLs. In this paper, we evaluate the performance of a 15-member
ensemble of regional climate model (RCM) simulations to reproduce the clima-
tology of cyclones obtained using three high-resolution reanalysis datasets (ERA-
Interim, NASA-MERRA and JRA55). The performance of the RCM ensemble is
also compared to results obtained from the global datasets that are used to drive
the RCM ensemble (four general circulation model simulations and a low resolu-
tion reanalysis), to identify whether they offer additional value beyond the driving
data. An existing cyclone detection and tracking algorithm is applied to derive a
number of ECL characteristics and assess results at a variety of spatial scales. The
RCM ensemble offers substantial improvement on the coarse-resolution driving
data for most ECL characteristics, with results typically falling within the range of
observational uncertainty, instilling confidence for studies of future projections.
The study clearly highlights the need to use an ensemble of simulations to obtain
reliable projections and a range of possible future changes.

1. Introduction

The importance of mid-latitude cyclones on the eastern coast of Australia, known locally as East Coast Lows (ECLs), has
been discussed by a number of authors (e.g. Hopkins and Holland 1997, Pepler and Rakich 2010, Dowdy et al. 2014). ECLs
cause much of the severe weather that influences this highly-populated region, causing large waves, strong winds, heavy
rain, and substantial coastal erosion. However, they are also critically important to water security including long-term dam
storages.

For these reasons, there is substantial interest in how the frequency, intensity, location or impacts of ECLs may change in
the future. Recent studies (Dowdy et al. 2013, 2014, Ji et al. 2015) have attempted to address this by providing projections
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of some large-scale atmospheric conditions that were shown to favour the development of ECLs. These studies indicate a
mean decline in the frequency of ECLs of 25–42% by the end of the 21st century, mostly due to a reduction of winter ECLs.
It should be noted that these studies implicitly assumed a static relationship between the upper-level diagnostic and surface
low development over time.

Several studies have shown that the total number and other properties of cyclones, such as their size and intensity, are strongly
dependent on the horizontal resolution of the data used to identify and track the low pressure systems (Jung et al. 2006,
Greeves et al. 2007, Grose et al. 2012, Colle et al. 2013, Shkolnik and Efimov 2013, Zappa et al. 2013, Di Luca et al. 2015).
Some of these articles have shown that increases in the horizontal resolution of climate models improve the representation
of cyclones and that these improvements may arise even when comparing results at common lower resolutions due to a
better representation of the larger scales through the upscaling of fine-scale phenomena (Greeves et al. 2007, Colle et al.
2013, Shkolnik and Efimov 2013, Zappa et al. 2013). For example, Colle et al. (2013) evaluated the representation of the
intensity and frequency of cyclones in 15 global climate models (GCMs) of phase 5 of the Coupled Model Intercomparison
Project (CMIP5) over the eastern North America. They showed that six of the top seven best performing models had the
highest spatial resolution. Moreover, as shown by Jung et al. (2006), it is expected that higher-resolution simulations might
be able to represent some small systems that are absent in lower resolution datasets. For this reason, it is proposed that an
ensemble of high-resolution dynamical downscaling simulations can be used to obtain future projections of the frequency
and characteristics of ECLs.

As a prerequisite step towards providing future projections of ECL activity, we aim to evaluate the suitability of an ensemble of
regional climate model simulations performed in the context of the New South Wales/Australian Capital Territory Regional
Climate Modelling (NARCliM) project. Specifically, the purpose of this study is to perform a detailed evaluation of the
representation of cyclones in the NARCliM ensemble and to assess the potential advantages of the ensemble compared to the
lower resolution datasets used to drive the RCM simulations. The analysis includes the evaluation of various characteristics
of ECLs including their frequency, intensity, size and duration. We focus on maritime cyclones that appear over the Tasman
Sea to the east of Australia, using a single automated cyclone detection and tracking algorithm that employs 6-hourly sea
level pressure (SLP) fields as input data (Browning and Goodwin 2013, Di Luca et al. 2015). While ECL climatologies are
somewhat sensitive to the choice of tracking method and identification criteria, we expect that these choices are of second
order importance when looking at differences between datasets for which ECLs were identified using the same method.
Moreover, Pepler et al. (2015) have shown that the most significant ECL events are identified regardless of method.

Previous research found that the frequency of ECLs identified from reanalyses data is highly sensitive to both the choice of the
reanalysis and the horizontal resolution of the input SLP (Di Luca et al. 2015). For this reason, we assess ECL characteristics
as simulated by the RCM ensemble at two different resolutions by comparing with three different high-resolution reanalysis
datasets, available at horizontal resolutions that are comparable to the RCM simulations. The resolution dependence is
assessed by comparing results for ECLs identified using high-resolution SLP (about 50 km) and low-resolution SLP (about
300 km) fields (Di Luca et al. 2015). In addition to the RCM results, we also include in the comparison results from the
coarse-resolution driving data in order to assess whether the RCMs provide improvements at coarse scales.

