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Abstract

High-resolution regional reanalysis datasets have the potential to provide valu-

able guidance to emergency management agencies, highlighting areas at risk

of severe weather, including estimates of return periods of various hazardous

weather phenomena. The BARRA regional reanalysis for Australia comprises a

reanalysis for a broad region around Australia at moderately high spatial and

temporal resolution (12 km/hourly), together with four subdomains at high

resolution (1.5 km/1 h). Here, we document four applications of BARRA devel-

oped for emergency management: optimal placement of portable automatic

weather stations for fire weather monitoring; climatology of low-level wind

shear conducive to cool-season tornadogenesis; development of rainfall

intensity–frequency–duration curves based on the gridded reanalysis data; and

development of a climatology across Australia of parameters associated with

severe thunderstorm occurrence.
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1 | INTRODUCTION

This paper aims to document a number of applications of
the high-resolution reanalysis Bureau of Meteorology Atmo-
spheric high-resolution Regional Reanalysis for Australia
(BARRA, Su et al., 2019, 2021), highlighting its potential for
both foundational and applied research. BARRA offers the

opportunity to study the detailed evolution of significant
weather events in the Australian region and to characterize
historical hazards, including their frequency, severity and
seasonality. The paper will identify limitations of the
BARRA reanalysis and illustrate situations in which caution
is required in interpretation of results. This information will
guide future versions of the reanalysis.
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A reanalysis is useful for meteorological studies or for
activities that require meteorological data because it is
available across an entire spatial domain at high temporal
resolution in an internally physically consistent form. In
situ weather observations, on the other hand, are gener-
ally spatially discrete, are often not available as a complete
series and, due to issues of siting and instrumentation,
may not offer physical consistency across time at a single
observation site, let alone within a network of sites. A rea-
nalysis includes information from observations in the
past—Cardinali (2013) concluded that more than 80% of
the information in an analysis timestep is derived from
previous observations. Further, a reanalysis offers the
opportunity to investigate and describe weather parame-
ters that are not easily or frequently observed.

Reanalysis and observational data differ substantially.
Reanalysis parameters for a grid cell represent an estimate of
parameters over the entirety of the grid cell, which have hor-
izontal dimensions of 1.5 � 1.5 km in the case of BARRA.
On the other hand, observations are representative only at
the locations at which they are made, although generally
observation sites are chosen to ensure that the data are repre-
sentative of conditions across the surrounding area.

Numerous studies have used reanalysis data, with the
paper documenting the ERA-Interim reanalysis (Dee
et al., 2011), for example, having been cited more than
21,000 times (as of December 2021, according to Google
Scholar). Reanalyses have been used to investigate nota-
ble events (Giese et al., 2010; Grumm et al., 2005; Hamill
et al., 2005; Ndalila et al., 2020; Neff et al., 2013; Slivinski
et al., 2021), or as the boundary conditions for higher res-
olution weather prediction models investigating historical
events in greater detail (Mills, 2005; Stucki et al., 2015,
2018; Senatore et al., 2020). A particularly powerful appli-
cation lies in examining climatologies and variability of
particular types of events (Abatzoglou et al., 2021; Brooks
et al., 2003; Manney & Hegglin, 2018; Rodríguez &
Bech, 2021; Škerlak et al., 2015).

Reanalyses do, of course, have limitations. Changes in
the nature and frequency of underlying observational data
have sometimes subtle effects on reanalysis fields (Diniz &
Todling, 2020). Errors in assimilated observations can
propagate into reanalyses. A reanalysis itself is generated
from numerical weather prediction models with the first
guess or background fields of the reanalysis derived from
the NWP model. Parameterization of, for example, surface
weather parameters or cloud microphysical quantities
may result in errors or biases in those quantities and in
derivative fields. Because of the potential wide utility of
reanalyses, it is important to communicate both the
strengths and weaknesses of reanalysis data.

While instruments may be calibrated against accurate
reference standards, there are no equivalent standard

reference datasets for reanalyses. As a result, evaluation
of reanalysis accuracy must be made against other reana-
lysis products or against independent observations, that
is, observations not used in the derivation of the reanaly-
sis being assessed. It may therefore be difficult to identify
systematic reanalysis errors. Notwithstanding these limi-
tations, many reanalyses continue to be widely used in
research and applications that require weather and cli-
mate data, as their benefits generally far outweigh the
limitations noted and can provide complementary insight
to that based directly on observations.

