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Abstract 27 

Planetary boundary layer (PBL) parameterisations are major sources of uncertainty in climate modelling because 28 

they regulate land–atmosphere exchanges of heat, moisture, and momentum. This study evaluates the influence 29 

of two PBL schemes on the seasonal climatology of southeastern Australia using ERA5-forced Weather Research 30 

and Forecasting regional climate models (RCM) at 4-km resolution: the local Mellor–Yamada–Nakanishi–Niino 31 

(MYNN2) scheme and hybrid local–nonlocal Asymmetric Convective Model version 2 (ACM2). Although both 32 

RCMs exhibit biases in seasonal-mean daily maximum and minimum temperatures, daily maximum temperature 33 

is more sensitive to PBL parameterisation. Compared with MYNN2, ACM2 reduces the cold bias in daily 34 

maximum temperature while producing a generally warmer climate. Additionally, MYNN2 overestimates 35 

seasonal precipitation during most seasons, whereas ACM2 shows substantially smaller biases except during 36 

summer.  37 

We show that a positive land–atmosphere feedback can explain the warmer and drier climate simulated by the 38 

ACM2 RCM. Stronger nonlocal turbulent mixing in the ACM2 scheme deepens the PBL, enhancing the 39 

entrainment of dry free-tropospheric air. The resulting reduction in boundary-layer humidity suppresses cloud 40 

liquid water, allowing more shortwave radiation to reach the surface. Increased surface heating raises near-surface 41 

temperature and promotes further PBL growth, which in turn strengthens entrainment and reinforces the drying 42 

and cloud reduction. Reduced precipitation further decreases soil moisture, sustaining the warm–dry feedback. 43 

These findings highlight the strong sensitivity of RCM simulations to PBL parameterisation, thus providing 44 

process-based guidance for future high-resolution climate modelling.  45 

 46 

Key words: climate model design, parameterisation, precipitation, planetary boundary layer (PBL), regional 47 
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1. Introduction 50 

Turbulent mixing in the planetary boundary layer (PBL) plays an important role in the vertical transport of 51 

moisture, heat and momentum, thus determining how thermodynamic and kinematic profiles evolve, which in 52 

turn influences the formation of deep convection, vertical pollution transport and surface wind gusts (Garratt 53 

1994). Therefore, the performance of numerical weather prediction and climate models relies on accurate 54 

representation of PBL effects and their interactions with other components of the earth system. However, turbulent 55 

mixing mostly occurs at spatiotemporal scales that cannot be explicitly resolved in most climate models, such that 56 

PBL parameterisation schemes are used. The main functions for a PBL parameterisation include (1) the estimation 57 

of the surface fluxes of prognostic variables, (2) the determination of the process of cloud formation in the PBL, 58 

and (3) the formulation of the interactions between the PBL and the free atmosphere (Konor et al. 2009).  59 

Over recent decades, PBL parameterisation schemes have been improved in terms of atmospheric stability, 60 

closure methods, mixing approaches, and numerical techniques (Mantovani Júnior et al. 2023). These schemes 61 

are broadly categorised by their turbulence closure method, specifically whether considering local or nonlocal 62 

processes. Local PBL schemes assume vertical transport is mainly driven by small-scale eddies that only occur 63 

between adjacent model layers and that are related to local turbulent kinetic energy (TKE). Consequently, local 64 

PBL schemes are often suitable for stable atmospheric conditions where mixing is confined to the immediate 65 

vicinity of the surface (Cohen et al. 2015; Xie et al. 2012). However, they may not accurately represent the effects 66 

of large-scale, convective eddies that can penetrate the top of the mixed layer and lead to counter-gradient fluxes. 67 

In contrast, nonlocal PBL schemes use multiple vertical levels to determine covariance at a given grid point 68 

through a mixing approach based on either a counter-gradient term, a grid-size dependency function, or a 69 

transilient matrix (i.e., a convective mass-flux formulation). They allow transport between distant layers by large-70 

scale eddies, which can penetrate the entire PBL and mix air across multiple levels. Hence, they are better suited 71 

for simulating convective boundary layers and to accurately represent counter-gradient fluxes, where heat and 72 

moisture can be transported upwards even when the local temperature profile is stable (Pleim 2007a).  73 

