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Executive Summary

Convection permitting climate modelling and projections have the potential to provide
reliable climate change information at regional and local scales that are relevant for
informing climate adaptation decisions. The Bureau of Meteorology is developing the
capability to extend regional-scale climate projections to convection-permitting scales
using the BARPA (Bureau of Meteorology Atmospheric Regional Projections for
Australia) framework. This paper documents the development process for the first
convective-scale BARPA (BARPA-C) configuration used to generate research-focussed
time-slice projections over Australia for the first phase of Australian Climate Service
(ACS). It describes the model configuration, performance at simulating mean and
extreme climates, and the trials used to make key decisions about configuration choices.
BARPA-C is shown to provide a step-change improvement in the representation of
climate extremes such as short-duration high intensity rainfall and intense tropical
cyclones. However, key model biases including a dry bias in northern Australia, persist
and will be targeted by future development.
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1. Introduction

Convection-permitting atmospheric models (CPMs) have been used by the Bureau of
Meteorology to generate short-term weather forecasts since 2017. By explicitly
simulating convection and hence removing propagating errors that originate in
convection schemes, CPMs are widely regarded to produce substantially more skilful
forecasts of weather hazards than coarser resolution convection parametrised models.
They achieve this improved skill by simulating more accurate representations of the
processes and characteristics of weather events. One prominent example is the ability
of CPM forecasts to produce more accurate rain-rate distributions and spatiotemporal
characteristics of extreme rainfall (Fosser et al., 2015).

1.1. Resolution Dependence

CPMs can represent a step-change improvement in the simulation of precipitation
because of the resolution of length-scales at which storm-scale processes may start to
be explicitly simulated, rather than parameterised (Clark et al., 2016). However, these
storm-scale processes occur across a spectrum of length-scales, and horizontal grid-
spacings around 100m are required before a model resolves finer scale storm processes
(Bryan et al., 2003; Lean et al., 2024). Benefits to the representation of rainfall climates
have been found to level off at a 'sweet spot' around 1km in current model simulations
(Potvin & Flora, 2015; Stein et al., 2015). Generally, however, the benefits of explicitly
simulating convection are much greater than those gained by simply increasing the grid-
spacing above 4km (Holloway et al., 2013; Vergara-Temprado et al., 2020). Typically,
CPM projection grid-spacings vary between 2 and 4 km (Lucas-Picher et al., 2021), with
4 km generally accepted to be coarsest grid-spacing where convection parameterisation
schemes are not required (Weisman et al., 1997). However, most CPM climate
simulations on domains that are larger than 4000x4000 km? tend to use resolutions at
the coarser end of this range. Continental-scale CPM-based climate projections using a
4-km grid-spacing have been generated across the world, including in North America
(Liu 2017), South America (Liu et al., 2025), and Africa (Senior et al., 2021; Stratton et
al., 2018).

1.2. Hazard Representation in CPMs

While CPMs are accepted as the norm in weather forecasting, their uptake by the climate
modelling community has been more gradual, mostly due to the very high computational
expense of testing and running CPM simulations for longer climate timescales. However,
the same improvements in forecasted weather events allow convection-permitting
climate projections to simulate the frequencies and intensities of many hazardous
weather systems more accurately and to project these hazard characteristics into the
future. Hence, CPMs have the potential to provide a substantial improvement to the risk
assessment of natural hazards into the future.

Weather hazards associated with short duration high intensity convective rainfall are
particularly sensitive to the representation of atmospheric convection in climate models.
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The nature of atmospheric convection depends strongly on atmospheric temperature
and humidity profiles, which are projected to be affected by climate change. Studies of
contemporary climate change have reported increases in the frequency of the most
intense rainfall rates across the world and across length scales (Bao et al., 2017; Donat
et al., 2017; Wasko et al., 2024). These heavy rain-rates are poorly represented in
convection parameterised models, and CPMs have been shown to be more capable of
simulating projections of increased heavy rainfall (Kendon et al., 2023). CPMs typically
show stronger intensification of extreme rainfall than their convection-parametrised
Regional Climate Model (RCM) counterparts (Lee et al., 2022; Luu et al., 2022), as well
as a reduction in the spread and associated uncertainty in extreme rainfall projections
(Fosser et al 2020). Additionally, convective weather systems such as tropical cyclones
have been shown to be better represented in CPM simulations compared to traditional
RCM simulations (Buonomo et al., 2024).

The improved representation of precipitation can have flow-on effects to other hazards
such as flash flooding. Driving hydrological models using bias-corrected inputs derived
from CPM has been demonstrated to add value in the simulation of historical
climatologies of flood peaks (Poncet et al., 2024). They found that in the Mediterranean,
CPM-based projections diverged from traditional RCM-based projections, with the most
extreme floods becoming more intense, but more moderate floods becoming less
frequent.

As well as the representation of convection, other improvements derive from a
decreased grid-spacing, namely the representation of coastlines, topography, and urban
areas (Cortés-Hernandez et al., 2024; Langendijk et al., 2021)(Cortés-Hernandez et al.,
2024; Kruk et al., 2010). Improved simulation of urban centres, where exposure to
extreme weather events is high, is crucial for climate risk assessment. Another critical
effect of convection permitting resolutions is an expected improvement of the simulation
of mesoscale features, such as mesoscale convective systems, frontal rainbands and
wind shift lines, sea-breezes, orographic circulations and the larger scale weather
systems they are embedded in (BeluSi¢ Vozila et al., 2024; Cortés-Hernandez et al.,
2024; Maybee et al., 2024). These improvements have direct relevance for hazard
simulation. For example, bushfires behaviour in southern Australia is significantly
impacted by passing weather fronts. The structure of the front's wind field, which can
often cause a sudden change in the direction of bushfire spread, is sensitive to the
explicit representation of convection (Dowdy et al., 2021).

1.3. CPM in Australia

In Australia, CPMs have been used to produce climate projections for regional domains,
however, to date no unified Australia-wide CPM simulations are available. The Energy
Sector Climate Information project (CSIRO and Bureau of Meteorology, 2021) presented
two prototype BARPA-C configurations, based on CMIP5, providing projections over two
subregions of eastern Australia, a northern and a southern domain. Brown et al., (2024)
demonstrated that the representation of wind gusts in the southern domain were
significantly improved over the convection-parametrised counterpart. More recently, the
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NARCLIM2.0 projections based on CMIP6 include a convection-permitting component
covering southeastern Australia (Di Virgilio et al., 2024).

1.4. Climate Modelling in the ACS

The Australian Climate Service (ACS) is investigating the value-add that CPMs provide
to climate hazard projections through generation and analysis of a targeted set of
downscaled climate projections utilising a 4-km grid-spacing. The Bureau of Meteorology
will contribute to this exercise by producing dynamically downscaled projections using
the BARPA-C (Bureau Atmospheric Regional Projections for Australia: Convective)
limited area climate model, which is an ACCESS-based, convection permitting
atmosphere-land system model. ACCESS (Australian Community and Earth-System
Simulator) is the local implementation of UK Met Office Unified Model (MetUM) for the
atmosphere and Joint UK Land Environment Simulator (JULES) for the land surface.