Regional reanalysis projects and datasets have been
developed over the last one to two decades as computing
resources have become more powerful. Regional reana-
lyses are attractive to those wishing to use weather and
climate data because their limited domains permit higher
spatial and temporal resolution than do global reanalyses,
given comparable computing resources (Kaiser-Weiss
et al., 2019). The North American Regional Reanalysis
(NARR, Mesinger et al., 2006), initially for the 25-year
period 1979–2003, was the first such product developed.
Mesinger et al. (2006) evaluated NARR as being very suc-
cessful, resolving surface and free atmospheric features
(such as jet streams) in greater detail and even better
accuracy than had been anticipated. Several other
regional reanalyses have followed, including the COSMO
regional reanalysis at approximately 6 km horizontal grid
spacing over all of Europe (Bollmeyer et al., 2015), and a
�2.5 km grid spacing convection-permitting reanalysis
over Central Europe (Wahl et al., 2017). Individual
European nations have also pursued regional reanalysis
projects (Gleeson et al., 2017). The Arctic is the subject of
a number of specific regional reanalysis efforts, including
the Regional Arctic System Reanalysis (Bromwich et al.,
2016). More equatorial and arid regions have also been
the subject of reanalysis projects, such as the Red Sea and
adjacent land areas (Viswanadhapalli et al., 2017). Simi-
larly, the Indian Monsoon Data Assimilation and Analy-
sis reanalysis (IMDAA, Ashrit et al., 2020) has been
created to examine the Indian monsoon, while the East
Asia Regional Reanalysis is being developed centred on
the Korean Peninsula (Yang et al., 2021).

As described more fully in Su et al. (2019, 2020),
BARRA is the first regional reanalysis for Australia and
the surrounding region. It provides hourly fields of mete-
orological variables between 1990 and 2018 at approxi-
mately 12 km horizontal grid resolution. Currently, four
subdomains at 1.5 km horizontal grid resolution have
been developed over the same time period, to better
resolve smaller-scale features. These were created with
support from relevant state fire and emergency services
agencies and, in the case of a Tasmanian subdomain, in
association with the University of Tasmania.
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2 | MODEL SET-UP

BARRA is a regional atmospheric reanalysis developed
for the Australasian region (Jakob et al., 2017), covering
the 29-year period from 1990 to 2018. It is run at a higher
resolution than contemporary global reanalyses such as
the widely used ERA-Interim reanalysis (Dee et al.,
2011). It is also run at higher resolution than more recent
global reanalyses that have been developed since this ver-
sion of BARRA was first produced, including the current
highest resolution (�30 km horizontal grid spacing)
global reanalysis ERA5 (Hersbach et al., 2020).

BARRA was produced using two steps, detailed as
follows.

The first step is a limited-area reanalysis (BARRA-R)
defined on a 12-km horizontal grid covering the
Australian continent and its surrounding regions includ-
ing part of southeast Asia, New Zealand and the South-
ern Ocean extending to the ice edge of the Antarctic
continent (Figure 1). A vertical grid spans from the sur-
face to 80 km above the surface. It is constrained at the
boundary in a one-way nesting inside the global reanaly-
sis ERA-Interim. The reanalysis was generated through a
sequential time-stepping procedure, consisting of cycles
of data assimilation every 6 h, centred on 0000 UTC and
successive 6 h increments and numerical model forecasts
of 12 h duration. At each of these cycles, the initial condi-
tion is determined by iteratively changing a model (ini-
tial) state to minimize the difference between its forecasts
and the observations. This difference is measured objec-
tively using a cost metric similar to root-mean-square
errors. When the minimization converges, the optimized
model state is the desired initial condition (known as an

analysis). The BARRA data sets are constructed by
repeating the model forecasts from a series of these ana-
lyses. The specific implementation of the data assimila-
tion system for the atmosphere is 4D variational analysis
(4D-Var, Courtier et al., 1994), which matches forecast
model states to observations at their proper times.
BARRA uses many types of observations in each analysis,
including land and ship observations, as well as from air-
craft, radiosondes and satellites. Satellite data are particu-
larly important for the Southern Hemisphere, due to lack
of other types of observations over large areas of ocean.
Altogether, these observations provide information about
states and motions of the atmosphere at surface and over
different layers.

In the second step, BARRA-R reanalysis was down-
scaled to finer resolution, again using the BARRA model-
ling framework but without data assimilation, consistent
with the Bureau of Meteorology's approach in nesting
operational NWP suites (see Su et al., 2021 for details).
This second downscaling step was to a 1.5-km horizontal
grid with the model top level at 40 km for four subdo-
mains centred at Perth (BARRA-PH), Adelaide (BARRA-
AD), Tasmania (BARRA-TA) and Sydney (BARRA-SY),
as shown in Figure 1. Collectively, these very fine-scale
datasets are referred to as BARRA-C. Note that the model
top level is substantially lower than in BARRA-R, but
both models use 70 vertical levels. The higher vertical
and horizontal resolution allows BARRA-C to begin to
explicitly resolve convective processes and complex oro-
graphic flow. Contrary to BARRA-R, BARRA-C is run
without a convective parameterization scheme, instead
using model dynamics to represent vertical motion and
moisture transport between the vertical levels. Further

