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Abstract

Local thunderstorms are among the major meteorological hazards in the Australian region.
These storms inherently have compound impacts, including hail, flash floods, and wind
gusts, and consistently cause some of the highest insured losses. Studies on the climate
change impact on local storms face the challenges of unreliable storm climatology and
uncertainties in the numerical modeling of physical processes. In this study we have
adopted an approach to examining the ingredients of severe storm development based
on regional climate simulations. We examined two generations of NARCIiM datasets
(NSW and Australian Regional Climate Modeling). Projected changes in convective indices
for the latter half of the twenty-first century indicate an environment more conducive to
thunderstorm development, primarily due to enhanced atmospheric instability, despite
a concurrent increase in convective inhibition. A measure that combines the dynamic
factor of vertical wind shear further shows that the potential storm days will increase
substantially, such as a doubling of days with storms during summer, under the influence
of climate change over tropical, eastern, and southeastern Australia. The storm season in a
year is also expected to elongate. These projections imply increasing thunderstorm-related
hazards in the future, including hail, flood, and high winds.

Keywords: thunderstorm; NARCIiM; global climate models; regional downscaling

1. Introduction

Convective storms are one of the most hazardous environmental impacts in Australia.
According to the Australian State of the Climate report [1], the intensity of short-duration
extreme rainfall events, which are often caused by thunderstorms, has increased by around
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10% since 1979 and the daily total rainfall associated with thunderstorms has also in-
creased. Impacts from convective storms are also among the most costly, such as those
from hailstorms [2], among other flooding and cyclone events. Based on hail proxy applied
to re-analysis data, Raupach et al. [3] estimated that although annual hail-prone days
decreased during 1979-2021 over much of Australia, the number of days increased sub-
stantially (up to ~40%) over metropolitan areas such as Sydney (southeast Australia) and
Perth (southwest Australia), mainly driven by atmospheric instability. Thus, it is critical
to have reliable estimates of the future behavior of convective storms under the warming
climate conditions.

The climatology of severe thunderstorms, including those that generate hail, in Aus-
tralia has been reviewed in Allen and Allen [4]. Based on the period of 1979-2012, storms
frequently concentrate over tropical Australia (Northern Territory and north Queensland)
and extend to almost all the coastal regions of Queensland and eastern New South Wales
(NSW). While instability is a key driver of severe storms over tropical Australia, the to-
pography of the Great Dividing Range also plays a critical role in storms over southeast
Queensland and northeast NSW. This is especially true when the hot spots of hails are
examined, which concentrate at southeast Queensland and the NSW Sydney metropolitan
region in the topographical vicinity [5]. Most of the severe storms are warm-season storms
with peak activity in late November. There are also the cold-season storms and east-coast
lows that often develop over south and southeast Australia when the necessary synoptic
drivers, such as cold fronts, pass by. On inter-annual timescale, severe storm activity
is known to have a certain degree of correlation with El Nifio Southern Oscillation [4];
however, no definite conclusions exist in the literature and severe weather in Australia is
well known to be influenced by various modes of climate variability such as the Southern
Annular Mode [6,7] and even the far-field Indian Ocean Dipole events [8,9].

Given the small spatial and temporal scale of thunderstorm occurrence, there are
different approaches to studying the impact of climate change on storm activity and
intensity. First, there are observed variability and trends of storms based on the longest
climatology available [10]. With in situ observations, changing storm characteristics can also
be analyzed. With advances in numerical models, explicit simulations of storm structure
and even impacts are possible from models that can resolve convection [11-13]. However,
convection-permitting modeling is still very expensive computationally and extensive
model validation is necessary before this type of model can be applied to project the various
aspects of local storms [14]. Here we adopted the approach similar to Trapp et al. [15],
in which the simulated environments from regional climate models (RCMs) are used to
indicate whether the frequency of thunderstorms will increase or decrease in a warmed
climate, and how the storm distribution may change spatially and temporally. For the
Australian region, the projection of storm environments was performed by coarse-resolution
global climate models (GCMs) in Allen et al. [16,17]. Recently, Zhu et al. [18] applied
downscaled products to estimate future extreme storm activities based on precipitation
and surface pressure, rather than atmospheric instability. The high-resolution downscaling
products we used are from the New South Wales (NSW) and Australian Regional Climate
Modeling (NARCIiM) projects [19,20].