BARPA-C builds upon its regional counterpart, BARPA-R, which downscaled 7 general
circulation models over an Australasian domain to a 17-km grid-spacing using a
convection-parametrised MetUM configuration. BARPA-R configuration details are
provided by Su et al., (2022), with evaluation performed by Howard et al., (2024), Jiang
et al., (2025) and Stassen et al., (2025). BARPA-R has been shown to well simulate the
temperature and precipitation climate over Australia and has been used to inform the
National Climate Risk Assessment (Jakob et al., 2025).

The ACS favours a multi-model ensemble-based approach for downscaling climate
projections, using a sparse matrix of multiple GCMs, RCMs and CPMs. As such, all
BARPA-based modelling is complemented by experiments using the Conformal-Cubic
Atmospheric Model (CCAM). (Schroeter et al., 2024) documents the performance of the
regional-scale CCAM experiments, while convective-scale CCAM is currently under
development.

1.5. BARPA-C Development

To select the BARPA-C configuration used for the initial ACS phase 1 prototype BARPA-
C projections, a series of trials and evaluation experiments were run. First, a set of
targeted trials were run to determine an initial model configuration. Trial lengths ranged
from several months to a year. Targeted trials estimated the width of boundary edge
effects in the output data, tested new land surface ancillaries and trialled options for
urban soil moisture. This configuration was used to run the first ERA5 evaluation
experiment, labelled BARPA-C_FR throughout this paper.

The BARPA-C_FR experiment used a free-running set-up, with prognostic variables
evolving freely away from the lateral boundaries. Following assessment against
observations, this experiment was found to poorly simulate the northern Australian
monsoon, with weak monsoon westerlies, reduced tropical cyclone frequencies and a
reduction in the mean-state precipitation in Northern and interior Australia during the wet
season.
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To address the dry bias in BARPA-C_FR, additional trials were run to test the
introduction of spectral nudging with the goal of maintaining the monsoon circulation,
which was well simulated by BARPA-R. Spectral nudging is a downscaling technique
that relaxes the large-scale circulation to match the driving model, while allowing small-
scales to evolve freely, A revised evaluation experiment, labelled BARPA-C_SN, was
then conducted using the selected spectral nudging configuration.

This paper documents the BARPA-C modelling configuration, evaluation experiment
assessment and trial results. First in section 2, the model configurations used in the two
evaluation experiments are presented. These configurations are identical with the
exception of the spectral nudging in the second experiment. Second, the ability of both
evaluation experiments to represent the mean state and hazard-relevant climate
extremes is assessed in section 3. This section includes an assessment of the northern
Australian monsoon circulation, and its improvement in the spectral nudging experiment.
Third, the trials used to set up the model configurations, including the spectral nudging
trials, are documented in section 4. Limitations, the path forward and lessons learned
are discussed in section 5.

2. Model Configuration

BARPA-C uses MetUM (Davies et al., 2005), coupled to JULES (Best et al., 2011). The
MetUM has a non-hydrostatic, fully compressible, deep atmosphere formulation. It
solves a formulation of the equations of motion using a semi-implicit iterative method,
solving for prognostic variables 3D winds, virtual dry potential temperature, Exner
pressure, dry density, hydrometeor mixing ratios, and hydrometeor number
concentrations for rain, snow, graupel and ice. Spatial discretisation uses a regular Plate
Carree projection and a staggered Arakawa C grid in the horizontal and a vertically
staggered, stretched hybrid height Charney-Phillips grid in the vertical (Charney &
Phillips, 1953). The horizontal grid has a constant grid-spacing 0.04 degree in the zonal
and meridional dimensions, roughly equivalent to 4.4 km at the equator. The vertical grid
has 70 levels, has a 40-km model top, and the first model level is 2.5m above ground
level away from topography. Sea surface temperature is prescribed as a lower boundary
condition and is derived from the driving global model.

The JULES land-surface scheme models 10 land-use categories and four soil levels.
The land-use categories consist of 5 plant functional types (broadleaf trees, needleleaf
trees, temperate C3 grass, tropical C4 grass, and shrubs) and 5 non-vegetated types
(inland water, bare soil, land ice, urban roof and urban canyon). The latter 2 categories
are used in the MORUSES urban scheme (Porson et al., 2010). The soil layers have
respective thicknesses 0.1, 0.25, 0.65 and 2.0 metres, with a total depth of 3 metres.

BARPA-C is a limited area model, with lateral boundaries at 107E, 161E, -46.7S and -4
S. All trials described in this document are nested within BARPA-R-ERAS5, described in
Su et al 2022 and evaluated by Howard et al., (2024). BARPA-R-ERAS5 is considered an
evaluation experiment where the regional model is nested in ERA5 (Hersbach et al.,
2020, 2018a, 2018b) that is assumed to be relatively unbiased as compared to a global

10
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climate simulation experiment. Domain boundaries of BARPA-C are shown in Figure 1
and were determined using trials described in section 4.1 below.
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Figure 1: BARPA-C domain (green) over Australia nested in the larger BARPA-R domain (map extent).
Australia land area is disaggregated into eight National Resource Management (NRM) spatial clusters,
following Clark et al. (2015).

2.1. Physics and Dynamics

BARPA-C uses the Regional Atmosphere and Land science configuration version 3.2
(RAL3.2, Bush et al., 2024). RAL3.2 features only explicit, unparametrized convection,
and uses an implementation of the CASIM microphysics scheme (Field et al., 2023) to
model five hydrometeor species: cloud droplets, rain, ice, snow and graupel. This
implementation models two moments for rain, ice, snow and graupel, and one moment
for cloud droplets, whose number concentrations are prescribed. The dynamical core
(ENDGame) is semi-implicit, semi-Lagrangian and solves the non-hydrostatic, fully
compressible equations of motion (Wood et al., 2014). Other parameterisations include
the SOCRATES radiative transfer scheme (Edwards & Slingo, 1996; Manners et al.,
2024), a new bimodal cloud scheme (Van Weverberg, 2021a,b), and the blended
boundary layer scheme described by Boutle et al., (2014). This boundary layer scheme
blends the 1D non-local (Lock et al., 2000) and 3D Smagorinsky, (1963) schemes.

Observed historical aerosol, green-house gas and ozone forcing has been implemented
following Tucker et al., (2022). This approach prescribes 4D aerosol optical properties
on 9 shortwave and 6 longwave bands in the SOCRATES radiative transfer code,
combining seasonal and spatial variation derived from an offline simulation using the
Global Model of Aerosol Processes (GLOMAP) scheme (Mann et al., 2010) with
interannual variation derived from the EasyAerosol project (Stevens et al., 2017).