FIGURE 1 BARRA domains: The dotted

line represents the boundary of BARRA-R, while

the four smaller black boxes show subdomains

over southwest Western Australia (BARRA-PH),

southeastern South Australia (BARRA-AD),

Tasmania (BARRA-TA) and eastern New South

Wales (BARRA-SY)
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differences in the boundary layer, cloud microphysics
and land surface parameterizations are described in Su
et al., 2021. The horizontal boundary and 40 km model
top conditions of BARRA-C come from hourly BARRA-R
output. BARRA-C runs at a smaller spatial and temporal
scale than BARRA-R, so any influence of the upper levels
of BARRA-R (in the upper stratosphere and above) has
been verified in practice to have limited or no impact
over the timescales of interest.

The Australian Community Climate and Earth-System
Simulator (ACCESS) is the underpinning model used
in BARRA and the Bureau of Meteorology's numerical
weather prediction (NWP) systems (Bureau of Meteorology,
2018, 2019). ACCESS comprises the UK Met Office Unified
Model (UM, Davies et al., 2005) for the atmosphere, and
the Joint UK Land Environment Simulator (JULES, Best
et al., 2011) for the land surface/subsurface. Similarly, the
incremental formulation of the 4D-Var data assimilation
scheme of the Met Office (Rawlins et al., 2007) is used in
BARRA and the Bureau of Meteorology's NWP.

Su et al. (2019, 2021) provide details and assessments
of BARRA-R and BARRA-C, respectively. Both BARRA
implementations produce a credible reproduction of near-
surface meteorology over land. They improve upon its
global driving model ERA-Interim, showing better agree-
ment with finer-scale observational data sets such as in
situ observations and gridded analysis for temperature
and precipitation. While less pronounced than coarse-
scale global reanalyses, biases do exist in BARRA, such as
cold (warm) bias in daily maximum (minimum) tempera-
ture and negative (positive) bias in 10 m wind during high
(low) wind conditions. Inter-annual shifts in biases rela-
tive to land observation analyses also exist in BARRA, as
with the global reanalyses, possibly due to changes in
large-scale climate drivers or changes in observing sys-
tems. May et al. (2021) found BARRA is highly correlated
with observed moist parameters in northern tropical
Australia, despite some seasonally and diurnally varying
biases. The wet bulb temperature and dew point tempera-
ture have lower uncertainty than nominal temperature.

BARRA-R and BARRA-C are different in a number of
aspects. BARRA-C shows better agreement with point
observations for temperature and wind in topographically
complex and coastal regions. BARRA-C also improves
upon BARRA-R in terms of intensity and timing of precip-
itation and spatial patterns of storm cells during the thun-
derstorm seasons in NSW. As convective processes are
unresolved in BARRA-R, the model has simulated too
much light rain and underestimates heavy rain, but can
still provide valuable information on daily and sub-daily
precipitation (Acharya et al., 2019, 2020). By contrast,
BARRA-C has more realistic spatial rainfall distributions
and timing but shows overestimation of heavy rain rates

and rain cells, and underestimates light rain occurrence.
BARRA-C avoids issues with unrealistically strong vertical
winds seen in BARRA-R due to instability in the convec-
tion parameterization scheme (Su et al., 2019).

As BARRA-C does not assimilate observations, it
largely inherits the domain-average bias pattern from
BARRA-R. However, it produces different climatological
extremes for temperature and precipitation. BARRA-C
provides added skill over BARRA-R in terms of capturing
spatial patterns of temperature extremes and wet precipi-
tation extremes but remains biased in terms of magnitude.

3 | APPLICATIONS

Applications documented in this paper have an emer-
gency management focus. This is because, as noted
above, the emergency management sector were strong
early supporters of efforts by the Bureau of Meteorology
to develop a reanalysis for the Australian region. The
applications documented here include:

1. Cool-season tornadoes in Western Australia
2. Siting of portable Automatic Weather Stations in New

South Wales during periods of elevated fire danger
3. Thunderstorm climatology and severe convective

weather hazards
4. Derivation of design rainfalls

In each case, the high-resolution reanalysis has a dual
value. It provides a spatially and temporally consistent
indication of the mean state of the variables of interest.
Simultaneously, however, it permits investigation of
departures from those mean states. The parameters under
investigation vary between cases, but, given the interest of
emergency managers, the reanalysis subsets in each appli-
cation represent extremes of the parameters under investi-
gation. A further advantage of the use of high-resolution
reanalyses for emergency management studies is that they
represent the state of a wide range of meteorological vari-
ables so that, if desired, the same dataset can be queried to
explore the influence of multiple parameters or cascading
events, for example, cases where antecedent heavy precipi-
tation rendered soils less able to support trees in high
winds, resulting in widespread damage due to treefall.