Here, we utilized a concept in Trapp et al. [15] that was based on an environmental
metric or discriminant that can separate the less-severe and more-severe thunderstorm de-
velopments [21] when re-analysis data or model simulations with coarser-than-convection-
permitting resolution is analyzed. Such a discriminant consists of a combination of convec-
tive available potential energy (CAPE) and low-to-mid-level vertical wind shear (VWS).
Allen et al. [22] and Allen and Karoly [23] applied such a discriminant to Australian storms
and identified thresholds for severe storms and significant (or extremely) severe storms.
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In our dynamically downscaled simulations, we identified the annual number of days in
which the environment discriminant exceeds the specific thresholds. This is similar to the
so-called Number of Days of Severe Storm Environment (NDSEV) in Trapp et al. [15]. We
focus on summer, in which convective activities are most severe, while seasonal projections
will also be discussed and included in the Supplementary Information.

2. Methods
2.1. The NARCIiM Regional Downscaling System

The NARCIIM project generates high-resolution climate information and projections
for stakeholders, decision-makers, and impact assessment researchers in southeast Aus-
tralia. The NARCIiM project has delivered three generations of downscaled products
(NARCIiM1.0 and NARCIiM1.5, hereafter N1.0 and N1.5, respectively [19,20]) based on the
third and fifth Climate Modeling Intercomparison Project (CMIP3 and CMIP5), respectively.
The latest generation, NARCIiM2.0, which is based on selected global climate models
(GCMs) from CMIP6, was just recently released [24]. Thus, we examine climate projections
from the first two generations, here serving as the baseline reference to the CMIP6-driven
regional climate models (RCMs).

The Weather Research and Forecasting (WRF) model was used as the regional model
for downscaling. Extensive experiments were conducted to select a set of three (two)
WRF model configurations for downscaling activities in N1.0 (N1.5), with the setting
of criteria for model accuracy for the region, and at the same time retaining as much
independent information as possible [25,26]. The downscaling from GCMs was conducted
for both the COrdinated Regional Downscaling Experiment (CORDEX)-Australasia region
and the NARCIiM 10 km domain focusing on southeast Australia (Figure 1). The model
configurations (including the 30 model levels up to 50 hPa) and physical parameterization
schemes of these RCMs can be found in Appendix A.
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Figure 1. Weather Research and Forecasting (WRF) model domains with grid spacing of about 50 km
(outer CORDEX domain shown as map extent) and 10 km (inner NARCIiM domain shown with red
outline). The topography is shown as shading.

In this paper, we report results from both the outer and inner domain of NARCIiM,
with 50 km and 10 km resolution, respectively. We focus on the difference between the
projected climate for 2060-2079 (the far-future period) and the simulated climatology for
1990-2009 (the historical period). In N1.0, there is a 12-member ensemble (4 GCMs com-
bined with 3 RCMs), while that for N1.5 is a 6-member ensemble (3 GCMs combined with
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2 RCMs). Projection was performed with forcing under the Intergovernmental Panel of
Climate Change (IPCC) Special Report on Emission Scenarios (SRESs) scenario A2 for
N1.0 [27] and the Representative Concentration Pathway [28] RCP8.5 (high-emission) and
RCP4.5 (medium-emission) for N1.5. The SRES-A2 scenario represents a high-emission
future consistent with continuous population and economic growth. As RCP8.5 is broadly
comparable to SRES A2, we focus on comparing future projections of storm environments
between these two high-emission scenarios. A list of these models, details in projections,
and previous evaluation of both generations of downscaling can be found in the Supple-
mentary Information, Table S1 and Cheung et al. [29].

2.2. Convective Parameters

We focus on the major factors for convective storm development, which include the
lifting condensation level (LCL), level of free convection (LFC), CAPE, and Convective
Inhibition (CIN). For CAPE, the most unstable value (known as MUCAPE or MCAPE,; see
Cheung et al. [29] for a discussion on the algorithm of computation) was identified. Note
that CIN is reported as a positive value in this study; therefore, a positive change in CIN
indicates a stronger convective inhibition (more negative buoyancy energy).