2.2. Ancillaries

BARPA-C has been co-developed with two other applications of the RAL3.2
configuration: the ACCESS-A weather forecast model (Rennie et al., 2025) and the
BARRA-C2 reanalysis (Su et al., 2024). BARPA-C has benefitted from this collaboration

1"
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by using land use type ancillaries developed specifically for ACCESS-A. Compared to
the UM default land use field ( sourced from ESACCI Land Cover v1; Hartley et al.,
2017), the changes applied are: sourcing land cover types from CCIv2 (Harper et al.,
2023) for natural areas and from WorldCover for urban areas (Zanaga et al., 2021), using
the 250m CSIRO Gramina Australian C4 grass fraction dataset for C3/C4 grass
partitioning (Donohue, 2023), and modifying the land-sea mask so that all coastal land-
based Automatic Weather Station (AWS) sites on the Australian mainland are located
on land points. The urban morphology was derived following Bohnenstengel et al.,
(2011), using empirical relations derived for London. The orographic height ancillary has
been sourced from the Global Land One-kilometer Base Elevation (GLOBE) Digital
Elevation Model (Hastings et al., 1999). All other ancillaries are standard for RAL3.2, as
documented by Bush et al., (2024).

2.3. Nudging

Spectral nudging is a technique used in earth system modelling which constrains large-
scale atmospheric motion with a prescribed input dataset while allowing small scale
motion to evolve independently. As will be discussed in section 3, spectral nudging is
used in BARPA-C to rectify a bias in the tropical circulation. Spectral nudging is
implemented using a convolution-based method adapted from Uhe & Thatcher, (2015).
3D temperature and horizontal wind prognostic variables are nudged towards the driving
model (BARPA-R) at length-scales greater than a synoptic-scale cut off. We follow Uhe
& Thatcher, (2015) in only nudging potential temperature and horizontal winds, allowing
moist processes to evolve freely. Nudging is achieved through including the following
relaxation term into the update equations for potential temperature (8), and horizontal
wind components U and V:

A
P (t) = B(t) — = B(e) sw(L)) (1)

Where ¢ is a state variable within a nested model grid to be nudged, A¢ is the difference
between nested model and driving data, At is the model integration time step, t, denotes
the valid time when the nudging increments will be applied, e is an e-folding time that
controls the nudging strength, and w is the gaussian weighting function with standard
deviation given by L. The Gaussian weighting function is approximated as the product of
two orthogonal 1D filters in the meridional and zonal directions.

In our nudged experiment labelled as BARPA-C_SN, spectral nudging is applied
between model levels 21 and 67, which corresponds to approximately 1500m — 30000m
above surface, or 850 hPa to 10 hPa. A soft e-folding time of 12-hours was applied, and
nudging was only applied to length-scales exceeding 1200 km. These parameters were
selected based on trials discussed in section 4.4, which also compares the selected
nudging parameters to other modelling experiments.

12
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3. Performance Assessment of evaluation
experiments

Two evaluation experiments have been conducted, with and without spectral nudging
applied. The experiments were 10-years long, with a 3-month spin up period. The
simulated spin-up period was September 2012 — November 2012, and the run period
was 1/December 2012 — 30/November 2022. Boundary conditions, and the nudging
reference where relevant, were sourced from the BARPA-R evaluation experiment.

This section assesses the representation of the mean-state rainfall and temperatures,
northern Australian monsoon, extreme rainfall and tropical cyclones in both evaluation
experiments. Australian Gridded Climate Data (AGCD version 1) (Jones et al., 2009) is
used as the reference dataset for land-based mean temperatures and precipitation, while
GPM-IMERG (Huffman et al.,, 2018) is used to assess rainfall over oceans. ERA5
reanalysis is used as a reference when assessing monsoon winds. Extreme rainfall and
winds are compared against AWS data, while tropical cyclones are assessed against the
international best track dataset IBTRaCS (Knapp et al., 2010).

The driving model (BARPA-R) is provided as a benchmark for the assessment of
BARPA-C's climate. A priori, we expect that:

Benchmark 1: BARPA-C should not significantly degrade the mean-state compared to
BARPA-R, and

Benchmark 2: The representation of climate extremes that are intrinsically linked to
convective processes is substantially improved in BARPA-C compared to BARPA-R.

3.1. Mean State Assessment

The seasonal mean bias compared with AGCD of daily minimum screen-level
temperatures (tasmin), daily maximum screen-level temperatures (tasmax) and rainfall
are shown in Figures 2, 3 and 4 respectively for BARPA-R, BARPA-C_FR and BARPA-
C_SN. All fields are regridded to the coarsest model grid (BARPA-R) using conservative
remapping before analysis is commenced. Patterns and values of tasmax biases are
extremely similar across all three models, suggesting that the tasmax biases are not
affected by the explicit representation of convection, the spectral nudging or any of the
other configuration changes introduced in RAL3.2 compared to GA7. Thus, BARPA-C
retains the 1-2 degree Celsius winter cold bias in tasmax described by Howard et al.,
(2024).
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Figure 2: Biases in seasonal-mean daily maximum temperatures (tasmax) in BARPA-R, BARPA-C FR and
BARPA-C SN, as compared to AGCD. Units are in degrees Celsius. The bottom-left annotation gives the
root mean square error averaged over all grid-cells.

More differences are present between BARPA-R and both BARPA-C experiments when
considering overnight tasmin. BARPA-C_FR and BARPA-C_SN are still very similar,
suggesting that the spectral nudging does not impact tasmin biases. The BARPA-C
experiments both show an increased cold bias in summer over much of interior Australia
and a reduced warm bias during winter. Overall, therefore, the representation of mean-
state tasmin and tasmax in BARPA-C is generally of a similar level of performance as
was observed in BARPA-R, meeting benchmark 1.
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Figure 3: Biases in seasonal-mean daily minimum temperatures (tasmin) in BARPA-R, BARPA-C FR and
BARPA-C SN, as compared to AGCD. Units are in degrees Celsius. The bottom-left annotation gives the
root mean square error averaged over all grid-cells.
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Figure 4: Biases in seasonal-mean precipitation in BARPA-R, BARPA-C FR and BARPA-C SN, as compared
to AGCD. Units are in mm/month. The bottom-left annotation gives the root mean square error averaged
over all grid-cells.

Figure 4, which shows precipitation biases, raises more issues around the mean-state
representation in BARPA-C. Most prominently, BARPA-C_FR shows reduced rainfall
across Northern Australia from December to February, the core of the Austral monsoon.
Although the spectral nudging was introduced to improve this monsoon rainfall, BARPA-
C_SN shows a very similar dry bias in Northern Australia over land.

Some improvements in mean-state rainfall are present. In southern Australia on the east
and west coasts, winter dry biases are resolved in both BARPA-C experiments,
suggesting that the sharp gradients in coastal rainfall are well resolved. Though
geographically small, these high-rainfall coastal areas have outsized importance due to
the location of cities and population centres. Additionally, the BARPA-R spring wet bias
is resolved in BARPA-C.
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Overall, mean-state precipitation is well represented in BARPA-C across all regions and
seasons except for Northern Australia during the Austral monsoon. The next section
examines the monsoon dry bias and associated circulation biases in detail.

3.2. Northern Australian Monsoon

Following the discovery of the BARPA-C_FR northern Australian dry bias, detailed
attention was paid to the representation of the Australian Monsoon. The monsoon
circulation over northern Australia was found to be shifted north in BARPA-C FR,
resulting in a decrease in the frequency of the monsoon westerly winds over northern
Australia. Due to the close coupling between the monsoon circulation and northern
Australian precipitation (Sekizawa et al., 2023), it was unclear whether the dry bias was
causing a weakening of the monsoon, or whether the northward shift in the monsoon
winds was causing less rainfall over the Australian region. Spectral nudging, described
in sections 2.3 and 4.4, was introduced to test the latter hypothesis.