3.1 | Cool-season tornadoes in Western
Australia

The southwest coast of Western Australia (WA) is
exposed to active frontal weather systems moving across
the southern Indian Ocean. It is subject to outbreaks of
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cool-season tornadoes within such frontal systems mostly
during May–October (Hanstrum et al., 2002), a character-
istic common to other regions of southern Australia (Fox-
Hughes et al., 1996, 2018; Mills, 2004; Watson, 1985) and
other mid-latitude coastal or near-coastal regions with
prevailing onshore winds (Clark, 2009; Leitão & Pinto,
2020; Monteverdi & Quadros, 1994; Tyrrell, 2007).

Cool-season tornadoes have been identified as form-
ing in high-shear, often low convective available poten-
tial energy (CAPE) environments (Hanstrum et al., 2002).
These events can be difficult to forecast (King et al., 2017;
Sherburn et al., 2016), so better understanding of their
occurrence is valuable. To improve such understanding,
reanalysis climatologies of cool-season tornado environ-
ments have been developed on a regional or continental
scale in the past (Kounkou et al., 2009; Rodriguez &
Bech, 2021) and at times on a global scale (Brooks et al.,
2003). Geographically comprehensive climatologies using
gridded datasets such as this are valuable because
observation-based climatologies will never be able to
include all locations that may be subject to tornadogenic
weather. However, the use of global reanalyses for such
climatologies risks missing features at temporal and spa-
tial scales below the resolution of the global reanalysis, as
noted above. On the other hand, the BARRA-PH dataset,
at 1.5 km horizontal grid resolution, 70 vertical levels and
hourly temporal resolution, offers a substantially better
opportunity to identify cool-season tornadic environ-
ments. The BARRA team developed a climatology of low-
level windshear over the southwest of WA, identifying
regions with particularly high 95th percentile shear as
being at greater risk of cool-season tornadogenesis than
other parts of the BARRA-PH domain.

Typically, low-level windshear is calculated as the dif-
ference between the surface (10 m) wind and that at 1 or
1.5 km above the surface. Here, 1.5 km was used, and
maximum daily values were calculated from the 24 hourly
winds for each grid point in the domain (excluding edge
regions distorted by boundary effects). Figure 2 shows
BARRA-R (top row) and BARRA-PH (bottom row) plots
of the 95th percentile of daily maximum low-level
windshear over southwest WA, grouped by month, for
January, April, July and October, as representative of
austral summer, autumn, winter and spring, respectively.
The windshear scale in each figure is m s�1, and it is
clear that the higher resolution model (BARRA-PH)
resolves generally higher windshear values than
BARRA-R over the domain. Of the months displayed,
windshear values are lightest in April and substantially
higher in July than in other months. This is unsurprising,
given the exposure of southwest WA to winter storm sys-
tems and generally more settled conditions during
autumn. For the same reason, values are highest on the
south coast of WA. There is a pronounced peak in July
about the far south coastal strip, likely reflecting coastal
convergence of the generally westerly airstreams. A sec-
ondary peak in the same region occurs in January, but
over coastal waters rather than land. This likely reflects
the fact that the summertime boundary layer over land is
more completely mixed than over water, thereby reduc-
ing overland windshears in comparison to those over
adjacent waters. In BARRA-PH, the shoulder seasons do
not display such a pronounced land–sea contrast, apart
from at lighter windshear speeds, but there is some land–
sea contrast evident at intermediate (20+ m s�1) speeds
within BARRA-R along parts of the WA south coast.

FIGURE 2 Plots of 95th percentile daily maximum windshear, in ms-1, grouped by representative season months, for southwest

Western Australia. Top row is BARRA-R, bottom row is BARRA-PH. Region of Darling Escarpment is highlighted in red.
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Also, evident in July, but to a lesser extent or not at all
during other months, is a peak in windshear associated
with the Darling Escarpment, running north–south
inland of the coast in the far southwest.

The region of strongest low-level shear corresponds
generally with the locations of reported cool-season tor-
nadoes documented in Hanstrum et al. (2002). The great-
est density of reports occurs, unsurprisingly, along the
more heavily populated west coast of southwest WA,
with fewer events documented on the far south coast.
On the other hand, the region of highest low-level
wind shear during July occurs along the less densely pop-
ulated southern coast of WA. Notably, a broad area of
southwestern WA is subject to shear comparable to that
experienced in the area of highest frequency of reported
cool-season tornadoes. This suggests that much of south-
western WA is subject to similar numbers of tornadoes as
the densely populated, high-reporting area, a valuable
insight derived from this dataset.