The convective environment would be most accurately measured by radiosonde
soundings [30,31]; however, these are available only at selected stations and at synoptic
times. Moreover, although lightning activity and high-intensity rainfall provide more
direct measures of convective activity, such datasets were not available within the mod-
eling framework used here (e.g., [10]). Future studies integrating lightning observations
or convection-permitting simulations could provide a more complete assessment of con-
vective changes under future climates. On the other hand, this study does not explicitly
account for aerosol-cloud interactions, as the regional climate model experiments used
here did not include fully interactive aerosol schemes. Aerosols can affect convection
through both microphysical and radiative pathways, potentially modifying storm initiation
and intensity. Future studies incorporating interactive aerosol-convection processes or
convection-permitting simulations coupled with aerosol modules would be valuable to
better understand these effects under warming climate conditions.

To assess the spatial and temporal variability of storm-conducive environments, one
approach is to apply proximity soundings based on re-analysis datasets [21-23]. To obtain
even higher spatial resolution, model simulations can be applied to assess the convective
storm environment after evaluations and project into the future, which is the approach
of the current study. Besides CAPE, which measures the instability of the atmosphere,
another critical factor for thunderstorm development is vertical wind shear (VWS) [32].
Many aspects of VWS are relevant to storm development. The magnitude of the 0—6 km or
deep-layer VWS (506) was found to indicate the longevity and organization mode of severe
storms. In mesoscale dynamics, VWS is able to separate the major convective updraft
and downdraft associated with precipitation, enhance the possible mid-level outflow
and sustain the cold pool. If specific storms are considered, such as hail and tornadoes,
variations in VWS should be examined. For example, rotational updraft is critical for
hailstones to generate [33] and, within this context, directional shear and storm-relative
helicity are relevant. Similarly, low-level shear such as that within 0-3 km is also important
when modeling hailstorms [34]. Since the general convective environment is the focus of
this study rather than the specific forms of storms, we only present the results based on
convective indices (CAPE/CIN/LCL/LFC) and S06.

Both CAPE and 506 relate to the severity and sustainability of convection. Accordingly,
in the phase-space spanned by these two parameters (more precisely by the log of CAPE
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and 506), the region with large values of CAPE and S06 would represent the occurrence of
severe storms well. A discriminant line is in the following form:

CAPE x S06™ = B (1)

in which CAPE and S06 have the units ] kg~! and m s™!, respectively, and the T and
constants are able to separate the region of higher potential of storm development (when
the right-hand side of equation 1 is equal to or larger than the left-hand side, which we
term TSTORM). The slope T adjusts the relative importance of CAPE versus 506. Such an
environment discriminant for convective storms was first developed in Brooks et al. [35]
for the significant severe thunderstorms in North America based on the National Centre for
Environmental Prediction re-analysis. The significant severe thunderstorms refer to those
that produced hail at least 5 cm in diameter, wind gusts at least 120 km h~1, or tornadoes
of at least Fujita-scale F2 damage. Later, Allen et al. [22] and Allen and Karoly [23] applied
this discriminant for storms in Australia and identified the slope T = 1.67 (1.6 in Brooks
et al. [35]). The threshold 3 depends on what environmental dataset or model analysis
to apply and its spatial resolution. Allen et al. [22] analyzed the mesoLAPS model with
12.5 km resolution and identified a value of 3 over 100,000. With consideration of the
overestimation of CAPE in mesoLAPS, Allen and Karoly [23] adjusted this to 68,000 for the
significant severe storms in Australia, while a lower value of 25,000 is suitable for severe
storms (hail larger than 2 cm, heavy rainfall, and/or wind gust of at least 90 km h™1).

2.3. Threshold Adjustment

The evaluation of N1.0 and N1.5 in Cheung et al. [29] indicated that, over land, both
ensembles simulated the climatology of MUCAPE quite well, including its distribution
in the 20-year evaluation period. However, S06 has been overestimated in the ensembles.
Thus, potential storm days based on a TSTORM value larger than the (3 thresholds (i.e.,
25,000 and 68,000) have also been overestimated in the historical period, which would
influence climate projections.

In this study, we apply a simple threshold adjustment method such that the potential
storm days in the historical simulations of N1.0 and N1.5 match with those derived from
the ERA5/ECMWEF re-analysis, which was also the reference dataset in Cheung et al. [29]
to derive storm days. The adjustment has been performed for the two ensembles separately,
and also for each of the four seasons. Technically, the threshold adjustment process was to
modify the values of the two thresholds such that the ratio of land grid points with TSTORM
values equal to or larger than the threshold (counted within a season) matches with that
derived from the ERAS re-analysis. The adjusted thresholds are then applied to estimate
future potential storm days. Since the TSTORM value in equation 1 represents a nonlinear
relationship between MUCAPE and S06, our adjustment preserves such a relationship for
future climate projections, instead of performing bias correction separately for each of the
convective parameters, which would mean that the simulated storm environment must be
re-evaluated against observations.