Figure 5: DJF-mean 850 hPa winds in ERA5, BARPA-R, BARPA-C_FR and BARPA-C_SN.

Figure 5 shows the mean-state December — March wind zonal winds over northern
Australia at 850 hPa in ERA5 and the three BARPA models, with the mean position of
the monsoon shearline (the zero-contour of the 850 hPa zonal wind) shown in black.
From this plot, it is evident that the monsoon westerly winds are shifted north in BARPA-
C_FR over the Top End, while both BARPA-R and BARPA-C_SN show monsoon winds
that are closer to the reference reanalysis. Over Cape York, BARPA-C_FR is in fact
closer to observations, while both BARPA-R and BARPA-C_SN show a southward shift
in the shearline location. As indicated by Figure 6, this rectified the dry-bias over land for
the first four years of the simulation, after which the dry-bias re-emerges.

Figure 6 also highlights the difficulties with assessing short trials nested within BARPA-
R. The interannual variability of northern Australian rainfall and the monsoon westerly
winds in BARPA-R is decoupled from the driving ERA5 dataset (Howard et al., 2024).
Consequently, biases in these fields take a large amount of time to emerge. For example,
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the rainfall bias of BARPA-C after the first season appeared to be much improved on
BARPA-R, because the 2012-13 season was abnormally wet in BARPA-R, but dry in
observations. In subsequent seasons, the BARPA-R wet bias is lessened, and the
BARPA-C dry bias begins to become more apparent.

Figure 7 recreates the DJF precipitation biases shown in Figure 4 but uses satellite-
based GPM-IMERG as a reference, rather than AGCD. As GPM-IMERG is available
over oceans as well as land, a land-mask has not been applied. This reveals that the dry
bias is significant over the seas north of Australia in BARPA-C_FR but rectified there in
BARPA-C_SN. This analysis indicates that the dry bias over land is not caused by the
shift in the monsoon winds. However, spectral nudging has been able to improve the
large-scale circulation, which may have flow-on effects for the representation of
hazardous weather in the tropics.

Northern Australia Annual Cumulative Rainfall (mm/month)
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Figure 6: Cumulative rainfall averaged over Northern Australia (top) per wet season and (bottom) for the
duration of the trail. Rainfall is averaged over the monsoonal north and wet tropics NRM clusters shown in
Figure 1. The observational reference is AGCD.
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Figure 7: Biases in December to February-mean precipitation in BARPA-R, BARPA-C_FR and BARPA-
C_SN, as compared to GPM-IMERG. Units are in mm/month. Note the colour limits are different to Figure
4.

3.3. Short Duration Rainfall Extremes

Through explicit representation of convective storms such as thunderstorms, CPMs are
expected to substantially improve the representation of high intensity precipitation over
short time-periods. Observational studies have indicated that the intensity of the most
extreme precipitation rates is increasing due to climate change. In other regions of the
world, it has been demonstrated that CPMs are able to capture this increase, and that
convection-parameterised RCMs and GCMs cannot. Therefore, the representation of
short duration rainfall extremes in CPMs is a substantial motivator for convection-
permitting climate projections.

In this paper, we focus on the multi-year mean of annual maximum hourly precipitation
(RX1H) as the main quantifier of short duration high intensity rainfall. This metric is the
mean of the highest rain-rates in each of the ten years in the modelled time-period and
provides a balance between considering extreme rainfall and selecting a metric that is
reasonably well sampled in the short 10-year simulations.

Figure 8 compares RX1H in the three models to automatic weather station observational
data. Model data is interpolated to station locations using a nearest-neighbour
remapping. Figure 8 indicates that observed and BARPA-C based RX1H can reach
levels of up to 80 mm/hr in northern and east-coast Australia. By contrast, in BARPA-R,
RX1H is capped at about 40 mm/hr. While BARPA-R consistently underestimates RX1H
across northern and eastern Australia, BARPA-C_SN and BARPA-C_FR show a mix of
positive and negative biases, indicating no systematic directional bias overall. Spatial
patterns of RX1H also differ between BARPA-R and BARPA-C - a clear zone of elevated
RX1H stretches all the way along the Queensland and NSW coasts in BARPA-C that is
not present in BARPA-R. This suggests that BARPA-C provides added value in the
representation of RX1H that could not be reproduced simply by scaling up BARPA-R.

BARPA-C_FR and BARPA-R_SN show very few differences over land. Over the ocean,
BARPA-C_FR shows slightly reduced extreme rain rates, likely due to the decreased
frequency of tropical cyclones. BARPA-C shows a substantial improvement in the
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representation of short-duration rainfall extremes, meeting Benchmark 2 described at
the start of section 3.
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Figure 8: 10-year Annual mean of hourly maximum precipitation rate (RX1H) across BARPA-R, BARPA-
C_FR and BARPA-C_SN, compared to station data. Top row: full fields of modelled RX1H. Middle row:
observed RX1H (left) and RX1H interpolated to station locations using nearest-neighbour regridding.
Bottom: bias in RX1H at station locations.

The improvement in the representation of hourly extreme rainfall in northern and eastern
Australia can also be seen through comparison with radar-based observations. Three
radars at Gove in the Top End, Mackay in north Queensland and Terrey Hills in Sydney
have been selected based on their high rainfall climatologies and the consistency of their
long-term mean rainfall with AGCD. Figure 9 shows the distribution of hourly rain rates
across the simulation period, compared to these radars. Both BARPA-C_FR and
BARPA-C_SN show good agreement with radar observations at capturing rain-rates
between above 50 mm/hour, while BARPA-R shows a unphysical cut-offs between 45
and 60 mm/hour. BARPA-C_FR slightly underestimates the radar observations in
Mackay and Gove. In Sydney, more moderate rain-rates between 1 and 20 mm per hour
are consistently overestimated by all BARPA models, consistent with the wet bias
reported by Bush et al., (2024).

20



BARPA-C: TRIALLING OF CONVECTION PERMITTING REGIONAL CLIMATE MODELLING FOR THE AUSTRALIAN CLIMATE SERVICE

(a) Hourly Rain Rate Distribution (b) Hourly Rain Rate Distribution
Gove (radar 9) Mackay (radar 22)
107 4 — radar 107 5 — radar
—— barpa-r —— barpa-r
105 4 —— barpa-c_FR 10° 5 —— barpa-c_FR
—— barpa-c_SN —— barpa-c_SN
105 4 10° §
w W
@ o
2 10° 4 g 10% 3
[ v
5 5 108
g 103 4 g 107 4§
102 4 102 4
101 4 10? 5
10° 4 \ 10° §
0 20 40 60 80 100 0 20 40 60 80 100
Rain Rate (mm/hour) Rain Rate (mm/hour)
(d) Hourly Rain Rate Distribution
(c) Radar Locations and Radar RX1H Sydney (radar 54)
o —
N , —— radar
107 5 —— barpa-r
—— barpa-c_FR
106 5 pa-c_
—— barpa-c_SN
" 105 4
[
[¥)
§ 104 +
-
g 10
5 10
102 1
101 4
100 E
0 20 40 60 80 0 20 20 60 80
RX1H (mm/hr) Rain Rate (mmy/hour)

Figure 9: Modelled and observed distribution of hourly rainfall at (a) Gove, (b) Mackay and (d) Sydney Terrey
Hills radars. Panel (c) shows a map of radar location, with radar-based RX1H shown in colours. Radar and
BARPA-C data have been regridded conservatively to the BARPA-R grid, and only time-steps with valid
radar data are considered.

