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Abstract East Coast Lows (ECLs) are intense low-
pressure systems that affect the eastern seaboard of
Australia. They have attracted research interest for both
their destructive nature and water supplying capabil-
ity. Estimating the changes in ECLs in the future has a
major impact on emergency response as well as water
management strategies for the coastal communities on the
east coast of Australia. In this study, ECLs were identi-
fied using two large-scale diagnostic quantities: isen-
tropic potential vorticity (IPV) and geostrophic vorticity
(GV), which were calculated from outputs of historical
and future regional climate simulations from the NSW/
ACT regional climate modelling (NARCIiM) project. The
diagnostic results for the historical period were evaluated
against a subjective ECL event database. Future simula-
tions using a high emission scenario were examined to
estimate changes in frequency, duration, and intensity of
ECLs. The use of a relatively high resolution regional cli-
mate model makes this the first study to examine future
changes in ECLs while resolving the full range of ECL
sizes which can be as small as 100-200 km in diameter.
The results indicate that it is likely that there will be
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fewer ECLs, with weaker intensity in the future. There
could also be a seasonal shift in ECLs from cool months
to warm months. These changes have the potential to sig-
nificantly impact the water security on the east coast of
Australia.

Keywords East Coast Lows (ECLs) - Isentropic potential
vorticity (IPV) - Geostrophic vorticity (GV) - NARCIiM

1 Introduction

The eastern seaboard of Australia is a different climato-
logical entity to the rest of eastern Australia. Major climate
drivers such as the El Nino—Southern Oscillation and the
Indian Ocean Dipole have substantially weaker correla-
tions with rainfall in this region than elsewhere in eastern
Australia (Murphy and Timbal 2008; Timbal 2010). Recent
research suggests that East Coast Lows (ECLs), also known
as east coast cyclones, are a dominant driver of climate for
the region (Dowdy et al. 2014), that strongly influences
extreme rainfall along the eastern seaboard (Imielska et al.
2012; Pepler and Coutts-Smith 2012).

ECLs are intense low-pressure systems that occur, on
average, several times each year off the eastern coast of
Australia, in particular southern Queensland and New
South Wales (NSW). The coastal area is boarded in
west by the Great Dividing Range (the most substantial
mountain range in Australia) that stretches thousands of
kilometres from Queensland, running the entire length
of the eastern coastline through NSW, then into Victo-
ria (Fig. 1). ECLs are more common during autumn and
winter although they can occur at any time of the year
(Hopkin and Holland 1997; Speer et al. 2009). ECLs
often intensify rapidly overnight making them one of
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Fig. 1 Map of Australia show-
ing the domains (red rectangle
and green rectangle) used for
extracting extreme values of
IPV and GV respectively

the more dangerous weather systems to affect the Aus-
tralian coast. For example, an intense low system on the
8th of June 2007 caused extensive damage along the cen-
tral NSW coastline near Newcastle (32.93°S, 151.79°E),
which is a top 10 natural disaster in Australian history,
including nine deaths, major flash flooding, extreme
wind gusts and sea waves, over $1.5b in damage (Mills
et al. 2010; Verdon-Kidd et al. 2010). Although ECLs
can cause significant damage to coastal infrastructure and
ecosystems through heavy rainfall and flooding, strong
wind gusts, storm waves and increased sea levels, they
also contribute positively to the fresh water resources in
eastern Australia, particularly in north-eastern NSW (Ris-
bey et al. 2009; Pepler and Rakich 2010). The impact of
these ECLs means that any potential trends in their fre-
quency, duration, and intensity have particular impor-
tance for both coastal infrastructure planning and also for
water resources planning along the eastern seaboard of
Australia.
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ECLs have mainly been investigated in the context of
individual or a group of events (Bridgman 1985; Holland
et al. 1987; Mclnnes et al. 1992; Hopkin and Holland
1997; Leslie and Speer 1998; Qi et al. 2006; Garde et al.
2010; Mills et al. 2010; Verdon-Kidd et al. 2010; Evans
et al. 2012; Ji et al. 2011, 2014). There has been some
effort to build East Coast Low storm dataset using various
classification schemes (PWD 1985, 1986; Holland et al.
1987; Hopkin and Holland 1997; Qi et al. 2006; Speer
et al. 2009, 2011). However, most of these classification
schemes are subjectively based on surface variables. A
recent publication by Browning and Goodwin (2013) uses
an objective approach to track ECLs based on the mean
sea level pressure. Mills et al. (2010) found that the devel-
opment of the upper-tropospheric cut-off low over south-
east Australia was critical in the explosive surface develop-
ment of the Pasha Bulker East Coast Low of 8 June 2007.
They further analysed 11 of the highest impact ECLs listed
by the NSW Regional Forecasting Centre of the Australia