The current analysis considers only wind shear, not-
ing that low-level atmospheric instability will contribute
to tornado development in many cases. Nonetheless, this
information provides useful information for WA emer-
gency services to identify regions likely to be most at risk
from cool-season tornadoes. As the name suggests, these
phenomena are most common in winter, in regions
where low-level windshear is high. The plots in Figure 2
identify such regions across the landscape and their sea-
sonal variability, at a resolution that was not available
prior to the development of BARRA-PH.

3.2 | Siting of portable AWS during
periods of elevated fire danger

New South Wales Rural Fire Service (NSW RFS)
approached the Bureau of Meteorology requesting assis-
tance in deciding on optimal siting of portable Automated
Weather Stations (AWS) during elevated fire danger situa-
tions and during ongoing fire activity to support opera-
tional decision-making. This study identified regions
within the existing AWS network (Figure 3) where the
information captured by the operational network is insuf-
ficient. These network ‘gaps’ may be the result of large
distances between AWS or rapid changes in meteorologi-
cal conditions associated with complex topography.

The McArthur Forest Fire Danger Index (FFDI,
McArthur, 1967, Noble et al., 1980) is used in forested
areas of eastern Australia to indicate levels of potential
fire activity, with this index representing a combination
of several near-surface weather conditions known to
influence fire behaviour (based on measures of relative
humidity, temperature, 10-min average wind speed and

rainfall). The study of these fire weather conditions based on
FFDI was conducted soon after the first tranche of 6 years
of data for BARRA-SY became available, and thus extended
for the period 1 January 2010 through 31 December 2015,
rather than the entire BARRA-SY time frame of 1990
to 2019.

This study of the fire weather aspects produced a
series of geographical information system layers to assist
fire managers in deciding on the optimal siting of porta-
ble AWS across the state of New South Wales to fill gaps
within the existing AWS network. One such layer is pre-
sented in Figure 4.

To identify gaps within the network, the FFDI time
series at each reanalysis grid cell was correlated with the
FFDI time series at the reanalysis grid cell corresponding
to the location of the closest automated weather station.
Pearson R correlation was used in this analysis as the fire
agency was interested primarily in how a given location
varied in comparison with the nearest AWS, rather than
in estimates of absolute bias, which will not be detected
using this method. Further, as a check, daily-resolved
BARRA-R results were comparable to those from hourly-
resolved BARRA-SY, indicating that the diurnal cycle did
not substantially affect the results obtained using the
higher resolution BARRA-SY. The results of this analysis
are presented in Figure 4.

Figure 4 may be interpreted as follows: for a location
where the Pearson R correlation coefficient is high, indi-
cated by the cooler shading, the FFDI is strongly corre-
lated with the FFDI at the closest automated weather
station. The reverse is true for regions with weaker corre-
lation coefficients, indicated by warmer shading. The
weakest correlations (i.e., perceived gaps in the AWS net-
work) in Figure 4 are found to coincide with the regions
of particularly steep/complex topography (Figure 3) and
are indicated in red. At these locations, the BARRA anal-
ysis indicates that the nearest AWS provides a poor repre-
sentation of the local fire danger.

To assist in the interpretation of Figure 4, two addi-
tional sets of GIS layers were also created: spatial maps of
the distance to the nearest automated weather station
and the gradient of the topography (not shown here).
These data layers assist the NSW RFS to deploy portable
AWS to derive maximum benefit from the information
that they provide, filling gaps in the network of perma-
nent AWS when fires are anticipated or are occurring in
the landscape.

Note that all GIS layers produced in the study were
created using BARRA data. That is, the time series of
FFDI at the location of each AWS was also derived from
BARRA, rather than using the actual observations cap-
tured by the AWS. This approach has two immediate
benefits:
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1. The BARRA dataset provides a continuous and com-
plete record of FFDI for 1 January 2010–31 December
2015. Actual AWS records can be subject to periods of
outages (missing data) and may not have been operat-
ing for the entire study period.

2. The use of a single dataset (BARRA) reduces the
influence of any biases that may exist between
BARRA and actual observations (as noted above, the
Pearson R coefficient will not detect such bias).

Given this approach, no specific testing of bias
between BARRA and AWS data was done, but as
noted earlier, BARRA does contain a number of
biases that would likely influence a comparison to
AWS observations.

The study allowed a simple and objective assessment
of the most cost-effective locations to site portable AWS,
particularly during periods of elevated fire danger or

FIGURE 3 Model topography for

the BARRA-R domain over New South

Wales (�12 km grid resolution; top

image) and the BARRA-SY subdomain

(�1.5 km grid resolution; bottom

image). The extent of the BARRA-SY

domain is identified by the yellow

border in the top image. The red

markers identify the location of

operational stations within the Bureau

of Meteorology's Automated Weather

Station Network.
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ongoing fires. In such circumstances, rapid but defensible
decisions on resource deployment are required. This
work assisted substantially in that regard. It would be
interesting and useful to repeat this analysis with the
entire (1990–2019) BARRA dataset, however resource
constraints have not permitted this to date.