The paper is structured as follows: in Section 2 the RCM ensemble and the reference datasets are briefly described; in Section
3, the methodology is discussed including a description of the identification and tracking algorithm and of the metrics used
for evaluation. Section 4 shows results of the mean characteristics, distributions and spatial variability of ECLs when using
low-resolution SLP fields while Section 5 presents results for ECLs obtained using the high-resolution SLP fields. Finally
the summary and conclusions of the work are presented in Section 6.

2. 6-hourly SLP data

There are three types of 6-hourly SLP fields used in this study. The first group is given by three high-resolution reanalyses,
which are used as the reference datasets in the evaluation process. A second group consists of an ensemble of high-resolution
RCM simulations while a third group contains low-resolution reanalyses and global simulations used to drive the various
members of the RCM ensemble. A brief description of each dataset is given below while an overview of the data can be
found in Table 1.
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Dataset ∆y by∆x Analysis Atmospheric Reference
(km) (times) model type

MERRA ∼55x60 00-06-12-18 Finite Volume Rienecker et al. (2011)
(2/3◦x1/2◦)

ERA-I ∼80x70 00-12 Spectral (T255) Dee et al. (2011)
JRA55 ∼55x55 00-06-12-18 Spectral (T319) Kobayashi et al. (2015)

WRF-R1 RCM 50x50 00-06-12-18 Grid point
WRF-R2 RCM 50x50 00-06-12-18 Grid point Skamarock (2004), Evans et al. (2014)
WRF-R3 RCM 50x50 00-06-12-18 Grid point

NNRP ∼250x230 00-06-12-18 Spectral (T62) Kalnay et al. (1996)
CGCM3.1 ∼350x350 00-06-12-18 Spectral (T47) Kim et al. (2002)
ECHAM5 ∼250x230 00-06-12-18 Spectral (T63) Roeckner et al. (2003)
MIROC3.2 ∼350x350 00-06-12-18 Spectral (T42)

CSIRO-MK3.0 ∼250x230 00-12 Spectral (T63) (Gordon et al. 2002)

Table 1 Horizontal (∆x) spacing of the available data together with the type of model for the three reanalyses, the
RCM simulations and the driving data used in the study.

2.1 Evaluation datasets: high-resolution reanalyses

In order to evaluate the performance of RCMs and driving data at simulating midlatitude cyclones obtained from 6-hourly
SLP fields, three different high-resolution reanalyses are used: MERRA, ERA-I and JRA55. The three reanalyses are used to
take into account uncertainties in the reanalyses that have been shown to be substantial, particularly when considering ECLs
obtained using high-resolution SLP fields (Di Luca et al. 2015).

ERA-Interim (Dee et al. 2011; ERA-I) is a global atmospheric reanalysis provided by the European Centre for Medium-
Range Weather Forecasts (ECMWF). ERA-I uses a T255 horizontal resolution, which corresponds to approximately 79 km
spacing on a reduced Gaussian grid and a total of 60 sigma-pressure levels. ERA-I also uses a more sophisticated data
assimilation scheme (4-D var) and assimilates a greater number of observations than its predecessor ERA-40, leading to a
general improvement in the representation of the hydrological cycle and a better temporal consistency on a range of time-
scales (Dee et al. 2011). ERA-I SLP fields are available globally every 6 hours from the 1 January 1979 onwards. The data
assimilation scheme is applied every 12 hours, at 0000 and 1200 UTC, and so SLP fields valid at 0600 and 1800 correspond
to model forecasts.

The NASA Modern Era Retrospective-Analysis for Research and Applications (MERRA) reanalysis (Rienecker et al. 2011)
uses version 5.2.0 of the Goddard Earth Observing System (GEOS-5) and the GSI data assimilation system (Rienecker et al.
2008) to construct their analysis of observations. The atmospheric system uses a finite volume model, integrated over a grid
with horizontal spacings of 2/3◦ and 1/2◦ in longitude and latitude respectively (i.e. equivalent to about 55 km at 45◦ of
latitude) and with 72 sigma vertical levels. SLP analysis is available four times per day at 0000, 0600, 1200 and 1800 UTC;
and SLP forecasts are available every hour. Both analyses and forecasts span the period from 1979 to the present.