Using large-scale diagnostic quantities

Fig. 2 Annual frequency of

Analysed ECLs(1970 - 2006)

ECLs for 1970-2006 in the 35 y=-0.0159x + 22.815
observational dataset (Speer w 30 R*=0.0015
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Re-Analysis [ERA Interim (ERA-I); Uppala et al. 2005] 2
from 1989 to 2006. Diagnostic quantities based on isen- 24
tropic potential vorticity (IPV) and geostrophic vorticity
(GV) were shown to provide a good indication of the 0- DIF MAM m SON
likely occurrence of East Coast Lows, as well as associ- Season

ated impacts such as extreme rainfall events. Dowdy et al.
(2013b) further applied the method to two other reanaly-
ses [NNRP (Kalnay et al. 1996) and ERA-40 (Uppala
et al. 2005)] and three global climate models (GCMs). The
results obtained when applying the diagnostic to two of the
three GCMs are similar to expectations given their spatial
resolutions, and produce seasonal cycles similar to those
from the reanalyses.

This study applies these vorticity based ECL indica-
tors to the finer resolution dynamical downscaling out-
puts from the NARCIIM (New South Wales/Australian
Capital Territory regional climate modelling http://www.
ccrc.unsw.edu.au/NARCIiM/) project (Evans et al. 2014).
The multiple model simulations (12 members) allow
exploring a large range of variations in the future projec-
tions. The finer resolution regional climate model (RCM)
simulations are able to resolve smaller atmospheric fea-
tures than the GCMs. Further, this study explores the
seasonal variation of ECLs in greater detail than previous
studies (Dowdy et al. 2011, 2013a, b) and investigates
changes in duration and intensity of ECLs that have not
previously been studied.

The paper is structured as follows; Sect. 2 describes
the data used in the study; Sect. 3 describes the meth-
odology for indicating ECL events; Sect. 4 presents the
results of changes in frequency, duration, and intensity
of ECLs. Discussions and conclusions are presented in
Sects. 5 and 6.

Fig. 3 Observed seasonal frequencies of ECLs for two periods. Error
bars shows the inter-annual range (10th-90th percentile)

2 Data
2.1 ECL data

The subjectively analysed ECL database (Speer et al.
2009) is the only available “observational dataset” to
evaluate objective tracking results. The dataset, that was
constructed from daily charts of mean sea level pressure,
station data and satellite images, includes details (date,
intensity, and category etc.) for each ECL event from 1970
to 2006. Figure 2 shows the number of ECLs per year for
this period. For the whole period, there is no obvious trend
in annual ECLs. As the observations are limited in length,
no obvious trend in this particular period does not neces-
sarily exclude the possibility of ECLs being sensitive to
global warming.

We divided the subjective dataset into two time peri-
ods (1970-1989 and 1990-2006) to investigate whether
there has been any change in the occurrence of ECLs
recently. The average numbers of ECLs per year for both
periods are almost identical and are about 22.5. When the
later period is compared to the earlier period (Fig. 3), the
numbers of ECLs in winter (Jun—Aug) have decreased

@ Springer


http://www.ccrc.unsw.edu.au/NARCliM/
http://www.ccrc.unsw.edu.au/NARCliM/

F. Jietal.

Table 1 The model configuration for the three RCMs in NARCIiM

NARCIiM ensemble Planetary boundary layer Cumulus Micro-physics Shortwave/longwave
member physics/surface layer physics physics radiation physics

R1 MYJ/Eta similarity KF WDM 5 class Dudhia/RRTM

R2 MYJ/Eta similarity BMJ WDM 5 class Dudhia/RRTM

R3 YSU/MMS similarity KF WDM 5 class CAM/CAM

whereas those in summer (Dec—Feb) have increased. We
further compared the seasonal distributions between the
two equal length periods (1970-1987 and 1988-2005) and
results also suggest a seasonal shift in the occurrence of
ECLs from cool to warm months, although the shift is not
significant, falling well within the range of inter-annual
variability.