The Weather Research and Forecasting (WRF) model (Skamarock et al. 2019) is a non-hydrostatic mesoscale 74 

atmospheric model widely used for numerical weather prediction and regional climate simulations, with flexible 75 

parameterisation schemes for key atmospheric and land–surface processes. WRF provides a range of PBL 76 

parameterisation schemes, whose impacts on simulated weather and climate have been extensively evaluated 77 

across diverse climatic regions and at various spatial and temporal scales (e.g., Gibbs et al. 2011; Huang et al. 78 

2013; Cohen et al. 2015; Milovac et al. 2015; Ma et al. 2024). Gibbs et al. (2011) found that the nonlocal Yonsei 79 

University scheme (YSU; Hong et al. 2006) and the hybrid local–nonlocal Asymmetrical Convective Model 80 

version 2 scheme (ACM2; Pleim 2007a, b) produce drier PBLs in a dry convective boundary layer and better 81 

depict the observed PBL than the local Mellor–Yamada–Janjić (MYJ; Janjić 1994; Mesinger 1993) scheme. The 82 

use of nonlocal PBL parameterisation schemes can enhance the model’s simulation of heat extraction from the 83 

surface while still representing fluxes associated with the convectively induced secondary circulation (Ching et 84 

al. 2014). Garcia-Diez et al. (2013) examined the performance of three WRF PBL schemes (YSU, MYJ, and 85 

ACM2) in simulating European seasonal-mean temperatures. They found that model biases depend heavily on the 86 

season—producing a warm bias in winter due to misrepresented cold extremes and a systematic cold bias in 87 

summer. They also pointed out that the nonlocal YSU scheme generally produces warmer surface temperatures 88 



than the local closure schemes because it mixes heat more efficiently through a deeper daytime boundary layer. A 89 

recent study using WRF by Ma et al. (2024) showed that the nonlocal YSU scheme generally outperformed the 90 

local MYJ scheme in simulating the weather along the tropical coastal region of China. Although both schemes 91 

underestimated temperature and PBL height and overestimated wind speed and turbulent fluxes, these biases were 92 

reduced by increasing horizontal resolution from 27 to 9 km. Prein et al. (2022) conducted sensitivity tests to 93 

investigate how mesoscale convective systems in the US Southern Great Plains and Amazon are influenced by 94 

the choices of microphysics and PBL schemes. They found that the Amazon cases are more sensitive to the PBL 95 

scheme—the local Mellor–Yamada–Nakanishi–Niino Level 2.5 (MYNN2; Nakanishi and Niino 2004) scheme 96 

simulates a deeper and strongly mixed PBL than the YSU and MYJ schemes, which consequently supports the 97 

development of widespread convection in the Amazon basin. Mantovani Júnior et al. (2023) also found that the 98 

local MYNN2 scheme showed the overall best performance for PBL height prediction, mainly at night for the 99 

Amazon.  100 

Although the impacts of PBL parameterisations have been studied in simulating the climate of many regions 101 

globally, comparatively fewer studies have assessed their impacts on climate simulations over Australia. Kala et 102 

al. (2015) conducted a suite of sensitivity tests using the WRF regional climate model (RCM) to investigate how 103 

the choices of driving data and physical parameterisation impact temperature and precipitation. They found that 104 

minimum temperatures over the southwest of Western Australia are more sensitive to the choice of PBL schemes 105 

than other parameterisations. Evans et al. (2012) evaluated the performance of 36 combinations of WRF physical 106 

parameterisations on the simulation of rainfall events over southeastern Australia, including the local MYJ and 107 

nonlocal YSU PBL schemes. They concluded that no single member of these parameterisation combinations is 108 

universally the best for all locations and variables. However, their study did not isolate the impacts from individual 109 

parameterisations; hence, it was not possible to disentangle the effect of individual parameterisation from their 110 

combined impact on the climate simulations.  111 

As is clear from previous studies, the choice of PBL scheme remains a key area of interest in regional climate 112 

modelling. In this study, we explicitly isolate the impacts of PBL parameterisation on climate over southeastern 113 

Australia and investigate the physical mechanisms underlying the differences. The two WRF simulations used in 114 

this study, selected from the seven RCM configurations evaluated by Di Virgilio et al. (2025b) based on their 115 

performance, are both driven by the fifth-generation European Centre for Medium-Range Weather Forecasts 116 