The Japan Meteorological Agency conducted the second Japanese global atmospheric reanalysis covering the 55 years from
1958 (Kobayashi et al. 2015; JRA55). JRA55 incorporates many improvements compared to the previous version (JRA25),
including a revised longwave radiation scheme, a 4-D var assimilation scheme and a variational bias correction scheme for
satellite radiances. The JRA55 system is based on the T319 spectral resolution version (about 55-km grid spacing) of the
Japan Meteorological Agency global spectral model (JMA 2013). SLP analyses are available four times per day at 0000,
0600, 1200 and 1800 UTC on a 0.5625 degrees grid spacing mesh.

2.2 NARCliM RCM ensemble

The RCM ensemble produced as part of the NARCliM project (Evans et al. 2014) is used here. It is a 15-member RCM
ensemble constructed using three versions of the weather research and forecasting (WRF) RCM driven by five different low-
resolution global datasets for a period from 1990 to 2009. The three different RCM versions were constructed using version
3.3 of theWRFmodel by combining different surface/planetary boundary layer, cumulus and atmospheric radiation schemes.
Specific schemes used in each of the three versions were selected after an evaluation of model performance and independence
over southeast Australia (Evans et al. 2012, Ji et al. 2014). The global driving data (GDD) comprises of the NCEP-NCAR
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reanalysis 1 (Kalnay et al. 1996) and four GCMs from the phase 3 of the Coupled Model Intercomparison Project (CMIP3),
which were also selected based on model performance and independence.

All simulations were performed using a double nesting approach where the GDD are used to drive the RCM at 50-km grid
spacing over a domain that covers the CORDEX-Australasia region (RCM50, see Figure 1). RCM50 is then used to drive the
same RCMwith a horizontal grid spacing of 10 km over a domain that includes southeast Australia. For further details on the
ensemble and the NARCliM experiment design the reader is referred to Evans et al. (2014). Here we focus on the evaluation
of present climate results (1990–2009) for the 50-km grid spacing RCM over the outer domain, as it is the resolution most
comparable to the reanalyses and allows ECL tracking over a broader region.

2.3 NARCliM global driving data (GDD)

As already stated, five global datasets are used to drive the RCM ensemble. The NCEP-NCAR reanalysis 1 project (Kalnay
et al. (1996), hereafter NNRP) was produced through cooperation between the National Centers for Environmental Predic-
tion (NCEP) and the National Center for Atmospheric Research (NCAR). The four CMIP3 GCMs simulations come from
the fifth version of ECHAM (ECHAM5; Roeckner et al. (2003)), version 3.1 of the Canadian Centre for Climate Modelling
and Analysis Model (CGCM3.1; Kim et al. (2002)), the Model for Interdisciplinary Research on Climate (MIROC3.2) and
CSIRO-Mk3.0 (Gordon et al. 2002). Some basic information such as the approximate horizontal grid spacing and the type
of model used by each GDD is shown in Table 1. In the case of the CSIRO-Mk3.0 simulation, SLP data were not directly
available from the CSIRO modelling group so we have calculated it using the corresponding surface pressure, temperature
and humidity. While three dimensional variables are needed to better estimate SLP fields, some of these variables (geopo-
tential height) were not available preventing us from including them in the calculation. Moreover, CSIRO-Mk3.0 fields were
available only every 12 hours so we have interpolated the calculated SLP every 6 hours using a simple linear interpolation.
Consequently, CSIRO-Mk3.0 SLP fields may include some non-negligable errors. Despite this, we have decided to include
them in the analysis.

As already stated, five global datasets are used to drive the RCM ensemble. The NCEP-NCAR reanalysis 1 project (Kalnay
et al. (1996), hereafter NNRP) was produced through cooperation between the National Centers for Environmental Prediction
and the National Center for Atmospheric Research (NCAR). The four CMIP3 GCMs simulations come from the fifth version
of ECHAM (ECHAM5; Roeckner et al. (2003)), version 3.1 of the Canadian Centre for Climate Modelling and Analysis
Model (CGCM3.1; Kim et al. (2002)), the Model for Interdisciplinary Research on Climate (MIROC3.2) and CSIRO-Mk3.0
(Gordon et al. 2002). Some basic information such as the approximate horizontal grid spacing and the type of model used
by each GDD is shown in Table 1. In the case of the CSIRO-Mk3.0 simulation, SLP data were not directly available from
the CSIRO modelling group so we have calculated it using the corresponding surface pressure, temperature and humidity.
While three dimensional variables are needed to better estimate SLP fields, some of these variables (geopotential height)
were not available preventing us from including them in the calculation. Moreover, CSIRO-Mk3.0 fields were available only
every 12 hours so we have interpolated the calculated SLP every 6 hours using a simple linear interpolation. Consequently,
CSIRO-Mk3.0 SLP fields may include some non-negligable errors. Despite this, we have decided to include them in the
analysis.