2.4. Statistical Significance and Model Agreement

The statistical significance of the projected change for each grid cell was calculated
using the Mann-Whitney U test with a 95% confidence level. As in Nishant et al. [20],
we also identified regions of statistically significant change with model agreement, which
assessed the degree of consensus between models on the significance of change. For each
grid cell, when 50% or more of the model ensemb]e (i.e., more than 6 (3) members in N1.0
(N1.5)) shows significant change and at least 80% of those models agree on the direction of
change, the difference in that grid cell is considered significant.
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3. Results
3.1. Projected Changes in Convective Environments

Future projections of storm environments were calculated as the differences be-
tween the future and historical periods for each simulation. Ensemble means for N1.0
and N1.5 were then derived from the 12 simulations in N1.0 and the 6 simulations in
N1.5, respectively.

Globally, CAPE is highest in the tropics, with particular maxima over the Indo-China
warm pool region [36]. In both N1.0 and N1.5 projections, CAPE will increase substantially
over the entire tropics, extending to southeast Australia during summer (Figure 2). The
only region with a decrease in CAPE is the Southern Ocean, southwest of Australia. For
other convective indices, CIN has a unique projection pattern with a substantial increase
(i.e., more negative buoyancy energy) over the South Indian Ocean (west coast of Australia)
and overall moderate increase over the continent. In oceanic regions south to southwest of
Australia, LCL and LFC are seen to increase in the future over many areas. Over land, LCL
and LFC will increase in altitude in many regions, especially that simulated by N1.5. Both
ensembles agree on the decreases in LCL over coastal regions such as southeast Australia.
Simulated changes in these parameters in the NARCIiM domain have similar patterns over
southeast Australia (Figure S1).
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Figure 2. Future changes during summer (DJF) in lifted condensation level (LCL, m), level of
free convection (LFC, m), convective available potential energy (CAPE, ] kg_l), and convective
inhibition (CIN, ] kg~!) derived from the N1.0 and N'1.5 ensembles. Stippling indicates areas that
have statistically significant changes and model agreement within the ensemble.

The annual patterns of change in the convective indices, shown in Figure 2, are
primarily attributable to changes in spring and summer (Figures S2-S9 with individual
models). For example, the change pattern in CAPE is quite consistent throughout the year,
however, only in summer is the large change in CAPE extended to southeast Australia. The
change in CIN has about the same pattern during spring and summer and is similar to
that for the entire year. On the other hand, the change in LCL during summer is actually
smaller than that annually, and the north—south pattern in the LFC change extends almost
throughout the year. Overall, projected increases in LCL and LFC from N1.5 are larger than
those from N1.0. There is indeed quite large variability across the 18 models. Inheritance of
projection patterns from the driving GCMs can also be identified.

Storm development is not only determined by the convective indices; the dynamic
factor of VWS also plays a critical role. S06 is consistently projected to decrease at mid-
latitudes by both ensembles (Figure 3). The agreement of such a pattern among the
individual models is quite high, except for two models in N1.5 that projected a decrease
in VWS over the Southern Ocean during summer (Figures 510 and S11). Larger decreases
(about 1 m s~1) are projected at east and southeast Australia, where many historical storm
activities concentrated. In other words, the dynamic factors that drive convective storms
are projected to weaken in the future. Similar to the thermodynamic parameters, simulated
changes in 506 over the NARCIiM domain have the same patterns as in the outer domain
(Figure S12).
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3.2. Change Space in Convective Indices