3.4. Tropical Low-Pressure Systems

Tropical cyclones are a key weather hazard for the northern Australian region, often
bringing heavy rainfall, flooding and extreme winds upon landfall. As convectively driven
weather-systems, tropical cyclones are poorly represented in convection parametrised
climate models, and so CPMs are expected to improve the representation of tropical
cyclones.

For the purposes of this early analysis, a simplified algorithm has been applied to identify
the instantaneous locations of tropical low-pressure systems. This algorithm divides the
BARPA-C tropical domain (north of 23 S) into three regions: East, West and North,
separated by meridians at 125 E and 142 E. It then identifies tropical low-pressure
systems as absolute minima of daily-mean sea level pressure (PSL) in the interior of
each region. Only systems with central pressures less than 995 hPa are retained. This
approach only identifies the strongest event at each day in each region. However, based
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on a visual inspection of PSL Hovmoller plots, the small size of the three regions ensures
multiple cyclones are never present in any region at the same time.

As this algorithm is not a wind-based classification system like the Australian tropical
cyclone intensity scale or the Saffir-Simpson scale, not all identified systems will be
classified as tropical cyclones. Therefore, we refer to storms identified using this
algorithm as tropical low-pressure systems rather than tropical cyclones.

Figure 10 presents the track frequencies of tropical low-pressure systems identified,
compared to IBTrACS. Daily storm locations are shown as a scatterplot in the top row
with minimum pressure indicated by dot colour, and for more quantitative comparison as
a binned frequency count map in the middle row. The model biases of the frequency
counts from IBTrACS is shown in the final row.

All three models overestimate the tropical cyclone frequency in the south-east of the
maps, off the coast of south-east Queensland. BARPA-R shows an overly high number
of inland tropical low-pressure systems, suggesting that it struggles to correctly simulate
lysis following landfall. BARPA-C_FR simulates too few tropical low-pressure systems
over northern Australia, likely due to the northward shift in the monsoon shearline
discussed in section 3.2. This is a concern since land-falling cyclones in Northern
Australia are a key hazard for ACS. However, BARPA-C_SN shows very good
performance, with a realistic distribution of cyclones over the Top End. It does show a
reduction in storms over the Kimberly, but this is improved compared with BARPA-C_FR.

Locations and minimum pressure values of daily identified tropical low-pressure systems
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Figure 10: Tropical cyclone track frequencies across BARPA-R, BARPA-C_FR and BARPA-C_SN
compared to IBTRaCS. Top row: scatterplot of all cyclone locations derived from daily mean data, with
minimum pressure indicated by colours. Middle row: heatmap frequency plots of cyclone locations on 4*4
degree grid. Bottom row: difference of frequency heatmaps between BARPA models and IBTRaCS.

The distribution of intensities of the tropical low-pressure systems is shown in Figure 11.
Again, no attempt has been made to 'track’ the tropical low-pressure systems for this
early analysis, and instead a datapoint is presented for each cyclone day. This figure
indicates that BARPA-R struggles to simulate tropical low-pressure systems with central
pressures deeper than 955 hPa, while both BARPA-C simulations are able to reproduce
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a realistic number of deep systems. Over the simulation period, a total of 24 days
featured tropical low-pressure systems with central pressures deeper than 955 hPa in
observations. In comparison, BARPA-C_SN simulated 19, BARPA-C_FR simulated 13,
and BARPA-R only one. The reduced number of deep systems in BARPA-C_FRis likely

due to the overall bias in the number of systems shown in Figure 10.

Tropical Low-Pressure System Daily Central Pressures
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Figure 11: Frequency count of days with tropical low-pressure systems identified, against central pressure.

The y-axis is log-scaled. Frequency counts below 955 hPa are annotated on the figure.

Overall BARPA-C_SN performs very well at simulating the frequency of high-intensity
tropical low-pressure systems in the Australian region. Spectral nudging was able to
address a low-frequency bias in the total cyclone count in northern Australia.

4. Trial Assessment

This section describes the system trials run during the development of the BARPA-C
configurations described above. These trials were designed to test technical aspects of
the system, evaluate speed and CPU use and timing statistics, and to test the sensitivity
to proposed system changes additional to RAL3 as described in section 2. The trials

described in this document are listed in table 1 below.

Table 1: Targeted Trial descriptions

Period/ drivin Domain/
Trial 9 Description Grid-cells
data
(nx xny)
. . . AUS-3
Boundary Trial_BC1 2013 ERA5 Large domain year-long trial
Width 1360x1036
. . . AUS-1
(Sec4.1) Trial_BC2 2013 ERA5 Small domain year-long trial 1360%1176
Land Use Trial_LU_CCI 2013 ERA5 Large domain year-long trial AUS-3
1360x1036
(Sec. A A New Land ancils AU-M
42) Trial_LU_ 2013 ERAS Proposed domain 1348x1068
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Urb Trial urb ctrl Jan/Feb 2098 Future period, 365 day AU-M
Lra na d” —Hre_ CESM2 calendar 1348x1068
Surface Trial urb lai Jan/Feb 2098 Future period, 365 day AU-M
(Sec - - CESM2 calendar, LAI fix 1348%1068
4 3)' Trial urb infilt Jan/Feb 2098 Future period, 365 day AU-M
’ - = CESM2 calendar, LAI fix, infiltration fix 1348%1068
. Sep 2012 — Mar AU-M
Trial_SN_ctrl 2018 ERA5 Free Run 1348x1068
ﬁﬁzc’ﬁaal Tl SNt Sep 2012 — Mar Nudging Ieng‘t(r;scale: L=1270 AU-M
ging - 2018 ERA5 I o 1348x1068
(Sec. Nudging timescale: e=1 hour
4.4 i ‘L=
) ol SN2 Sep 2012 — Mar Nudging Ienglt(r:scale L=1270 AU-M
- 2018 ERA5 Lo o 1348%1068
Nudging timescale:e=12 hours

The assessments performed were as follows:

A. Boundary width: comparison of trials with different domain sizes.

B. Land use: comparison of trials with different land-use ancillaries

C. Urban Land surface: resolution of a bug fix causing overly wet soil moistures in
urban areas

D. Spectral nudging: selection of appropriate parameters for the spectral nudging in
BARPA-C SN.

4.1. Boundary Widths

The domain presented in Figure 1 was selected so that the domain boundaries were
sufficiently far from Australian landmass so that boundary effects were not present on
the continent. Two trials, referred to here as trial BC1 and trial BC2, were conducted to
determine the size of the required buffer zone around Australia.