3. Methodology

The methodology used in this study follows from Di Luca et al. (2015) and was specifically designed to compare results
from datasets with different horizontal resolutions. As mentioned in the introduction, the evaluation of RCM simulations
is performed independently for ECLs identified using high-resolution (about 50-km grid spacing) and low-resolution (about
300-km grid spacing) SLP fields.

3.1 Data pre-processing: spatial re-gridding

When considering ECLs identified using high-resolution SLP fields, analyses are performed directly on the native grid of
each dataset, noting that this varies between the high-resolution reanalyses and the RCM simulations (see Table 1).

When comparing results at low horizontal resolutions, SLP fields from the high-resolution reanalyses and the RCM simula-
tions are first upscaled onto a common low resolution grid mesh of 300-km grid spacing. That is, 6-hourly (i.e. 0000, 0600,
1200 and 1800 UTC) instantaneous SLP fields from each high-resolution reanalyses and each RCM simulation at their native
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Figure 1 WRF-R2 RCM simulated instantaneous SLP field for a severe ECL at 1800 UTC 8 June 2007 over the outer
50-km NARCliM domain. The black rectangle shows the region where the tracking is applied and the white
rectangle the region where the analysis is performed. Only maritime cyclones are considered in the analysis.

resolution are aggregated in space by calculating the average of the high-resolution SLP values inside 300-km grid boxes.

Finally, the last step of the pre-processing consists of interpolating all datasets, no matter their spatial resolution, onto a
high-resolution (50 km) regular grid mesh that encompasses the region of interest. This interpolation is performed using a
cubic spline algorithm, which allows for the likely variation on the SLP fields between grid points, as argued by Murray and
Simmonds (1991).

3.2 Detection and tracking algorithm

ECLs are identified and tracked within the region denoted with a black line in Figure 1. The detection and tracking algorithm
is based on the method developed by Browning and Goodwin (2013) with modifications that were detailed in Di Luca et al.
(2015). The main characteristics of the detection algorithm used in this study are described below.

Lows are identified by searching for both a local minima in the SLP field and a SLP gradient (∇p) around the local minima
that exceeds a given threshold. The use of the local minima criterion implies that only closed lows are identified by the
algorithm. The ∇p is computed by averaging differences between the central SLP and the SLP in grid points located within
a radius of 200 km around the central pressure (∇p200). The value of the 200-km SLP gradient threshold was chosen to be
0.6 hPa/100 km and is thus very similar to the threshold used by Browning and Goodwin (2013) of 1 hPa/1.5 degree.

Once lows have been detected for individual time steps, cyclone events are generated by grouping lows that are close in both
time and space. Tracks are constructed by a nearest neighbour search in the following 6-hourly SLP field around a cyclone
position. The search extends to a maximum distance that depends on the temporal resolution of the data assuming that a
cyclone will not move faster than 60 km/h. The resulting search radius thus extends to about 360 km for 6-hourly data.

A number of lows appear to be quasi-stationary features that might be associated with either heat lows or with uncertainties in
extrapolating the atmospheric surface pressure to mean sea level. In this analysis, we filter out some of these quasi-stationary
systems by discarding cyclones that move at an average speed less than 5 km/h over the total duration of the event inside
the region of interest (i.e. 120 km for 24 h events). The number of events that are filtered when imposing this condition is
generally around 5% when using high-resolution SLP fields and around 10% when using low resolution SLP fields. While
this may falsely remove some ‘true’ ECL events, it is necessary to allow proper comparison of the different datasets. Also, as
in Di Luca et al. (2015), we only retain events that last at least two consecutive 6-hourly time steps over the region of interest.

Using the parameters specified above, we identify an exceptionally large number of events in the CSIRO Mk3.0 simula-
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tion, with nearly five times more events than in the ERA-I dataset. A visual inspection of individual events suggests that
a large number of them are still associated with stationary lows that appear near coastal regions, presumably due to some
artificial lows created in the interpolation process. As a consequence, for this particular simulation, we have increased the
cyclone’s averaged speed from 5 km/h to 20 km/h. With this modified threshold, the total number of ECL events appears to
be comparable to other GCM or reanalysis results.

3.3 Evaluation metrics

A comprehensive evaluation of ECLs in RCM simulations and GDDs is performed by assessing their representation of the
duration, intensity and size of ECL events together with a measure of their frequency.