2.2 NARCIiM data

As designed in the NARCIiM project, simulations from
four GCMs were used to drive three RCMs to form a
12 member GCM/RCM ensemble (Evans et al. 2014).
The four selected GCMs are MIROC3.2, ECHAMS,
CCCMA3.1, and CSIRO-MK3.0 (Evans and Ji 2012a).
For the future projections the SRES A2 emission sce-
nario (IPCC 2000) was used. The three selected RCMs
(detailed in Table 1) are three physics scheme combi-
nations of the WRF model (Evans and Ji 2012b). Each
simulation consists of three 20-year runs (1990-2009,
2020-2039, and 2060-2079). The model domain covers
the Coordinated Regional Climate Downscaling Experi-
ment (CORDEX) (Giorgi et al. 2009) AustralAsia region
with 50 km resolution that is much finer than those of the
reanalyses data or GCM outputs used in pervious studies
(Dowdy et al. 2011, 2013a, b). The fine resolution given
by RCMs can provide information that identifies small-
sized, weak and short duration low systems that coarse
resolution reanalyses data and GCM simulations are
incapable of capturing.

Some initial evaluation of NARCIIM simulations
shows that RCMs have strong skills in simulating the cli-
mate of Australia with a small cold bias and overestima-
tion of precipitation on the Great Dividing Range. The
differing responses of the different RCMs confirm the
utility of considering model independence when choos-
ing the RCMs. The RCM response to large scale modes
of variability also reflect the observations well (Evans
et al. 2013b). The ability of the models to simulate par-
ticular East Coast Lows was examined in Evans et al.
(2012), and Ji et al. (2014). Further in-depth evaluations
of the ensemble performance for present-day climate are
underway. Through these evaluations we find that while
there is a spread in model predictions, all models perform
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adequately with no single model performing the best
overall variables and metrics. The use of the full ensemble
provides a measure of robustness such that any result that
is common through all models in the ensemble is consid-
ered to have higher confidence.

We note that the data used in this study are from the
NARCIiM project in which 4 GCMs and 3 RCMs were
chosen based on a number of criteria (Evans et al. 2014):
(1) adequate performance when simulating historic cli-
mate; (2) most independent; (3) cover the largest range
of plausible future climates for Australia (only for selec-
tion of GCMs). We acknowledge that the results are
model dependent (as all model studies are) but through
the use of this carefully selected ensemble we have
attempted to minimise this dependence. By using this
model selection process we have shown that it is pos-
sible to create relatively small ensembles that are able to
reproduce the ensemble mean and variance from the par-
ent large ensemble as well as minimise the overall error
(Evans et al. 2013a).

For easier description in this paper, the 12 simula-
tions were named MIROC-R1, MIROC-R2, MIROC-R3;
ECHAM-R1, ECHAM-R2, ECHAM-R3; CCCMA-RI,
CCCMA-R2, CCCMA-R3; and MK30-R1, MK30-R2,
MK30-R3. The simulations driven by the same GCM were
referred to as GCM simulations, the simulations using the
same RCM were referred to as RCM simulations. In total,
there were 4 GCM simulations (average of 3 members) and
3 RCMs simulation (average of four members). The anal-
yses in this study are based on the outputs from these 12
simulations.

3 Methodology

3.1 Indicated ECL and ECL frequency

Two diagnostic quantities were calculated based on the
NARCIiM simulations to objectively investigate changes in

ECLs following Dowdy et al. (2011). Isentropic potential
vorticity (IPV) was calculated on 320 K isentropic surface.

IPV = —g(& +f)% (1



Using large-scale diagnostic quantities

Here g is gravitational acceleration, &, is relative vor-
ticity calculated on isentropic surface, f is the Coriolis
parameter, % is lapse rate of potential temperature.

The geostrophic vorticity (GV) was calculated on the
500 hpa pressure level.