Reanalysis v5 (ERA5; Hersbach et al. 2020) and only differ in their PBL schemes: one employs the local MYNN2 117 

scheme, while the other uses the hybrid local–nonlocal ACM2 scheme. These ERA5-driven simulations serve as 118 

the “benchmark simulations” for CMIP6-forced (Coupled Modelling Intercomparison Project Phase 6) historical 119 

and future climate simulations over Australia conducted as part of the NARCliM2 (New South Wales and 120 

Australian Regional Climate Modelling version 2.0) project (Di Virgilio et al. 2025a). By focussing on these 121 

ERA5-driven simulations, this study assesses the implications of PBL scheme selection which will help inform 122 

the interpretation of CMIP6-driven WRF simulations from NARCliM2.0. Specifically, this study aims to (1) 123 

quantify the impact of the MYNN2 and ACM2 PBL schemes on the simulation of temperature, precipitation, and 124 

boundary-layer characteristics over southeastern Australia; and (2) diagnose the physical mechanisms responsible 125 

for the simulated differences. Consequently, this study provides insights to better understand the role of PBL 126 

processes in Australian regional climate modelling and help inform future RCM model design choices.  127 



2. Model and Datasets 128 

2.1 Model 129 

In this study, two RCM simulations, which are configured with identical physics parameterisations except for 130 

their PBL schemes, have been used for comparison. The details of physics parameterisations can be found in Table 131 

1. As these two simulations are a subset of seven RCM simulations from Ji et al. (2024) and Di Virgilio et al. 132 

(2025a, b), we use the same naming system for consistency, namely R3 (i.e., the 3rd RCM) and R5 (i.e., the 5th 133 

RCM), respectively. In this study, the RCMs use the WRF version 4.1.2 with Advanced Research dynamical core 134 

and are driven by ERA5 reanalysis. The “one-way” nesting method is employed—that is, a parent domain (d01) 135 

over Australasia provides the lateral boundary conditions as inputs to drive a nested domain (d02) over southeast 136 

Australia, and there is no feedback from d02 to d01. The d01 domain follows specifications for the Australasia 137 

region in the Coordinated Regional Climate Downscaling Experiment (CORDEX; 138 

https://cordex.org/domains/region-9-australasia/) and uses a quasi-regular grid spacing of approximately 20 km 139 

(i.e., 0.176°×0.176° on a rotated coordinate system), while the d02 domain uses a resolution of approximately 4 140 

km (i.e., 0.0352°×0.0352° on a rotated coordinate system) covering southeastern Australia (Fig. 1). There are 45 141 

vertical levels configured for both domains—the highest level is at 50 hPa and there are ~9 levels within the 142 

lowest 1-km above ground level. The cumulus parameterisation is turned off in d02 because, at a 4 km horizontal 143 

resolution, these RCMs resolve convection explicitly and are therefore considered convection-permitting models. 144 

Urban physics is activated to capture surface energy balance in urban areas via a single-layer urban canopy model. 145 

Both simulations are run for a 42-year period from January 1979 to December 2020, and the first year was 146 

discarded in our analyses due to spin-up. Further details on the design and set-up of these RCMs can be found in 147 

Di Virgilio et al. (2025a). 148 

 149 

Fig. 1 (a) The domains d01 and d02 projected in the Plate Carrée projection. The parent domain d01 over CORDEX-Australasia with a 150 

resolution of ~20 km, and the nested domain d02 over southeastern Australia with a resolution of ~4 km. (b) The southeastern Australia domain 151 

d02 projected in our native Rotated Pole projection with the land topography shown. Ten sounding sites (see Table 2) used in Section 3.2 are 152 

marked as red stars. The red lines demonstrate the cross-sections centred at sounding sites and extending 1° on both sides, which are used in 153 

the cross-section analyses in Section 3.5. 154 



Table 1 The major parameterisation schemes used in the two RCM simulations  155 

RCM 
PBL Physics/ Surface 

Layer Physics 
Microphysics 

Cumulus 

Physics 

Shortwave and 

Longwave 

radiation 

physics 

Land 

Surface 
Land option 

R3 

Mellor-Yamada-

Nakanishi-Niino Level 

2.5 (MYNN2) 

Thompson BMJ 
RRTMG/ 

RRTMG 

Noah-

MP 

Dynamic 

vegetation 

R5 

Asymmetric 

Convective Model 2 

(ACM2) 