All statistics are calculated for the common 20-year period between 1990 and 2009 for which data from RCM simulations
and reanalyses are available. Based on the annual cycle of the number of events at different resolutions presented in Di Luca
et al. (2015), we have decided to show results for two six-month blocks. The cold season is defined from April to September,
corresponding to the peak season of ECL impacts in Hopkins and Holland (1997), and the warm season from October to
March. An advantage of using results over the whole year is that it maximises the number of cyclones, thus compensating for
the relatively short 20-year periods used for the analysis. Also, ECL statistics are calculated within the region encompassed
by 25–40◦ S and 162◦ E and the Australian coast (see white rectangle in Figure 1) thus only considering maritime ECLs.

The intensity of cyclones will be evaluated by the same quantity adopted for the tracking (i.e. mean value of the 200-km
SLP gradient along the track of the cyclone). Alternative measures of the intensity such as the event-maximum 200-km SLP
gradient or the event-mean SLP Laplacian calculated at the centre of the cyclone lead to similar results. The duration of the
event is obtained by counting the number of time steps the cyclone spends in the region of analysis and multiplying by the
time step of 6 hours. That is, the duration metric used here does not measure the duration of the whole event but the time
that a given low spends over the region of interest. Clearly, event durations calculated in this way will be lower than those
obtained if considering the whole life time of a given low.

Following Rudeva and Gulev (2007), the radius of a given cyclone is estimated by calculating the area inside the so-called
‘last closed isobar’. First, we determine the locations for which the first radial derivative of SLP falls to zero across eight
radial lines (N, NE, E,...) that pass through the centre of the cyclone. The first derivative is calculated using the 50-km grid
mesh for a distance of 850 km from the centre. The locations where the derivative is zero are used to determine a ‘critical
SLP’ in each direction and the last closed isobar corresponds to the minimum of all the ‘critical’ values. In those cases where
the derivative is never zero, we set the radius to a maximum value of 850 km and the critical SLP corresponds to the SLP
value at 850 km from the centre. This occurs in only 2–3% of cases. Once the SLP of the last closed isobar is known,
distances of this isobar to the centre are obtained by interpolation thus obtaining a radius in each radial direction. We then
calculate the area encompassed by the last closed isobar by summing over the triangles obtained using individual radii in
different directions. Finally, the radius of the cyclone is obtained by calculating the radius of a circumference that has the
same area as the one obtained from the triangle summation.

Statistical confidence of correlation coefficients is tested by assuming that correlations are distributed following a Student’s
t-distribution. At the 5% significance level, the correlation coefficient can be calculated as rsig =

√
1

1+(N−2)/t2
95,N−2

with
N the size of the sample.

4. Comparison using ECLs derived from low-resolution SLP fields

Figure 2 shows scatter plots of the mean number of events versus their mean duration (top panels) and the event-mean
intensity versus their mean size (bottom) in warm (left) and cold (right) seasons. Each individual plot shows event-mean
results obtained using the smooth version (i.e., about 300-km grid mesh) of the SLP fields from all datasets: high-resolution
reanalyses, RCM simulations (i.e. 15 simulations) and driving data. In order to summarise results obtained by the various
groups of datasets, threemean values are also included in each plot: the mean value across the three high-resolution reanalyses
(red square), the mean value across RCM simulations driven by GCM data (black square) and the mean value across GCM
results (grey square). That is, the RCM and GDD ensemble mean values exclude results that use the NCEP/NCAR reanalysis
data in order to evaluate ensemble-mean results that can be used for future ECL projections.
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Figure 2 Scatter plots of the number of events Vs. their mean duration (a and b) and the event-mean 200-km SLP
gradient Vs. event-mean size (c and d). Top panels show results for the warm season events and bottom
panels for the cold season events. Ensemble mean values are shown in red, black and grey for the reanalyses,
the RCM and the GDD ensemble respectively. The RCM and GDD ensemble mean values exclude results
using the NCEP/NCAR reanalysis data. Only results obtained using the low resolution SLP fields (i.e. at the
common 300-km grid mesh) are shown.

It is first worth noting that regardless of the metric considered, results from the three high-resolution reanalyses are in good
agreement with differences across reanalyses being much smaller than the range of responses from the RCM and GDD
ensembles. The RCM-ensemble mean value generally performs well compared to the reanalyses although it is clear that
individual simulations can show quite poor performances with some showing nearly twice (e.g. NNRP-R3 in the warm
season) and others less than half (e.g. CSIROMk3.0-R2 in the cold season) the number of events in the reanalyses. The large
spread across RCM simulations is explained by both the choice of the RCM version and the choice of the GDD although in
general the choice of the RCM version has a larger impact on the results particularly during the warm season.