£ = 192 )
f

Here f is the Coriolis parameter and V>® is the Lapla-
cian of geopotential. As vorticity is negative for low pres-
sure systems in the southern hemisphere, GV and IPV were
multiplied by —1 x 10° to convert them into (positive)
potential vorticity units (PVU = 10~°K m?/kg/s).

The IPV/GV was calculated at 6 hourly intervals for
each of 12 simulations. The extreme maximum values of
IPV and GV within the geographic regions of 15° in lon-
gitude and 10.5° in latitude centred on 29°S,150°E and
29°S,153°E respectively (see domains in Fig. 1) for each
time step were extracted to form an extreme IPV/GV time
series (Dowdy et al. 2011, 2013a). Since the observations
in Speer et al. (2009) are based on mean sea level pressure
rather than vorticity measures, we employed a procedure
to establish a relationship between model simulations and
observations. A threshold for each month was applied to the
extreme IPV/GV time series to objectively identify ECLs.
The ECLs identified this way are termed “indicated ECLs”
hereafter. In Dowdy et al. (2011, 2013a, b) a single thresh-
old is selected in order to match the mean annual number
of ECLs with that identified in the subjective dataset. This
results in a poor correspondence between the annual cycles
of the two datasets. Here the thresholds were selected so
that the average number of ECLs for each month matches
that of the observed data for the historical period (1990—
2009). Since the observed (subjective) ECL dataset (avail-
able from 1970 to 2006) does not cover the entire period
of 1990-2009, we assumed that the ECL monthly distribu-
tion for 1990-2006 is representative of the period of 1990-
2009. The same set of thresholds derived from the histori-
cal period was applied to the two future periods to get the
indicated future ECLs.

For each of the 12 simulations, the indicated ECLs for
the two future periods were compared to the historical
period to investigate the changes in annual and monthly
ECL frequency.

3.2 IPV/GV indicated ECL duration

The durations for indicated ECLs were calculated based on
the number of consecutive occurrences with IPV/GV value
above the threshold and averaged to get the mean ECL
duration for the three time periods, and for each simulation.
The changes in durations were estimated as the differences

in mean duration derived from two future periods relative
to the historic period.

3.3 IPV/GV indicated ECL intensity

The IPV/GV values above the monthly thresholds were
extracted to form a new time series. This new time series
was used to analyse ECL intensity. Each time series was
sorted from the smallest to largest and divided into bins
with width 2 PVU based on the IPV/GV values. The his-
togram based on the bins above calculated for each of the
36 time series (12 simulations by 3 time periods) were ana-
lysed and compared to estimate changes in IPV/GV indi-
cated ECL intensity.

4 Results
4.1 Changes in ECL frequency
4.1.1 Changes in annual ECLs

IPV/GV indicated annual ECLs for three periods derived
from the 12 simulations are shown in Fig. 4. As the IPV/
GV thresholds were calibrated against the observation, for
the historic period, the mean number of ECLs calculated
using both diagnostic quantities (IPV/GV) for all simula-
tions is the same as the observations (22.5). Figure 4 also
includes an error bar obtained by calculating the 10th and
90th percentile of the time series of annual number of indi-
cated ECLs. All simulations consistently show a decrease
in the number of IPV indicated ECLs for the two future
periods. The far future decreases are significant at the 95 %
level of confidence using a Kolgomorov—Smirnov test in 11
of the 12 projections (except for MIROC-R3). The magni-
tude of these decreases varies considerably across different
simulations, with the largest variation associated with the
choice of the driving GCM.