These trials were run on different domains, with trial_ BC1 having its southern boundary
at 45S, and trial_BC2 having its southern boundary located at 51S. It was assumed that
the impact of the southern boundary was negligible in trial_BC2 north of 45S. Ten daily
two-dimensional variables relating to precipitation, near-surface wind, cloud and near-
surface temperature were then selected, and their distributions across time and longitude
were computed for each trial and for each latitude band between 45S and 30S. Perkins
Skill Scores (PSS), which measure the difference between two distributions, were then
calculated for each latitude between the two trial distributions. These PSS values are
shown in blue in Figure 12. Declines in the PSS values at higher latitudes are then
attributed to boundary effects of the southern boundary of trial_BC1.

A visual inspection of Figure 12 indicates that boundary effects are negligible at 42S,
which is 3 degrees north of the southern boundary. Therefore, the minimum necessary
buffer around the Australian continent was determined to be 3 degrees. This is
significantly wider than the relaxation zone (0.48 deg), over which the boundary forcing
is applied, and the blending zone (0.88 deg) for blending the orographic heights on the
global and regional grids. The southern boundary of the BARPA-C domain is therefore
set to 46.7S, which is 3 degrees south of Tasmania's southernmost point.
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Figure 12: Boundary effects on key variables by latitude.

4.2. ACCESS-A Land Use Ancillaries

As described in section 2.2, BARPA-C uses an updated land use dataset created for use
in convection permitting MetUM atmospheric modelling in Australia. The impact of the
updated land use dataset was investigated in the comparison of trial LU _CCI and
trial_ LU_AA. The changes in land use type associated with the ACCESS-A ancillaries
describes above are shown in Figure 13 together with the eight National Resource
Management (NRM) cluster regions used in the analysis. These figures show the grid-
cell transfer fractions between the pairs of land use categories with significant transfers.
These include:

e changes between shrubs, C3 grass and C4 grass, caused by interannual
variability between the CClv1 and CClv2 datasets and by the new grass partition
dataset;

¢ transitions from inland water to bare soil, caused by reclassification of Australian
inland lakes, which are typically dry lakes, as bare soil; and

o transfers to all other land use types from Urban, caused by the use of the
WorldCover dataset.
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Figure 13: Fraction of each grid-cell undergoing land use type transformation for each major land use
transformation pair as per text. The final panel provides a key for the NRM spatial clusters.

In Figure 14, the median changes of average tasmin, tasmax and diurnal temperature
range in each NRM cluster and each transfer pair is shown. These figures demonstrate
that removing inland water in the rangelands cluster increases diurnal temperature range
by about 6°C, and that reducing urban fraction reduces tasmin by about 1.5 °C. Soil to
C4 decreases minimum temperature by about half a degree. The remaining changes are
small and unlikely to be robust to internal variability. For example, the C4 to C3 change
is associated with the same sign of change as the C3 to C4 change, indicating that these
differences between the simulations are caused by something other than the land use
change.
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Figure 14: NRM Cluster-mean change in diurnal temperature range, (top row) tasmax (middle row) and
tasmin (bottom row) in the region of each land use type transform pair (as per text) between trial_LU_CCI
and trial_LU_AA.

To classify the impact of the land use type update on soil moisture, Figure 14 presents
time-series of the average soil moisture in trial LU CCIl and trial LU _AA in all
combinations of transfer pairs and NRM clusters that show substantial deviation between
the trials. Soil moisture is assessed in the top two soil levels only. Here, 'substantial
deviation' is judged to occur when the median change in the top layer exceeds 0.5 kg/m?.
In urban areas, trial LU_AA shows faster dry down rate than trial LU CCI. This is
associated with partial resolution of the urban wet bias issue, further examined in section
4.3. The conversion of dry lakes from inland water to soil results in faster dry down and
higher infiltration in trial_LU_AA than trial LU CCI.

The remaining comparisons show only minor differences. Panels (a) to (e) indicate
deviations between the timeseries between March and May, however this is likely due
to divergence in incoming rainfall due to modelled internal variability. In panels (a), (b)
and (c), trial_LU_AA appears to have slightly increased infiltration over trial_LU_CCI
while dry down rates appear unchanged.

Overall, the 'water to soil' and 'urban' changes are both judged to be beneficial, while the
remaining changes are considered neutral. Therefore, the ACCESS-A ancillaries have
been adopted for BARPA-C. The urban change is further examined in the following
section.
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Figure 15: Timeseries of NRM cluster mean soil moisture in regions where the land-use type is updated (as
per Figure 2). Soil moisture is summed across the top two soil model layers and has units of kg/m3. Only
cluster/land use transformation pair combinations with a substantial change in soil moisture are shown.
trial_LU_AA is shown in blue, while trial_LU_CCI is shown in orange.

4.3. Urban Land Surface Modifications

This section investigates the high sensitivity of the urban soil moisture to the land-use
type described in section 2.2. This sensitivity derives from the partial resolution of a long-
standing urban wet soil moisture bias first identified in the ACCESS forecast models,
documented at 485. Spuriously wet urban soils in free-running simulations were present
in BARPA-R and derive from three issues:

1. The leaf area index values (LAI) in the MODIS source dataset are masked due
to technical satellite retrieval challenges in built-up areas. By default, these
masked values are treated as zeros, prohibiting transpiration out of each grid-
box.

2. The urban tile component of each grid-cell allows for a small amount of water
infiltration into the gridbox, but not for evaporation out of the grid-box.

3. The urban land cover fraction is unrealistically high in many datasets, including
IGBP, CCIl and CCIlv2. This exacerbates the second issue by reducing the grid-
cell fraction that is capable of evaporation.

Issue 3 was resolved in trial_LU_AA by replacing the CCIv2 urban tile fraction with a
dataset derived from WorldCover, as described in section 2.2. This allows for more
evaporation to occur out of the urban tiles, resulting in the faster dry down rates visible
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in Figure 15. Trial_urb_orig, trial_urb_lai and trial_urb_infilt were designed to test the
impact of resolving issues 1 and 2 on the urban soil moisture and near-surface
temperatures.

As the urban soil moisture wet bias is caused by moisture being unable to leave the soll
after a saturation, it is most apparent during extended dry periods. Therefore, the time-
period for trial_urb_orig, trial_urb_lai and trial_urb_infilt was chosen to cover a dry-spell
in Sydney based on BARPA-R. To additionally stress-test the model at simulating future
climates, and to test the 365-day calendar functionality, the dry period selected was
January and February, 2098, with boundary conditions derived from the BARPA-R of
CESM2, a CMIP6 GCM produced by NCAR.

As per table 1, trial_urb_orig was designed to be the control trial, matching the
configuration of trial_lu_AA for the 2098 time-period. trial_urb_lai aimed to resolve issue
(1) in the table above by infilling the leaf area index. Infilling was achieved by identifying
the region where LAl is masked in the original MODIS data and applying a nearest-
neighbour approach. Finally, trial_urb_infilt addressed issue (2) by setting the infiltration
enhancement factor to zero on urban tiles, as well as infilling LAl as per trial E. This value
originally had a value of 0.1 on urban tiles, compared to a value of 2 on grass and shrub
tiles and 4 on tree tiles.