Thompson BMJ 
RRTMG/ 

RRTMG 

Noah-

MP 

Dynamic 

vegetation 

 156 

2.2 Evaluation Datasets 157 

The Australian Gridded Climate Data (AGCD; Australian Bureau of Meteorology 2020; Evans et al. 2020) 158 

from the period of 1980–2019 has been used to evaluate the performance of the simulated means of daily 159 

maximum/minimum 2-metre air temperatures (Tmax/Tmin) and precipitation (pr) over land. The AGCD dataset, 160 

interpolated from station observations across the Australian continent, has a resolution of 0.05°. Given that Di 161 

Virgilio et al. (2025b) has completed essential evaluations over the CORDEX Australasia domain (d01), this study 162 

focuses on the southeastern Australian domain (d02). We apply a quality mask to the AGCD dataset to mask out 163 

the northwestern area in d02 due to sparse observations in this region. Apart from the AGCD observational data, 164 

we include the ERA5 reanalysis with a horizonal resolution of 0.25° (~31 km) as reference, including PBL height 165 

(PBLH), atmospheric temperature (T), zonal (u) and meridional (v) winds, vertical velocity (w), and specific 166 

humidity (q) at pressure levels from 1000 to 500 hPa. As ERA5 reanalysis has no equivalent surface specific 167 

humidity to our RCM simulations, we calculate the surface specific humidity (q2m) using surface air pressure and 168 

2-m dewpoint temperature. All observational and reanalysis data were re-gridded to match the RCM data on their 169 

native grids using a conservative area-weighted re-gridding scheme. 170 

To evaluate the simulated seasonal-mean vertical profiles of potential temperature (θ), q and wind speed 171 

(wspd=√2ݑ +  three years of observational sounding data gathered by radiosondes from the Australian Bureau 172 ,(2ݒ

of Meteorology during the period of 2018–2020 are used. These sounding data underwent a comprehensive 173 

quality-control procedure. Profiles with missing near-surface observations, insufficient vertical coverage or 174 

resolution, unrealistic lapse rates, or surface discontinuities were rejected. Instances of supersaturation (dewpoint 175 

> temperature) were removed by setting dewpoint equal to temperature, while gaps and unrealistic spikes in the 176 

temperature and dewpoint profiles were interpolated. The profiles were then linearly interpolated to fixed 100-m 177 

height intervals from the surface to 20 km above ground level (AGL) and smoothed using a Gaussian filter with 178 

a standard deviation of 100 m. In a final step, temperature and dewpoint below 1 km AGL were adjusted where 179 

needed to eliminate extreme lapse rates while avoiding supersaturation. 180 

We adopt sounding data from ten sites that are covered in this domain (See Fig.1b and Table 2). The sounding 181 

data are irregularly measured per day, and all stations have most samples collected at 1100 or 2300 UTC 182 



(Coordinated Universal Time) except for Sydney where most samples are collected at 1900 or 2000 UTC. As our 183 

simulation outputs were only available at a 3-hour interval and the timesteps may not match with the sounding 184 

data time, we choose the closest timesteps from simulations to compare with the sounding data. For better 185 

understanding the profiles from a local perspective, the UTC is converted to AEST (Australian Eastern Standard 186 

Time) by adding 10 hours.   187 

Table 2 Details of sounding data used in this study. DJF = December–January–February (austral summer); MAM = March–April–May (austral 188 
autumn); JJA = June–July–August (austral winter); SON = September–October–November (austral spring).  189 

No. Sites Coordinates Time (AEST) 
No. of Samples 

DJF MAM JJA SON 

1 Adelaide 34.95°S, 138.52°E 

0900–1000 163 127 116 134 

2100–2200 154 97 107 139 

2 Mount Gambier 37.75°S, 140.77°E 0900–1000 30 38 39 41 

3 Brisbane 27.39°S, 153.13°E 

0900–1000 199 164 183 169 

0300–0400 182 162 186 165 

4 Charleville 26.41°S, 146.26°E 0900–1000 111 113 160 124 

5 Cobar 31.48°S, 145.83°E 0900–1000 29 30 42 46 

6 Moree 29.49°S, 149.85°E 0900–1000 70 43 48 69 

7 Williamtown 32.79°S, 151.84°E 0900–1000 48 67 73 81 

8 Sydney 33.95°S, 151.17°E 

1300–1600 31 34 26 49 

0400–0700 183 206 189 169 

9 Wagga Wagga 35.16°S, 147.46°E 0900–1000 99 75 104 83 

10 Melbourne 37.67°S, 144.83°E 

0900–1000 157 110 140 159 

2100–2200 159 93 147 142 

 190 

2.3 Descriptions of PBL Schemes 191 

The NARCliM2.0 R3 simulation uses the local MYNN2 PBL scheme (Nakanishi and Niino 2004; hereafter 192 