There are, however, some systematic differences between the RCM ensemble mean and the high-resolution reanalysis results.
In the cold season, RCM simulations largely underestimate the number of events compared with the reanalyses ensemble
mean. An exception to this underestimation is given by simulations driven by the NCEP/NCAR reanalysis that produce a
much larger number of events compared to GCM-driven simulations and even too many events compared to the reanalyses.
Also, in both seasons, the mean size of ECLs tends to be underestimated compared to the three reanalyses by about 40 to 60
km.

The GDD ensemble also shows reasonable results for the number of events and their mean duration although it consistently
shows poorer performance compared to the RCM ensemble mean. As for the RCM ensemble, the performance of the GDD-
ensemble mean results from a large compensation between the individual GDDs. For example, when considering the number
of events in warm season, the CSIRO-MK3.0 GCM shows about 6 events per year while CGCM3.1 shows less than 2 events
per year. Compared to the reanalyses, the GDD systematically shows too few cyclones that are too weak, too short and too
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large. A general underestimation of the intensity of cyclones by coarse resolution datasets was also found by Zappa et al.
(2013) and Grieger et al. (2014), especially when considering the coarsest horizontal resolutions GCMs.

Figure 3 shows the relative frequency of events as a function of the event-mean intensity for high-resolution reanalyses,
individual RCM simulations and GDDs. In both seasons but particularly in the cold season (right panels in Figure 3), the
RCM ensemble improves the representation of the frequency distributions compared to the GDD ensemble for the intensity
and the durations of events. More importantly, Figure 3 shows that the performance of the RCM ensemble to represent the
various ECL metrics does not deteriorate as we consider more extreme ECLs, suggesting that the advantages of the RCM
ensemble compared to the GCM ensemble appear more evident as we consider more extreme ECLs. For example, while the
GCM ensemble does not produce any events with an intensity of 1.2 hPa/100 km and a duration longer than 12 hours, both
the reanalyses and the RCM ensemble have about 6 events in 20 years for such kinds of cyclone.

Figure 3 Frequency distribution of the intensity, duration and size for ECL events identified at the common 300-km
grid mesh for the warm season (left panels) and the cold season (right panels). Different colours show the
different datasets available in each case. Red, black and grey thick lines show results for the mean values
across the reanalyses, the RCM ensemble and the GCM ensemble respectively.
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Figure 4 Normalised number of lows for the mean across reanalyses (a and d), the mean across the driving GCMs (b
and e) and the mean across RCM members (c and f). Top panels show results for the warm season events and
bottom panels for the cold season events. All values are normalised by the seasonal mean number of lows
over the whole region.

Figure 3 also shows that GDD members generally overestimate the size of events (see bottom panels), the largest of which
come from CCCMA3.1 and NNRP suggesting that the horizontal resolution is a clear limiting factor to get the correct size
of lows. On the contrary, in both seasons, most RCM members produce too many small lows and too few large systems
compared with the high-resolution reanalyses.

To analyse the spatial variability of ECLs over the region of interest, Figure 4 shows the spatial distribution of the number of
lows for the reanalysis ensemble mean (a and d), the GDD ensemble mean (b and e) and the RCM ensemble mean (c and f)
for the warm (top panels) and the cold (bottom panels) seasons. In both seasons, the high-resolution reanalyses (left panels
in Figure 4) show a clear north–south gradient with about seven times more cyclones in the south than in the north. The
GDD and RCM ensembles represent the north/south gradient in cold season reasonably well. However, in the warm season,
the GDD ensemble shows a stronger north–south gradient while the RCM ensemble shows a maxima over the centre of the
region with no clear north/south gradient.

The ability of individual RCM members and GDDs to represent the spatial distribution of ECLs is quantified in Figure 5. It
shows mean square errors and spatial correlations between the reanalysis ensemble mean and all other datasets. Clearly, in
both seasons, there is a large agreement across the high-resolution reanalyses with correlations between individual reanalyses
and the mean reanalysis always higher than 0.9. Spatial correlations between the reanalyses mean and individual members
of the RCM and GDD ensembles span a very large range of values. In the warm season (Figure 5a), with the exception of a
few simulations (e.g. R2 RCM simulations), correlations are generally small and not statistically significant suggesting the
poor ability of the models to represent the spatial variability of cyclones in this season. It is worth noting that RCMs tend to
improve GDDs errors, but worsen their spatial correlation.

In the cold season (Figure 5b), spatial correlations are now statistically significant for most members of the RCM and GCM
ensembles. The RCM ensemble improves mean square errors compared with GCMs although without improvements in the
spatial distribution of the number of lows.
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Figure 5 Mean square errors as a function of spatial correlations for the number of events in individual datasets
compared with the mean across the reanalyses. Warm season results are shown in a) and cold season results
in b).