In the following section, we first examine future statistical changes in the convective
indices before projected storm days are analyzed. The historical and future changes in
the two-dimensional histogram of MUCAPE-CIN, focusing on land areas, are shown in
Figure 4. Historically, in the CORDEX domain, MUCAPE has a low-value and a high-value
regime in the histograms for both ensembles (Figure 4a,b). In the future, the high-value
regime will shift to even higher MUCAPE values, which is likely due to increases over
tropical and southeast Australia. In the NARCIiIM domain that focuses on southeast
Australia, changes in the histogram are towards a higher MUCAPE and also a higher CIN
(Figure 4c,d). In other words, while convection initialization will be more difficult, the
potential energy for convection will increase once convection commences.
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Figure 3. Future changes during summer (DJF) in 0-6 km vertical wind shear (S06, m s~ 1) derived
from the N1.0 and N1.5 ensembles. Stippling indicates areas that have statistically significant changes
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Figure 4. Change (2060-2079 minus 1990-2009) in the 2-dimensional histogram spanned by MUCAPE
and CIN (shaded) from the (a) N1.0 ensemble mean and (b) N1.5 ensemble mean during summer
(DJF) for the CORDEX domain. Only land grid points are considered. For ease of interpretation,
the frequencies have been scaled (from the total number of grid-point counts) as equivalent to
number of days in a season. Dashed contours represent the historical distribution. (c,d) are the
corresponding changes in the NARCIiM domain. The panels thus illustrate how the historical
histograms of MUCAPE-CIN would change in the future.
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For the change spaces in MUCAPE and 506, which are related to the TSTORM values
in equation 1, the corresponding histograms are shown in Figure 5. In the historical
histograms simulated by both ensembles in the CORDEX domain, besides a low-MUCAPE
regime, there is a concentrated regime with MUCAPE at about 1000-2000 ] kg~! and S06
at about 5-10 m s~ ! (Figure 5a,b). In the future period, there is a clear shift in the high-
MUCAPE regime to values over 2000 J kg ~'. Comparatively, there are small changes in
506 simulated by N1.0, while N1.5 simulated simultaneous increases in MUCAPE and S06,
although increases in S06 are not clear in the spatial map of the ensemble mean (see also
Figure S9 for individual models). In the NARCIiM domain, the shift to a higher MUCAPE
regime is similar in both ensembles (Figure 5c,d). Thus, in both the larger Australian region
as well as the southeast Australia sub-region, increases in MUCAPE will be the main driver
of future increases in convective storm activities.
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Figure 5. As in Figure 4, except for the 2-dimensional histograms spanned by MUCAPE and S06.

3.3. Projected Changes in Storm Days

According to our threshold adjustment scheme for TSTORM (Section 2.3), potential
storm days in the future period are projected for severe thunderstorm and significant
severe thunderstorm, respectively. We count the increase in the number of days in a season
where the adjusted threshold has been met or exceeded. It is found that during summer,
there will be major increases in tropical Australia extending to southeast Australia, as
projected by N1.0 (Figure 6). N1.5 projects a decrease over a region in northwest Australia,
likely due to decrease in 506 there, while increases in other tropical Australian regions and
east to southeast Australia are similar to those in N1.0. As discussed in the changes in the
MUCAPE-S06 histograms, the change patterns of storm days are similar to that of MUCAPE.
For example, over the east coast, the potential storm days is around 20 historically. This
number will be doubled in the future period according to the simulations, which are
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also clearly revealed in the NARCIiM domain simulations. In some regions over tropical
Australia, potential storm development will be almost throughout the season.

{a} ERAS b} Enzemble-N1.0 {c) Ensemble-N1.5
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Figure 6. (a) Climatological number of days during summer (DJF) with TSTORM exceeding the
adjusted severe thunderstorm threshold, (b) projected difference (2060-2079 minus 1990-2009) in
severe storm days by (b) N1.0 ensemble mean and (c) N1.5 ensemble mean for the CORDEX domain.
(d—f) are the corresponding figures for the NARCIiM domain.

It is worth comparing the projections here with those without the threshold adjustment
(Figure S13). Because S06 has been generally overestimated in both ensembles [29], regions
with projected increase in S06 will likely have TSTORM values exceeding the threshold. This
is why in the projections without threshold adjustment, many inland regions will have large
increases in storm days but, comparatively, increases over the coasts are only moderate,
which is not reasonable according to the patterns of increase in atmospheric instability.