Some simulations display small increases in GV indi-
cated ECL numbers. These include MIROC-R1, MIROC-
R2, MIROC-R3, MK30-R1, and MK30-R2. MIROC-R1,
MIROC-R2, MK30-R1, and MK30-R2 project slightly
more GV indicated ECLs for 2020-2039 but less for
2060-2079. MIROC-R3 projects increase in GV indicated
ECLs for both future periods. The magnitude of changes
in annual ECLs is much smaller for GV indicated ECLs
than IPV indicated ECLs; and for 2020-2039 compared
to 2060-2079. Even for GV indicated ECLs the far future
decreases are significant at the 95 % level of confidence
using a Kolgomorov—Smirnov test in 7 of the 12 projec-
tions (ECHAM-R1, ECHAM-R2, ECHAM-R3; CCCMA-
R1, CCCMA-R2, CCCMA-R3; and MK30-R1).
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Fig. 4 IPV/GV indicated ECLs for three periods for 12 simulations. cated ECLs. Dark, medium and light colour columns shows the distri-
The x axis shows 12 simulations, each simulation includes two diag- bution of indicated ECLs for 1990-2009, 2020-2039 and 2060-2079,
nostic quantities (IPV and GV) and three time periods (1990-2009, respectively. Error bars shows the inter-annual range (10th to 90th
2020-2039 and 2060-2079). Red columns shows distributions of IPV percentile)

indicated ECLs and green columns shows distributions of GV indi-

Fig. 5 The same as Fig. 4, but 35
averaged for 4 GCM simula-
tions

Number of annual ECLs

MIROC ECHAM CCCMA MK30
GCMs
® IPV(1990-2009)  m IPV(2020-2039) IPV(2060-2079)  ® GV(1990-2009)  ® GV(2020-2039) GV(2060-2079)
The results for simulations driven by the same GCM 30

were averaged to compare the difference in annual ECLs
between the four groups of GCM driven simulations
(Fig. 5). All four GCM simulations show decreases or no
change in IPV/GV indicated annual ECLs for the future
periods. However, the magnitude of decrease differs sig-
nificantly between the different GCMs. MIROC simula-
tions show smallest decreases, followed by CSIRO-MK3.0
and ECHAM simulations. CCCMA simulations show the
largest decrease for both diagnostic quantities, especially

Number of annual ECLs

for the period of 2060-2079. It is worth noting that the " ROMs "
GV indicated ECLs show essentially no Change in fre- B PV(1990-2009) M [PV(2020-2039) IPV(2060-2079) M GV(1990-2009)
quency out to the 2020-2039 period. Both IPV and GV B 6V(2020-2039) GV(2060-2079)

indicated that the rate of changes in annual ECLs is likely
to accelerate during this century and the results show good  Fig. 6 The same as Fig. 4, but averaged fro 3 RCM simulations
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Changes in monthly IPV/GV indicated ECLs
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Fig. 7 Plots summarizing changes in monthly IPV/GV indicated
ECLs for 12 simulations. The boxes and whiskers shows the results
from 12 simulations. The boxes shows the inter-quartile range, the
middle horizontal lines shows the median and the whiskers shows the
highest and the lowest values. The results from two diagnostic quanti-

consistency between different GCM siumulations and
RCM simulations (see also Fig. 6).

The results for simulations using the same RCMs
were averaged to compare the difference in annual ECLs
(Fig. 6). Again, all three RCM simulations show a decreas-
ing trend in IPV/GV indicated annual ECLs for the future
periods. The differences between RCM simulations are
much smaller than those between GCM simulations,
for both GV and IPV indicated ECLs. The magnitude of
decrease in annual ECLs is slightly smaller for R3 simula-
tion, following by R2 simulations and R1 simulations. It is
worth noting that the IPV indicated far future (2060-2079)
changes fall outside the range of inter-annual variaibility.

Taking the overall mean change from the 12 simulations
we can obtain quantitative estimates for the 2020-2039
and 2060-2079 periods. There are 0.4 and 3.8 fewer GV
indicated ECLs annually for the two future periods respec-
tively; and 3.3 and 8.4 fewer IPV indicated ECLs for the
two future periods respectively.

4.1.2 Changes in monthly ECLs

The average number of IPV/GV indicated ECLs for each of
the 12 months derived from the 12 simulations were used to
investigate the changes in monthly IPV/GV indicated ECLs
for future periods relative to the historical period (Fig. 7).
There are large differences between the simulations, but
most of the simulations show a decreasing trend in the cool
months and little change or an increasing trend in the warm
months for both of the future periods.