5. Comparison using ECLs derived from high-resolution SLP fields

Figure 6 shows scatter plots of the number of events versus their mean duration (top panels) and the event-mean intensity
versus their mean size (bottom panels) for results obtained using the high-resolution SLP fields. The mean value across the
three reanalyses and across GCM-driven RCM simulations (i.e. excluding simulations driven by the NNRP) are also shown
by the red and black squares respectively.

In the warm season (left panels in Figure 6), the three high-resolution reanalyses show large agreement with an average
number of 27 events per year. In this season, the RCM ensemble shows a good representation of the event-average duration
although it shows a large overestimation of the number of events with an average of near 60 events per year, thus about twice
the number of events than reanalyses. ECLs in the RCM ensemble are also generally slightly stronger (by about 0.1 hPa/100
km) and substantially smaller (by about 70 km) than in the reanalyses.
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Figure 6 Same as in Figure 2 but for results obtained using SLP fields at their native resolution (see Table 1 for details
on the horizontal resolution of individual datasets).

In the cold season (right panels in Figure 6), the RCM ensemble represents well the total number of events compared with
high-resolution reanalyses. Surprisingly, simulations driven by the NNRP reanalysis tend to largely overestimate the number
of events and, on average, they perform worse than the GCM-driven simulations. That is, simulations driven by the more
realistic large-scale conditions provided by the NNRP reanalysis do not necessarily produce results that are closer to the high
resolution reanalyses than those simulations driven by GCMs.

In agreement with the high-resolution reanalyses, all RCM members produce less events with longer durations in cold rather
than warm seasons. RCM members do not show an increase in the size of these lows in the cold season, a characteristic
that the three reanalyses show. As in the warm season, the RCM ensemble substantially underestimates the mean size and
duration of ECLs when compared to the reanalyses.

In both seasons, as found for low-resolution SLP results, the variability across the RCM ensemble depends on the choice of
both the RCM version and the driving data. In the warm season, R2 RCM simulations produce the largest number of events
together with the weakest mean intensities and smallest sizes suggesting that this version tend to develop relatively weak
ECL events more often than any other version.

Top panels in Figure 7 show the relative frequency of events as a function of the event-mean intensity for individual reanalyses
and RCM simulations and their mean values. In both seasons, the RCM ensemble mean distribution (thick black line) is very
close to the mean reanalyses distribution (thick red line) with only a small underestimation of the number of very weak ECLs
in the warm season (Figure 7a). Importantly, the RCM ensemble seems to reproduce the ECL climatology of the most intense
events well.

In both seasons, but particularly in the warm season, the uncertainty across reanalyses is quite large with the largest discrep-
ancies arising between the ERA-I and the MERRA reanalyses, with the JRA55 reanalysis usually showing an intermediate
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Figure 7 Same as in Figure 3 but for results obtained using SLP fields at their native resolution (see Table 1 for details
on the horizontal resolution of individual datasets).
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behaviour. As a consequence, although the RCM simulations show a substantial range of responses, their frequencies are
generally within the reanalyses uncertainty. Again, as we found when looking at the average across all events, frequencies
for the various intensities depend on both the choice of the RCM and the driving data.

The relative frequency of events as a function of mean duration in cold and warm seasons is presented in Figures 7c and 7d
respectively. In both seasons (Figures 7c,d), the RCM ensemble tends to produce too many short duration events and too few
long lasting (i.e., longer than 24 hours) ECL events compared with the three reanalyses. NNRP-driven simulations tend to
show a better distribution of event-mean durations than most GCM-driven simulations.

Finally, the distribution of mean sizes across the reanalyses and simulations are shown in Figures 7e and 7f. In both seasons
the RCM ensemble shows a small range of responses with all RCM members producing too many small cyclones compared
with the three high-resolution reanalyses. The last result appears to be consistent with the systematic underestimation of long-
lasting ECL events suggesting that RCMs produce too few, large and slow-moving ECLs particularly in the cold season.

Figure 8 shows the spatial distribution of the number of events for the high-resolution reanalyses mean (left panels in Figure
8) and the RCM ensemble mean (right panels) in warm (top panels) and cold (bottom panels) seasons. In the warm season,
the spatial distribution of cyclones shows a distinctive characteristic given by a maximum near the eastern coast of Australia
consistent across the various reanalyses. As discussed in Di Luca et al. (2015), this feature appears to be consistent with a
larger number of ECL events of the ‘inland trough’ type which develop within coastal surface troughs (see the annual cycle
and the spatial distribution of inland trough lows in Speer et al. (2009)). The much larger number of events near the coast is
also evident in the RCM ensemble mean field. Overall correlations between RCMmembers and the mean across the reanlyses
(see Figure 9a) are always statistically significant (P < 0.05) and strongly dependent on the choice of the driving data.