When the adjusted threshold for significant severe storm is applied, the increase
in potential storm days has a similar spatial pattern as for severe storm (Figure 7). The
increases concentrate near the coasts. Again, a doubling of the potential significant severe
storm days may occur at the eastern coasts, with N1.5 projecting more inland increases, for
example over Queensland, than N1.0.
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Figure 7. As in Figure 6, except for the adjusted significant severe thunderstorm threshold.
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3.4. Seasonal Variations

The projected changes in potential storm days, as have been indicated in the last
section, are repeated for the other seasons and with the range of projection within the
20-year period depicted (Figure 8). The focus here is the NARCIiM domain (southeast
Australia). As has been shown in the spatial maps of projections, increases during
summer are substantial, with the projected 25-75% percentile ranges totally separated
from those in the historical period from both ensembles. Comparatively, both the
mean severe storm days and its range are projected to increase during spring (SON)
and autumn (MAM). Historically, there were smaller numbers of potential storm
days during autumn. However, under future climate conditions, a much higher
number of storm days could be encountered. The mean storm days is also expected to
increase during winter (JJA), although the range is similar to that historically. Given
the changes across the four seasons, it can be said that the duration of storm season
will be much more elongated in future climate conditions, with more events starting
from spring and lasting until autumn. The change pattern across the four seasons
for significant severe storm is similar, including the implication for the duration of
storm seasons.

(a) N1.O0 (b) N1.5
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Figure 8. Cont.
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Figure 8. Box and whisker plots of the number of days with severe thunderstorm potential (NARCIiM
domain) in the historical (blue) and projection (orange) period from the (a) N1.0 ensemble mean and
(b) N1.5 ensemble mean for the four seasons (SON, DJF, MAM, and JJA), respectively. In each box, the
black horizonal line is the median and the red dot is the mean within the 20-year period. The crosses
indicate outliers. (c,d) are the corresponding figures for significant severe thunderstorm potential.

4. Discussion

The projected changes in the convective indices examined here, especially over land,
are consistent with global patterns estimated by GCMs [36]. Namely, LFC and CIN will
be higher and CAPE will also increase. However, we have seen different impacts of such
changes in convective environment on storm activities. For example, Taszarek et al. [37]
reported that increased convective inhibition has caused a decline in thunderstorm fre-
quency over southern U.S. On the other hand, increased atmospheric instability led to
more tornadoes over southeastern U.S and more thunderstorms in Europe. Our find-
ings here are consistent with previous studies for other regions in that future increases
in thunderstorm activities are mainly driven by CAPE, and that can overcome the barrier
to convection initialization due to the increased CIN [11,38]. For the Australian region,
our downscaled simulations further support previous projections by coarse-resolution
GCMs [17] for changes in CAPE/CIN, and our larger ensembles give higher robustness in
future decreases in vertical wind shear over the major storm development areas.

Chen et al. [36] has discussed in detail the dependency of the changes in convective
indices on temperature and moisture. For the oceanic region south to southwest of Australia,
temperature warming is the dominating factor (not shown). Specific humidity does not
change much over the ocean surface and thus relative humidity (RH) would decrease during
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warming. Such changes would lead to higher altitudes of LCL and LFC, a subsequently
larger magnitude of CIN, and lower/less changes in CAPE. Further diagnoses should be
performed for land region, especially on whether the specific humidity increase effect is
more than that of temperature increase. In this scenario, RH would increase, lowering the
LCL and LFC, leading to CIN not changing too much while CAPE would still increase.

The projections of convective environments by N1.0 and N1.5 mostly agree with each
other in terms of change direction. However, they do differ in the magnitude of changes
in the convective parameters, which may be traced back to influences from the driving
GCMs. The GCMs driving N1.5 are drier and hotter than those driving N1.0 [20], and such
differences in temperature and humidity may determine the projected storm environment
to a certain extent. Nevertheless, both ensembles agree on the fact that besides summer,
days with severe storms and significant severe storms will also likely increase in autumn
and spring.

Due to the localized nature of convective storms, long and reliable climatologies are
unavailable for most regions of the world. It is only in recent decades that local storm
climatology has been improving in quality through enhanced observations, citizen sci-
ence [39], and radar technologies [40]. As such, the detection of trends in storm climatology
is difficult, and it is even more difficult to attribute these trends to climate change [41].
Mahoney [14] has discussed a similar situation for hail and climate change. One approach
is to search for the ‘storm ingredients’ in coarse-resolution climate models, which we have
applied in this study based on our regional downscaling. It should be noted that thunder-
storm formation is influenced by small-scale processes that are not explicitly represented in
regional climate models. The environmental indices used in this study (e.g., CAPE, CIN,
vertical wind shear) serve as proxies for large-scale conditions conducive to convection,
but they may not capture the full variability of individual convective events. Therefore, the
projected changes in storm environments should be interpreted as changes in the potential
for thunderstorm activity, rather than direct changes in storm frequency or intensity. Given
the recent advances in the microphysical representation of storm structures (e.g., [42]),
another approach would be to conduct convection-permitting numerical simulations and
identify the storm activity explicitly [43]. Computational cost and available observations
for model validation would be the major challenges facing this approach.