3.3 | Thunderstorm climatology and
severe convective weather hazards

BARRA data have been useful in analysis for a variety of
severe weather applications, including for examinations
of thunderstorm-related hazards such as severe convec-
tive wind gusts (Brown & Dowdy, 2021), lightning and
hail (Dowdy et al., 2020). As described earlier, the com-
prehensive coverage of a spatial domain offered by a rea-
nalysis ensures that regions particularly subject to severe
weather can be identified in any analysis, even when no
surface observations are available. In particular, the use
of a high-resolution reanalysis such as BARRA increases
the likelihood that all such regions are identified despite
the mesoscale variability in the occurrence of severe
thunderstorms especially. Severe weather applications
using BARRA have included the use of environmental
diagnostics calculated from BARRA, such as measures

commonly used in severe weather forecasting applica-
tions in the Australian Bureau of Meteorology as well as
in other agencies such as the Storm Prediction Centre
(SPC) from the U.S. National Oceanic and Atmospheric
Administration (NOAA). Some examples of these envi-
ronmental diagnostics include various measures based on
CAPE, vertical wind shear, freezing level height as well
as indices such as the significant hail parameter (SHIP;
following the formulation used in NOAA https://www.
spc.noaa.gov/exper/mesoanalysis/help/help_sigh.html).
Examples of such applications are described in this
section.

Figure 5 presents average values of CAPE for the
period 1990–2018 mapped through Australia from
BARRA and ERA5 reanalyses. The results for BARRA
are broadly similar to those for ERA5, with some regional
variations such as higher values for BARRA than ERA5
over the Southern Ocean and along parts of the densely
populated eastern seaboard. A comparison with observa-
tions data at four locations is also presented using histo-
grams of CAPE values. Those results show a good match
between the reanalysis data and the observations-based
data. This includes the higher values of CAPE, particu-
larly in the case of BARRA, noting that these higher
values of CAPE can be associated with the occurrence of
severe thunderstorms and convective hazards.

BARRA data were used to examine environmental
diagnostics for indicating the occurrence of lightning and
hail, including for conditions averaged over many loca-
tions around Australia, as presented in Dowdy et al.
(2020). This is also possible for individual locations, as
presented here in Figure 6, demonstrating the use of
BARRA for more specific guidance at a given location, in
this case, for Brisbane in subtropical eastern Australia.
These results are based on lightning observations from
the World Wide Lightning Location Network of ground-
based sensors (Virts et al., 2013.) and hail inferences from
radar data, with further details on data and methods
available in Dowdy et al. (2020). This shows that the
BARRA environmental conditions provide a skilful
means of distinguishing between the occurrence and
non-occurrence of these thunderstorm hazards for this
individual location. These results demonstrate features
specific to the time of year and time of day, which could
also be useful guidance for severe weather and hazard
forecasting, noting that the BARRA reanalysis framework
is very similar in many ways to the ACCESS system used
operationally for weather forecasting in the Bureau of
Meteorology (as detailed in sections above). Similar fig-
ures to this shown here for Brisbane (Figure 6) are also
available on request from the authors for other locations
around Australia, including capital cities and several
regional cities.

FIGURE 4 Map of the Pearson R correlation coefficient over

the BARRA-SY subdomain showing how correlated the Forest Fire

Danger Index (FFDI) is at a given location with the FFDI at the

location of the nearest automated weather station
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3.4 | Design rainfall applications

The statistical analysis of extreme rainfalls is generally
used for design of hydraulic structures such as highways,
urban drainage networks and dams. Such rainfalls are
often presented in the form of intensity–duration–
frequency (IDF) curves, also termed as ‘design rainfall’
(Chow et al., 1988). The design rainfalls are usually
derived for varying durations ranging from sub-hourly up
to 7 days, and in Australia, these are derived by fitting
the generalized extreme value distribution to rainfall
maxima obtained from both daily-read and pluviograph
gauges (Green et al., 2019). The observation datasets that
are required to derive such design rainfall estimates are
often limited due to uneven and sparse spatial coverage,
and shorter and inconsistent record lengths, and hence it
is of interest to determine whether data from regional

reanalysis (BARRA-R) can be used to derive design rain-
falls in regions where there is a paucity of observations.