In Fig. 7 it can be seen that there is strong agreement
across all simulations for a decrease in IPV indicated ECLs
from April through October, by 2060-2079. A fairly con-
sistent decrease of one IPV indicated ECL per month in
the cool season is projected. This decrease is significant

ties and two future periods are shown in different colors. Red columns
represent changes in IPV indicated ECLs, green columns represent
changes in GV indicated ECLs. Light and dark colour columns shows
the changes for 2020-2039 and 2060-2079 relative to 1990-2009,
respectively

in at least 8 of the projections (MIROC-R1, MIROC-R2;
ECHAM-R1, ECHAMS-R2, ECHAM-R3; and CCCMA-
R1, CCCMA-R2, CCCMA-R3) from May to October
(excluding June) according to a Kolgomorov—Smirnov
test at the 95 % level of confidence. Negative changes pro-
jected for the near future using IPV are also quite consist-
ent across simulations for the cool season. In most cases
the 25th percentile change is below zero, which means that
at least 9 out of 12 simulations project a decrease for IPV
indicated ECLs.

In terms of GV indicated ECLs, few changes are con-
sistent across all models. The change in May, July, and
August, between present day and far future (2060-2079),
are the only months in which all models agree that there
will be a decrease in GV indicated ECLs. During cold sea-
son months the majority of models also agree with this
decrease in ECLs in the far future, though few of these
decreases are significant. The mean cold season decrease
estimated using GV indicated ECLs is around half of the
decrease estimated using IPV indicated ECLs. For the near
future there is little consistency in the changes estimated by
the 12 models.

4.2 Changes in ECL duration

The mean duration of IPV/GV indicated ECLs are shown
in Fig. 8. 11 in 12 simulations showed consistent decreases
in IPV indicated ECL duration for both future periods, with
the largest decreases in the CCCMA driven simulations,
and the smallest far-future decrease in the CSIRO-MK3.0
driven simulations (Fig. 8). For GV indicated ECL dura-
tions, only 9 out of 12 simulations showed a decreasing
trend with the largest decrease in the CCCMA driven simu-
lations as well. MIROC-R3, ECHAM-R1, and ECHAM-
R3 showed increases in GV indicated ECL duration. Most
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Fig. 8 Mean duration of /PV/ 35
GV indicated ECLs for 12 simu-
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of the increases were small except MIROC-R3 simulation
for 2060-2079. In general the future duration of ECLs falls
within the current inter-annual variability. For IPV indicated
ECLs, 4 of 12 models (MIROC-R2, CCCMA-R1, CCCMA-
R2 and CCCMA-R3) simulate far future durations outside
this range, indicating significant decreases in duration. For
GV indicated ECLs, 1 of 12 models (CCCMA-R2) simulates
a change outside this range indicating a significant decrease
in duration for that particular model only.

The IPV/GV indicated ECL durations for 12 simula-
tions were averaged to calculate the most likely change
in duration. Both diagnostic quantities showed decreases
in mean duration, while a larger reduction in duration
was projected for IPV indicated ECLs compared to GV
indicated ECLs. The duration was projected to be ~2.5 h
shorter for GV indicated ECLs for both future periods,
and 3.5 h shorter for IPV indicated ECLs for 2020-2039,
and 7 h shorter for IPV indicated ECLs for 2060-2079. It
should be noted that these mean changes in duration have
limited confidence as they fall within the range of interan-
nual variability.

4.3 Changes in ECL intensity

All simulations projected decreased intensity for IPV indi-
cated ECLs. Most of the simulations (11 out of 12) also
projected decrease/no change in intensity for GV indicated
ECLs. MIROC-R3 simulation, being an exception, pro-
jected an increase in GV indicated ECL intensity, as well as
an increase in annual ECL numbers and mean duration as
shown in Sects. 4.1 and 4.2.