There are several aspects for extension from this study, some of which we have been
conducting and will be reported separately. First, the mechanisms for changes in convective
environments need clarification. Preliminary analysis depicts different warming patterns
within the troposphere at northern and southeast Australia, leading to different pathways
to increase CAPE (e.g., lowering in LCL). Since all our simulations possess hourly data,
diurnal variation in the convective indices can be examined to reveal future timings of
severe thunderstorm occurrences. The new phase of NARCIiM2.0 [24], which is convection-
permitting and currently being released, applies the CMIP6 models as driver of our RCMs.
We will update the storm environment projection when the new projections are analyzed,
especially regarding whether they would agree on the projections based on the CMIP6
GCMs only [44]. Given that the new ensemble has 4 km spatial resolution, an approach
would be to explicitly identify local storms in the models and compare them with the
environment-based storm metrics we examined in this study.

5. Conclusions

This study highlights the significant impact of climate change on the convective
storm environments in the Australian region, based on projections using the NARCIiM
regional climate modeling systems. Our examination of the convective indices and essential
ingredients for local storm development showed that in the second half of the twenty-first
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century, the atmospheric environments in the Australian region will be more conducive
to severe storm development. More specifically, the increase in CAPE over tropical and
southeastern Australia will provide higher potential for a higher frequency of severe
storms. We have found that the summer spatial pattern dominates that for the entire year,
and in many Australian regions, peak frequency in local storms has been in the summer
climatologically; this implies that the peak frequency of local summer storms will likely
further increase. In contrast, S06 is projected by both ensembles to decrease in many regions,
especially east and southeast Australia. Thus, vertical wind shear environments will be less
conducive and future storm activities in these regions will be mostly driven by atmospheric
instability, a situation similar to that projected for Europe [38].

Based on adjusted environmental discriminants to separate less- and more-severe
storm development, we found increases in the number of days the thresholds for severe
and extremely severe storm will be exceeded under the conditions of climate change over
many regions. For tropical Australia and for east/southeast Australia, the increase can be
at around a month during the summer. For the other seasons, there is larger variability
in the projection of storm days than in summer, but the mean storm days increases in
all seasons. The consequence will likely be an elongated period within a year in which
the environment is conducive to severe storms, and thus an expanded temporal window
for potential impacts. These conditions are expected to exacerbate risks associated with
thunderstorm-related hazards, including hail, flash floods, and damaging winds.
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Appendix A

In this appendix, the model configurations and physics schemes of the three regional
WRE-based regional models (R1, R2, and R3), used for downscaling in N1.0 and N1.5, are
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listed for reference. Only R1 and R2 were applied in N1.5. The three RCMs simulated in
the CORDEX (outer, with boundary conditions taken from the driving GCMs) and NAR-
CliM (inner) domain with 50 km and 10 km horizontal resolution, respectively (Figure 1).
Vertically, the models possess 30 levels that extend to 50 hPa. For climate projection, N1.0
simulated three separated periods (1990-2009, 2020-2039, and 2060-2079) and N1.5 simu-
lated continuously from 1950 to 2100. Thus, the common “far-future” period is 2060-2079,
which is the projection period in this study. The information in this appendix is used to
support the discussion in Section 2.1.

Table A1. The model configuration for the three independent RCMs. Here, the planetary boundary
layer schemes include the Yonsei University (YSU) and the Mellor—Yamada-Janjic (MY]) schemes.
The cumulus physics schemes include the Kain—Fritsch (KF) and the Betts—Miller—Janiac (BM])
parameterization. The radiation schemes include the Dudhia shortwave scheme, Rapid Radiative
Transfer Model (RRTM) longwave scheme and the Community Atmospheric Model (CAM) radiation
scheme. The cloud microphysics applies the double-moment five-class (WDM5) scheme.

NARCLM Planetary Cumulus Surface Layer Cloud Shortwave/Longwave
Ensemble Boundar).r Layer Physics Physics Microphysics Radiation Physics
Member Physics
R1 MY] KF Eta similarity WDM 5 class Dudhia/RRTM
R2 MY] BM] Eta similarity WDM 5 class Dudhia/RRTM
R3 YSU KF MMS5 similarity WDM 5 class CAM/CAM
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