The assessment of design rainfalls derived from rea-
nalysis across a larger domain is generally confounded by
limited observations, particularly in mountainous areas.
The Gold Coast region represents one of the more chal-
lenging and consequential regions in Australia for esti-
mating IDF curves as it includes extensive urban
development along a narrow coastal plain that is bor-
dered to the west by the Great Dividing Range. The area
includes the Gold Coast City (the sixth largest city in
Australia, comprising around 670,000 people), which
stretches approximately 50 km along the coast and 10 km
inland, located 70 km south of Queensland's capital city,
Brisbane. The hinterland to the west of the Gold Coast
rises steeply to elevations of up to 1100 m. The region
experiences a humid sub-tropical climate (Peel et al.,

FIGURE 5 Spatial distribution of mean convective available potential energy (CAPE) from hourly instantaneous BARRA-R and ERA5

data from 1990 to 2018 (top panels), and a frequency distribution of reanalysis CAPE values compared with CAPE values derived from

collocated (once to three times daily) rawinsonde observations (bottom panel). CAPE observations and collocated model values are from

four locations, represented by crosses in the top figure panels (Adelaide, Darwin, Sydney and Woomera).
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2007), where precipitation mostly occurs in summer in
thunderstorms and heavy showers. The region is served
by a high density of sub-daily pluviograph gauges (com-
pared to most other regions in Australia), and thus pro-
vides a useful benchmark for evaluation of design rainfall
derived from BARRA-R.

The design rainfall estimates for the Gold Coast were
derived by the Bureau of Meteorology using procedures
described by Green et al. (2019). The process involved fit-
ting a generalized extreme value distribution by L-
Moments (Hosking & Wallis, 1997) to observed annual
maxima, and the parameter values were then derived for
gridded locations across the region using thin-plate
smoothing splines; elevation was included as a covariate
to help explain the systematic variation of design rainfalls
with topography. The analysis for the Gold Coast region
was undertaken using 48 high-quality gauges with more
than 8 years of record. The corresponding design rainfall
estimates obtained using the BARRA-R reanalysis
data were derived by fitting a general extreme value

distribution to the annual maxima series extracted from
each grid cell.

A comparison of design rainfall estimates obtained
from the two data sets is shown in Figure 7a,b, for a rain-
fall burst duration of 24 h and an annual exceedance
probability (AEP) of 1% (i.e., a recurrence interval of
100 years). It is seen that the overall spatial pattern of the
1% AEP design rainfalls obtained using BARRA-R is simi-
lar to those based on gauged data; however, the spatial
variability in the BARRA-R estimates is higher compared
with the gridded estimates based on gauged point rain-
falls. Results for all sub-daily durations for an AEP of 1%
are summarized in Figure 7c. The differences in spatial
variability between the two sets of estimates are evident
in the widths of the shaded regions, where again it is seen
that estimates based on BARRA-R are generally more
variable than those based on gauged data. It is also evi-
dent that the BARRA-R design rainfall estimates are
higher than those based on gauged data. It needs to be
recognized that both sets of gridded design rainfalls

FIGURE 6 Environmental

diagnostics from BARRA associated with

observed lightning activity and radar-

based hail data in Brisbane. Five

environmental diagnostics are shown

(convective available potential energy—
CAPE: (a, f); significant hail

parameter—SHIP: (b, g); bulk wind

shear from 0 to 6 km—S06: (c, h); a

product of CAPE and S06—CS6: (d, i);

and freezing level height—FLH: (e, j)

based on BARRA reanalysis data from

2005 to 2018. Average values are

presented at the time of hail (blue) and

lightning (red) occurrences, as well as

for all time steps (black), presented for

each hour (a–e) and month (f–j). This
averaging includes ±1 time step for each

value shown (i.e., ±1 h for the hourly

information and ±1 month for the

monthly results), with results shown

only if at least 15 values contribute to a

given average value. A confidence range

is also indicated, based on showing one

SE of the mean above and below the

results (dotted lines).
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involve assumptions, and that the estimates based on
gauged data cannot be regarded as the ‘true’ value as
they involve the additional step of using thin-plate
splines to fit a surface of gridded design rainfalls based
on point gauge locations. Overall, the nature of these dif-
ferences in gridded design rainfalls is consistent with the
evaluation of point-to-grid rainfall frequency presented
in Acharya et al. (2020).

While there are appreciable differences in the esti-
mates of sub-daily design rainfalls across the region based
on BARRA-R and gauged data, there are many regions in
Australia that are poorly served by rainfall gauges, which
would benefit from the availability of BARRA-R data.
The potential to which reanalysis products can be used to
provide direct estimates of design rainfalls, or else be
used as a covariate to help inform the spatial interpola-
tion between gauged locations, thus remains an active
area of research. It is also worth noting that information
on the spatio-temporal patterns of rainfalls (which are
required to be specified when inputting design rainfalls
into hydrologic models) over meso-scales relevant to
catchment hydrology is another area of ongoing investi-
gation, particularly for sub-daily durations relevant to the
estimate of flood risks (Acharya et al., 2020).