For each trial, the panels of Figure 16 compares of 15-day time-series of 6-hourly soil
moisture averaged over the Sydney urban area (urban time fraction >0.5) and averaged
over the non-urban region surrounding Sydney (urban time fraction < 0.2). As rainfall in
these two regions is well correlated, these timeseries should be similar to each other in
the absence of a soil moisture bias. Spikes in these time-series represent rainfall events,
where the soil moisture reaches saturation if sufficient rainfall occurs. The soil moisture
biases manifest as a reduction of the dry down rate following the rain event and
plateauing of the urban soil moisture to higher asymptote than the adjacent region.

Both BARPA-R and ftrial LU CCI show substantial wet biases. Trial LU AA and
trial_urb_orig show a substantial improvement in the soil moisture in the top soil level,
deriving from the restored ability of the soil moisture to evaporate from the first model
layer. However, soil moisture in the second model layer remains too wet. This reflects
the inability of the soil model to lose water to transpiration, which typically removes
moisture from the lower model levels, the 'root zones' where plant roots extract water.
The LAl infilling fix (trial_urb_lai) resolves this by restoring transpiration, so that the soil
moisture in the second soil level is comparable across urban and adjacent non-urban
areas.
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Figure 16: Time series of urban soil moisture in Sydney in BARPA-R and in the urban and land-use trials.
Orange: average across region with urban tile fraction >0.5. Blue: average across bushland adjacent to
Sydney (urban tile fraction <0.2).

Finally, trial_urb_infilt is designed to prevent the infiltration of soil moisture into the urban
tile component of each grid-box. In previous ftrials, infiltration is allowed but
evapotranspiration prevented on the urban component, meaning that the non-urban
component of the tile must overcompensate to remove moisture from urban areas. This
overcompensation is possible because soil moisture is shared across tiles. However,
this trial showed no substantial improvement over trial_urb_lai, and showed an increase
in total infiltration in the urban areas compared to the non-urban areas associated with
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the rainfall event, a finding that is not fully understood’. Unlike the other trials which only
modify ancillary files, trial_urb_infilt represents a deviation from the RAL3.2 configuration
of the regional MetUM as it includes a namelist change. Therefore, the decision was
made to proceed with the trial_urb_lai configuration.

4.4. Spectral Nudging

Table 2: Spectral nudging parameters across regional modelling studies. Where a length-scale was
recommended by the study, it is indicated in bold.

Reference Model Mod(.al grid- | Tested Length- Tested time-
spacing scales (L) scales (e)

Uhe and Thatcher 191km 640km

(2015) MetUM | 150km 1270km 3000 km 1-hr, 6-hr

Schroeter et. al. ) 4-minute

(2024) CCAM | 11km 2135 km (timestep)

Huang et. al. . _

(2021) WRF 10km 1000 km 54 mins, 6:20-hr

Yang et. al. 500km 1000km

(2019) WRF 25km 2000k 1-hr, 3-hr
170km, ...

Gomez et (2017) | WRF 36km 1000km, ... 54 mins
4000km

Nudging has been used in climate modelling to constrain models to a driving dataset for
many years. Nudging in global models is used to constrain the circulation to observations
to allow smoother comparison with in-situ measurements, particularly when studying
tracer fields such as aerosols (Fiddes et al., 2022). Spectral nudging is used in
downscaling to constrain large length-scales while leaving smaller length-scales free to
evolve. In variable-resolution global climate models such as CCAM, it can be the only
atmospheric source of driving model input (Schroeter et al., 2024; Thatcher & McGregor,
2009). In limited area modelling, spectral nudging has been applied in a range of
locations, including the Tibetan Plateau (Huang et al., 2021), East Asia (Yang et al.,
2019) and Western Europe (Goémez & Miguez-Macho, 2017) using the Weather
Research and Forecasting (WRF) model.

1As per all short trials considered in this study, rainfall is sensitive to internal variability and trial_urb_infilt did feature a
stronger rain event over Sydney, which may have contributed to this higher infiltration.

2 (Schroeter et al., 2024) describes the nudging length-scale as 3000 km, however this refers to a slightly different
formulation of the nudging equation. 2135km has been derived as the equivalent for equation 1, and confirmed through
private communication with the authors.
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The nudging length-scale selected for BARPA-C has been chosen through a literature
review of previous studies using spectral nudging for climate-scale simulations. The
papers considered recommend a range of length-scales between 500km and 1300km.
For the sake of minimising the impact of nudging and allowing small length-scales to
develop independently, the nudging length-scale was set to be 0.2 radians, equivalent
to 1270km.
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Figure 17: DJF-mean 850 hPa winds as per figure 5 but for the spectral nudging trials.

The nudging timescale was chosen through the comparison of three 5-year long trials
with no nudging (trial_SN_ctrl), strong nudging using a 1-hour nudging timescale
(trial_SN-e1) and soft nudging using a 12-hour nudging timescale (trial_SN-e12) as
described in Table 1. Of these, trial SN _ctrl and trial SN-e12 were extended into
BARPA-C_FR and BARPA-C_SN considered in section 3 above.

As shown in Figure 17, both spectral nudging trials were found to restore the monsoon
winds to match BARPA-R levels, with the monsoon trough passing over Northern
Australia close to its location in BARPA-R. However, daily extreme rainfall was adversely
impacted by the strong spectral nudging applied in SN-e1, with a wet bias of mean
monthly maximum daily rainfall (RX1D) emerging in northern Australia in excess of that
present in BARPA-R (Figure 18). Further investigation revealed that this was due to the
spin-up of unrealistically strong tropical low-pressure systems in the strongly nudged
experiments. Whereas the deepest Australian-region tropical low-pressure systems
observed in the IBTrACS record between 2013 and 2022 had a central pressure of 915
hPa, trial_SN-e1 spun up several systems with central pressures of order 880 hPa. In
the shorter trial period, trial_SN_e1 had 2.7 times more intense tropical low-pressure
systems deeper than 935 hPa compared to observations.

This excess of tropical cyclones negatively impacts the representation of hazardous
climate extremes. As the ACS is focussed towards representing climate hazards, this
was deemed to be a serious issue. Furthermore, the excess of very strong tropical low-
pressure systems that the strong spectral nudging may be introducing computational
instabilities into the model. Therefore, the decision was made to proceed with the
soft nudging setup of SN-e12.

32




BARPA-C: TRIALLING OF CONVECTION PERMITTING REGIONAL CLIMATE MODELLING FOR THE AUSTRALIAN CLIMATE SERVICE

DJF RX1Day: Dec 2012-Feb 2018

barpa-r
40 40
20 20
] ]
=20 =20
bias: 4.0 bias: 4.8
mse: 8.2 'ij —40 mse: 8.2 't;:j —40
SM:el2
T | a0 a0
20 20
] ]
—20 -20
bias: 0.2 bias: -0.4
mse: 6.6 Q:j —40 mse: 6.7 t;:j —40

Figure 18: RX1D bias against AGCD. All datasets were regridded to the BARPA-R grid before index
calculation.
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Figure 19: Tropical cyclone intensities as per figure 11 for spectral nudging trials.
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5. Discussion and Conclusions

This work represents the first ever Australia-wide convection permitting simulations
conducted on climate-timescales. It has benefited from substantial model development
unifying the regional MetUM science configurations across tropical and midlatitude
domains. These simulations show a step-change improvement in the representation of
convective hazards such as tropical cyclones and short duration high-intensity rainfall
compared to coarser convection-parametrised models.