The 3 RCM simulations generally showed similar results
with the R1 simulation giving slightly larger decreases than
R2 and R3 driven simulations. There are clear differences
in the results given by the 4 GCM simulations with the
CCCMA simulation projecting the largest decrease, followed
by ECHAM, CSIRO-MK3.0, and MIROC simulations.
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Fig. 9 Mean estimation of IPV/GV occurrence distributions for three
time periods (a) and their changes for two future periods relative to
the historical period (b)

Figure 9a shows the distribution of IPV/GV values as
number of times (above threshold) in each of the 42 bins
at 2 PVU intervals ranging from 10 to 90 PVU. The GV
distributions for the three time periods were similar, with
a singular peak centred at around 15 PVU. The IPV dis-
tributions for the three time periods had dual peaks cen-
tred at around 22 and 34 PVU. The most likely change
(average of the 12 simulations) in IPV/GV distribution
for the two future periods is shown in Fig. 9b. There was
a decrease in GV distribution mostly near the peak values
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Fig. 10 Annual /PV/GV indi- 35

cated ECLs for 12 simulations
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Fig. 4

20

Number of ECLs

m IPV(1990-2009)

for the two future periods. The changes in IPV distribu-
tion were mostly near the second peak at 34 PVU. Rela-
tively little change can be observed at the first peak in the
IPV distribution. The magnitude of decrease in IPV/GV
distributions was larger for 2060-2079 than 2020-2039,
relative to 1990-2009. In both cases there is a decrease in
the numbers of ECLs with mid-range intensity, while the
occurrence of the weakest and the strongest ECLs remains
largely unchanged.

5 Discussion
5.1 Impact of choosing different thresholds

In this study, we used a different threshold for each month
to identify ECLs. The thresholds were selected so that the
average number of ECLs for each month matches that of
the observed data for the historic period. Previous stud-
ies that used the same threshold for every month (Dowdy
et al. 2011, 2013a, b) result in a different initial monthly
ECL distribution. It is worth asking whether the changes in
the future are sensitive to this difference in the initial dis-
tribution. To investigate this, we used the same threshold
for each month, referred to as “annual threshold”, and com-
pared the results to those from using a different threshold
for each month, referred to as “monthly threshold”. The
annual threshold was determined so that the total ECLs
per year for the historic period matched the observations
(22.5). Figure 10 shows the IPV/GV indicated ECLs for
the 12 simulations using annual threshold. When compared
with Fig. 4, which is the same result derived using monthly
thresholds, the similarity is evident. There are only small
differences in the magnitude of the changes. The same
comparison was made for changes in monthly ECL dis-
tribution with similar results. This suggests that, choosing
either monthly or annual thresholds has little impact on the

m IPV(2020-2039)

I

1 '1 I
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changes in the future, although the ECL monthly distribu-
tions are quite different.

5.2 Impact of choosing different diagnostic quantities

The results in this study showed that the magnitude of
changes in IPV indicated ECLs were much larger than
those in GV indicated ECLs. This is, at least partially,
related to the two diagnostic quantities being calculated on
different surfaces. GV was calculated at 500 hpa pressure
level, whereas IPV was calculated at 320 K Isentropic level,
which is generally more curved (relative to the ground sur-
face). The two diagnostic quantities generally showed the
same direction of change in annual and monthly ECLs,
intensity and duration. The agreement between the two
diagnostic quantities gives us more confidence in the pro-
jected trend. However, future warming at the surface will
have a direct impact on the height of the 320 Isentropic
level and 500 hpa pressure surface and this change in
height is responsible for some of the changes seen in the
IPV and GV indicated ECLs. The height of 500 hpa surface
in the future is higher than its present height however the
height of 320 K Isentropic surface is lower than its present
height. If this change in height is taken into account (IPV/
GV for future periods is calculated at a similar height of
isentropic level/pressure level for the present period), the
magnitude of changes in GV indicated ECLs increases
by 10-20 %, while for IPV indicated ECLs the changes
decrease by 30—40 %. This brings the estimated decrease in
number of future ECLs into better agreement between GV
and IPV indicated ECLs, though IPV still suggests a larger
decrease. These changes apply consistently to the decrease
seen in colder months, while warm months see no changes
or possibly an increase in ECL numbers. As the number
of IPV indicated ECLs is more sensitive to this change in
height, the GV indicated ECL results could be considered
more robust.
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5.3 Impact of choosing different GCMs and RCMs