Figure 8 Same as in Figure 4 but for results obtained using SLP fields at their native resolution (see Table 1 for details
on the horizontal resolution of individual datasets).

In the cold season (bottom panels in Figure 8), the mean-reanalyses spatial distribution show relatively low spatial variability
although all reanalyses show a clear north-south gradient and two secondary maxima, one near the coast and another off
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Figure 9 Same as in Figure 8 but for results obtained using SLP fields at their native resolution (see Table 1 for details
on the horizontal resolution of individual datasets).

the coast at about 37◦ S. Most RCM members do not show such a latitudinal gradient in the number of events and produce
too many events in the northern and central part of the region of interest, with too few events along the south coast where
these are a major contributor to cool season heavy rainfall. As a consequence, spatial correlations between individual RCM
simulations and the reanalyses mean are quite low (see Figure 9b).

6. Summary

In this study we have evaluated the representation of ECLs in a high-resolution 15-member RCM ensemble and in the low
resolution global datasets used to drive the RCM ensemble. The evaluation was performed separately for ECLs derived using
SLP fields at low (about 300 km) and high (about 50 km) resolutions. The analysis made using low-resolution SLP fields
allows direct comparison of results obtained from RCM simulations with results obtained from the global data used to drive
the RCMs (i.e. low resolution reanalysis or GCMs).

Regardless of the resolution of the SLP fields and the specific metric considered for evaluation (i.e. intensity, duration, size
or number of events), we have shown that the RCM ensemble spread is affected by both the choice of the RCM version and
the choice of the driving data although it is generally dominated by the former. This result makes clear that the simulation of
ECLs is strongly dependent on the physical representation of various subgrid scale processes in climate models. Specifically,
considering some large differences across different RCM versions, it seems that the cumulus parameterisation scheme plays
a dominant role in agreement with previous work (Ji et al. 2014, Gilmore et al. 2015).

In general, the results found in this study highlight the importance of using a multi-RCM, multi-driving data approach to
simulate the climatology of ECLs. Although individual RCM simulations sometimes show important discrepancies com-
pared to the reference datasets, the ensemble mean consistently performs well and outperforms most individual simulations.
Although this result is not particularly surprising given the results of previous studies, it is worth emphasising the usefulness
of the RCM ensemble.

The evaluation of the ECL climatology obtained using low-resolution SLP fields shows that the RCM ensemble performs
substantially better than the driving data ensemble mean, regardless of the evaluation metric considered. In particular, the
coarse resolution GCMs tend to produce too few ECLs that are too weak and too short compared with the reanalyses ECLs.
The intensity of ECL events and their duration are then systematically improved when considering the spatially upscaled
RCMs instead of the lower resolution driving data. Moreover, the added value of the RCM ensemble is even more evident
when considering subsets of more extreme ECLs (i.e. more intense or longer duration) for which the coarsemodels sometimes
do not produce any events.

Evaluating the ECL climatology using high-resolution SLP fields shows that RCMs perform reasonably well at representing
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some aspects of the climatology such as the number of events in cold season and, more generally, frequency distributions
in terms of intensities, sizes and durations. Some systematic differences were apparent, however, such as an overestimation
of the number of events in the warm season, an underestimation of the size of events in the cold season and substantial
discrepancies in the spatial distribution of the cyclones.

Importantly, the evaluation shows that the RCM ensemble performs well even when considering more extreme subsets of
ECLs. This constitutes a key result suggesting that the present RCM ensemble can be used to study a range of ECLs,
specifically those most extreme ECLs that are generally associated with substantial impacts. For example, as shown by
Callaghan and Power (2014), ECLs and their associated fronts are responsible for about 57% of all major floods along coastal
catchments in eastern Australia. In this regard, future research plans include the consideration of metrics that quantify the
cyclone’s strength from a social and economical perspective including the maximum precipitation rate and the amount of
rainfall accumulated along the cyclone’s lifecycle.

It is worth noting that the climatology of ECLs appears substantially different depending on the resolution of the SLP fields
used to identify and track ECLs. Apart from a much larger number of ECL events, the use of high-resolution SLP fields
leads to a larger proportion of stronger (e.g. larger pressure gradient values) and longer lasting ECLs suggesting that the
high-resolution fields are more suitable to analyse more extreme ECLs.

This assessment also highlights the quite complex relationship between RCMs and the global boundary conditions where
simulations driven by the NCEP/NCAR reanalysis do not necessarily produce results that are closer to the reference datasets
compared to those driven by GCMs. Clearly, further work is needed in order to understand the sources of these differences.
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