5.1. Performance Benchmarks

This paper has presented two prototype model configurations for convection-permitting
climate modelling with the Bureau's BARPA climate model, labelled BARPA-C_FR and
BARPA-C_SN. In section 3, the mean-state and representation of two key hazards in
BARPA-C was assessed. Performance was benchmarked against two criteria:

Benchmark 1: BARPA-C should not significantly degrade the mean-state compared to
BARPA-R, and

Benchmark 2: The representation of hazard-relevant climate extremes that are
intrinsically linked to convective processes is substantially improved in BARPA-C
compared to BARPA-R.

Mean-state representation of near-surface air temperatures met benchmark 1 in a
straight-forward fashion. However, while improvements to the rainfall climate were
present, particularly in coastal southern Australia and during the Australian spring, mean-
state precipitation over land was degraded for Northern Australia from December to
February. This resulted in a misrepresentation of the Australian monsoon circulation in
BARPA-C_FR. BARPA-C_SN was able to restore the mean-state of the monsoon
circulation but retained a dry-bias over land.

In consideration of benchmark 2, the representation of extreme hourly rainfall and
tropical cyclones was assessed. Both BARPA-C configurations were able to substantially
improve on the BARPA-R in the representation of RX1H, the multi-year mean of the
annual highest precipitation rate, as compared to station observations, particularly in
Eastern and Northern Australia.

BARPA-C_SN showed a skilful representation of the tropical low-pressure system
climatology by well simulating both the spatial distribution and the intensities of cyclone-
like systems in the Australian region. BARPA-C_FR was also able to simulate intense
tropical low-pressure systems, but suffered a bias in the total cyclone count due to the
mean-state circulation bias in the monsoon westerlies. In contrast, the benchmark
BARPA-R was not able to simulate deep tropical low-pressure systems with sea level
pressure minima below 950 hPa.

Overall, BARPA-C_SN was deemed to be the best configuration considered due to its
representation of hazard-relevant climate extremes, despite the degradation of the
mean-state precipitation over land in northern Australia.
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The use of suitable benchmarks during the trial phase of model development is critical
for decision making around model configuration acceptance and use for production-
quality climate projections. This is particularly important given the compute cost of
running high resolution models, and for the assessment of new approaches for the
generation of km-scale projections.

5.2. Lessons learned for future trials

The development phase of BARPA-C used 10-year, 1-year and 2-month long trials to
select a finalised configuration. All trials were nested inside of BARPA-R. Although useful
for assessing the sensitivity of BARPA-C to various configuration settings, it was not
possible to compare the shorter trials to observations due to sampling uncertainty. This
was in part because the interannual variability of BARPA-R was out of sync with
observations, particularly in the northern Australian monsoon as illustrated by Figure 6.

As such, nesting within BARPA-R adds an additional degree of complication that is
unnecessary in the evaluation experiments. Future evaluation trials should therefore be
nested directly in either regional reanalysis (BARRA-R2, Su, Rennie, et al., 2022) or
ERAS5 global reanalysis, so that interannual variability of tropical circulation may align
with observations. This is in line with CORDEX protocols (Giorgi et al., 2009), which
require evaluation runs to be use realistic boundary input. GCM downscaling
experiments should continue to use BARPA-R as an intermediate nest in order to step
down from the significantly coarser (~100 km) grid-spacings.

The 10-year trials appear to be sufficiently long for evaluation of mean-state phenomena
against observations. However, we note that based on the emergence of the dry bias in
BARPA-C_SN after 4 years, substitution with a shorter time-period would not be advised.

5.3. Limitations and future plans

This work has revealed a significant dry bias in northern Australian precipitation over
land in both BARPA-C simulations. This bias was not present in BARPA-R. The presence
of the dry bias in BARPA-C_SN suggests that it is not a consequence of atmospheric
circulation biases, but rather that it intensifies through circulation feedback. This dry bias
prevented the satisfaction of the first applied model benchmark, that mean-state biases
would not be significantly degraded compared to BARPA-R.

Future model development will focus on attempting to reduce this dry bias. However,
biases will never be fully removed from dynamical climate models. Furthermore, limited
area models inherit additional biases from their driving datasets, particularly when
downscaling GCMs (Jiang et al., 2025). Therefore, bias correction techniques are
required to prepare CPM outputs before use for climate services or impact modelling.

As discussed in section 1.2, storm processes are not fully resolved in kilometre-scale
models, and therefore these models operate in a convective grey zone. This is
particularly important in models with 4-km grid spacing, as compared to 1 or 2-km (Stein
et al 2014, Potvin 2015). While BARPA-C can explicitly represent a form of deep
convection, small-scale and shallow convection is only crudely represented. The
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development of scale-aware grey zone convection schemes, which parametrise
unresolved convection while allowing grid-scale convection to evolve naturally has the
potential to resolve these problems (Tomassini et al., 2023).These convection schemes
will differ substantially from traditional mass-flux convection schemes, which tend to
prevent resolved convection from occurring by removing environmental CAPE (Gregory
and Rowntree, 1990).

Potential avenues for exploration that may improve on the Northern Australian dry bias
include microphysics schemes, the inclusion of scale-aware convection schemes, and
land surface parameters. Following the findings of section 5.2, short trials nested directly
within ERA5 may assist in providing clarity around the source of the dry bias through
closer coupling with observations. In particular, the land-use changes discussed in
section 4.2 will be revisited with these findings in mind. However, there is no guarantee
of that any of these methods will reduce the dry bias.

Furthermore, when downscaling climate projections, mean-state biases can be inherited
from both the downscaling model configuration and the driving GCM. This was illustrated
for BARPA-R by Jiang et al., (2025) and is expected to persist into BARPA-C. Therefore,
the performance of BARPA-C at downscaling ERA5 may be modified when downscaling
GCM simulations, and this should also be assessed.

A decision has therefore been made to proceed with a limited set of GCM downscaling
experiments with BARPA-C. These experiments will be focused for research use only.
Two models have been selected: EC-Earth3 and ACCESS-ESM1.5 based on their
divergent rainfall projections for Australia (Grose et. al., 2023). These models feature the
wettest and driest future projections of the BARPA-R ensemble. A historical (1995-2004)
and mid-century (2050-2059) time-slice will be downscaled by each model, and the
moderate-high emissions scenario shared socio-economic pathways (SSP) 3-7.0 has
been selected for downscaling.

The current version of BARPA-R and BARPA-C represents a good basis for improving
future versions of high-resolution projections over Australia While some issues remain
in mean-state rainfall in the tropics, the representation of convective hazards such as
intense tropical low-pressure systems and short duration high intensity rainfall are much
improved over the previous generation of BARPA. Next, this framework will be applied
to produce convection-permitting downscaled climate projections.
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