Unlike the three RCMs, which were selected from 36 phys-
ics scheme combinations of the WRF model (Skamarock
et al. 2008) based on a performance and independence test,
the four GCMs selected in the NARCIiM project were cho-
sen based on a number of criteria (as described in Sect. 2.2).
MIROC3.2 projects a slightly warmer and much wetter
future, CCCMA3.1 extremely warmer and slightly wetter,
CSIRO-MK3.0 slightly warmer and drier, and ECHAMS
projected an extremely warmer and slightly drier future.
Therefore it is not surprising to see that in most of the results,
the differences between the GCM simulations are much
larger than the differences between the RCMs. This is con-
sistent with the findings from the previous uncertainty stud-
ies, which suggests that the largest uncertainty in future pro-
jections is sourced from GCM simulations (Chen et al. 2011;
Teng et al. 2012). The warmer the GCM projected future
climate, the larger are the changes in height of 320 K isen-
tropic and 500 hpa surface level. As discussed in Sect. 5.2
this impacts the projected changes in ECLs and explains at
least some of the differences between the GCM projections.

6 Conclusion

In this study, two large scale diagnostic quantities (IPV and
GV) were calculated from the NARCIiM outputs and were
used to investigate the changes in ECLs for two future time
periods (2020-2039 and 2060-2079) relative to a historic
period (1990-2009). For the reason that the diagnostic
threshold is both model and resolution dependent (Dowdy
et al. 2013b), the IPV/GV thresholds were selected so that
the average number of ECLs for each month matches that
of the observed data for the historical period (1990-2009).
The same sets of thresholds were used to investigate not
only changes in indicated annual ECLs but also changes in
monthly distribution, mean duration and intensity of indi-
cated ECLs.

All 12 simulations consistently showed a decreasing
trend in frequency for IPV indicated annual ECLs for the
two future periods. 7 out of 12 and 11 out of 12 simula-
tions showed the same decreasing trend in frequency for
GV indicated ECLs for 2020-2039 and 2060-2079 respec-
tively. This decrease in frequency of IPV indicated and GV
indicated events is ~36 and 16 % respectively. This com-
pares well with the ~30 % decrease in the frequency of
events estimated by GCMs driven by a high emission sce-
nario reported in Dowdy et al. (2013b).

The majority of simulations projected reduced IPV indi-
cated monthly frequency of ECLs in cool months and little
change in warm months. Most simulations also projected
similar changes in GV indicated ECLs, especially for the
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period of 2060-2079. These results indicated a possible
seasonal shift in the proportion of IPV/GV indicated ECLs
from cool to warm months.

The majority of simulations showed shortened dura-
tions for IPV indicated ECLs, and most simulations demon-
strated the same trend of decrease in duration for GV indi-
cated ECLs. CCCMA simulation show the largest decrease
in mean duration, and R1 and R2 simulations show larger
decrease in mean duration than R3 simulation, for both IPV/
GV indicated ECLs. MIROC-R3 was the only simulation
that projected not only strong increases in ECL durations
but also increases in annual ECLs and intensity for GV indi-
cated ECLs. The projected changes in duration contain more
uncertainty than those for ECL frequency as most duration
changes fall within the inter-annual variability.

The differences between GCM simulations were much
larger than those between RCM simulations. Four GCM
simulations projected substantially different magnitude of
changes. Three RCM simulations generally projected simi-
lar results in terms of changes in ECLs. Hence the major
uncertainties in projected changes in ECLs were from
using different GCMs.

The magnitude of changes in ECLs was larger for
2060-2079 than 2020-2039. This indicated that the rate of
changes in ECLs is likely to accelerate during this century.
For 2060-2079, more simulations showed agreement in
the projection of a decrease in annual number, decrease in
monthly ECL in cool months and relatively unchanged in
warm months, and decrease in duration and intensity.

The magnitude of changes in ECLs was larger for IPV
indicated ECLs than GV indicated ECLs, even though the
two diagnostic quantities generally provided similar change
direction for most of simulations. Due to the strong sensi-
tivity to the change in height of the 320 K isentropic surface
in the future, the GV changes are considered a more robust
indicator of likely future change than the IPV changes.

In summary, the results for this study indicated that the
total number of annual ECLs is likely to decrease in the
future, there may be a shift in the proportion of ECLs from
cool to warm months, and ECLs defined by these diagnos-
tic quantities may become weaker and shorter in duration.
These changes in ECLs could significantly impact water
security on the east coast of Australia as ECLs are major
contributors to coastal reservoir inflows.
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