4 | DISCUSSION
AND CONCLUSIONS

We have presented brief summaries of several applications
of the BARRA reanalysis dataset, each having an emergency
management focus. Compared with global reanalyses, high-
resolution BARRA reanalyses offer the advantage that
better-resolved topography and atmospheric processes

improve understanding of potential impacts of weather and
climate phenomena. This is because the higher, kilometre-
scale resolution is closer to the scale at which emergency
services observe, plan for and respond to events. Compared
with observational datasets, the comprehensive coverage of
a domain offered by regional reanalyses ensures that areas
of potential emergency management concern, including fire,
heavy precipitation or severe thunderstorm hazards, can be
represented in population and asset risk assessments.

We have discussed a small, generally representative
selection of applications of BARRA, to illustrate its appli-
cability to assist with emergency management problems.
Topics not included above but which have received at
least preliminary attention include development of clima-
tology of the new Australian Fire Danger Rating System
(Matthews et al., 2019). Such a climatology is valuable to
calibrate and better understand the performance of the
new system, and to identify thresholds for alerting for
particular quantities such as wind change strength (Mills
et al., 2020) and continuous Haines Index (Mills &
McCaw, 2010). The high temporal resolution also permits
investigation of changes in fire danger as a result of the
diurnal cycle. Earlier work (Fox-Hughes, 2011) used
observations at widely spaced automatic weather station
locations in preliminary investigations, but landscape-
wide analysis was not possible. The high spatial and tem-
poral resolution of the BARRA regional reanalysis now
permits closer investigation of changes in diurnality, par-
ticularly with elevation given the ability of the reanalysis
to resolve topographical features in considerable detail. A
number of fire agencies are also using BARRA data to
update planning regimes, which are based on estimated
fire danger return periods. Aside from fire applications,
BARRA has been used in identification of coastal waters

FIGURE 7 Design rainfall estimates for 24 h duration and 1% annual exceedance probability (AEP) based on (a) gauged observations

and (b) BARRA-R rainfall. Panel (c) summarizes the differences in results for all sub-daily durations for an AEP of 1%, where the solid line

and the shaded region respectively represent the median design depth and the 5%–95% range of design depths over the selected region. A red

box in panels (a) and (b) covers identical areas and is included for ease of comparison.
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regions subject to strong wind, and to highlight locations
subject to enhanced winds generally, particularly from
unusual wind directions (Fox-Hughes et al., 2019). It has
also been applied, with ERA5 reanalysis (Hersbach et al.,
2020), to the investigation of tropical cyclone wind gusts
in the Australian region, including any changes that have
occurred in tropical cyclone-related gust strength (Bell
et al., 2021).

While we have discussed climatologies or similar
applications because they offer broad-ranging immediate
benefits, there is in addition very considerable potential
to study individual case studies with an emergency man-
agement focus. Important examples include convective
flood events, even if the model underpinning the reanaly-
sis does not fully resolve fine detail of the training of con-
vective cell over locations (Malguzzi et al., 2006; Senatore
et al., 2020). Regional reanalyses have additionally pro-
vided valuable insights into fire events (Huang et al.,
2009, using North American Regional Reanalysis as the
boundary conditions for further downscaling, Ndalila
et al., 2020) and extreme wind events (Fox-Hughes et al.,
2018; Richter et al., 2019). Smaller-scale case studies such
as these and others can offer very valuable insights into
the typical behaviour of the atmosphere in high-impact
or high-value situations.

We have not considered other applications besides
those focussed on emergency management. There are
many direct meteorological or climatological applications
of regional reanalyses, of course, but here we have
focussed on applications outside these fields. Renewable
energy research makes extensive use of regional reana-
lyses to identify locations with optimal energy generation
prospects, including steady reliable wind and frequent
sunny conditions (Ashtine et al., 2016; Camargo et al.,
2019; Frank et al., 2018; Holt & Wang, 2012). Several
such studies are underway or have been conducted in
Australia using BARRA. Agricultural (Lu et al., 2019)
and ecological applications also take advantage of the
high spatial and temporal resolution of regional reana-
lyses to investigate the location-dependent response of
living systems to weather and climate conditions.

Future implementations of high-resolution reanalyses
in the Australian region are being considered currently.
These may include additional high-resolution domains to
those currently existing. In addition, the period covered
by BARRA may be extended further into the past, to
1980. Bias correction of some quantities is under consid-
eration, particularly wind speed, given its importance for
emergency management (e.g., for input to fire weather
measures such as the Forest Fire Danger Index) and
renewable energy applications (e.g., for applications asso-
ciated with wind turbines). Finally, uncertainty estimates
may be quantified by the development of an ensemble of

reanalysis products, noting the potential for this to be
considered for subsequent versions of BARRA as part of
scope for future development activities.
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