R3-MYNN2), which uses a 1.5-order closure method that predicts TKE as an extra prognostic variable. The TKE-193 

based mixing produces relatively uniform turbulent diffusion throughout the mixed layer, promoting entrainment 194 

across the boundary-layer top and resulting in a less distinct transition between the PBL and the free atmosphere. 195 

The mixing length scale is calculated as a harmonic average among the turbulent, surface, and buoyant length 196 

scales. PBL height (PBLH) is computed as the height at which TKE first falls below a threshold value (10-6 m2·s-197 

2).  198 

The NARCLiM2.0 R5 RCM uses the ACM2 PBL scheme (Pleim 2007a, b; hereafter R5-ACM2). ACM2 is 199 

a first-order, hybrid local–nonlocal PBL scheme with nonlocal upward mixing and local downward mixing 200 

explicitly defined. The ACM2 scheme applies the transilient matrix to manage the contribution of nonlocal fluxes. 201 

PBLH in the ACM2 scheme is diagnosed using a method based on the bulk Richardson number method, with 202 

explicit treatment of the entrainment layer at the PBL top. Because turbulence associated with wind shear and 203 

thermal penetration extends above the diagnosed PBL, different approaches are used under stable and unstable 204 



conditions. Under stable conditions, the PBLH is determined using the conventional incremental bulk Richardson 205 

number method, whereas under unstable conditions it is defined as the height above the level of neutral buoyancy 206 

where the bulk Richardson number within the entrainment layer exceeds the critical threshold of 0.25. ACM2 207 

extends the original ACM scheme (Pleim and Chang 1992) by incorporating local subgrid-scale turbulent mixing 208 

between adjacent model layers in addition to nonlocal convective transport. This enhancement produces more 209 

realistic entrainment and smoother vertical profiles of atmospheric variables. 210 

2.4 Evaluation and Diagnostic Methods 211 

2.4.1 Evaluation Metrics 212 

To quantify RCM accuracy, several statistical metrics are applied to seasonal means of Tmax, Tmin and pr 213 

on a grid cell basis, including the mean absolute error (MAE) and spatial (rs) and temporal (rt) Pearson correlations, 214 

calculated as 215 ܧܣܯ = 1ே ∑ ௜ݔ| − ௜|ே௜=1ݕ      (1)                           216 

௦ݎ = ∑ ௜ݔ) − ௜ݕ)(ݔ − ∑√ே௜=1(ݕ ௜ݔ) − 2ே௜=1(ݔ ∑ ௜ݕ) − 2ே௜=1(ݕ         (2) 217 

௧ݎ = ∑ (௫೟−௫)(௬೟−௬)೅೟=1√∑ (௫೟−௫)2 ∑ (௬೟−௬)2೅೟=1೅೟=1    (3)218 

where, in Equation (1) and (2), N is the total number of land grid points; xi and yi are the seasonal-mean values at 219 

grid point i from the model and observation, respectively; ̅ݔ = 1ே ∑ ௜ே௜=1ݔ   and ̅ݕ = 1ே ∑ ௜ே௜=1ݕ   denote the spatial 220 

mean values of the model and observation averaged over d02, respectively. In Equation (3), T is the total number 221 

of years; xt and yt are the seasonal-mean values for year t from the model and observation at each grid point of 222 

d02, respectively; ̅ݔ = 1் ∑ ௧௧்=1ݔ  and ̅ݕ = 1் ∑ ௧௧்=1ݕ  denote the temporal mean values of the model and observation 223 

averaged over the period of 1980–2019 at each grid point of d02, respectively.  224 

Significant tests with a significance level of 0.05 are applied on seasonal means of temperatures and pr over 225 

the period—Student’s t-test for Tmax and Tmin and Mann–Whitney U test for pr as rainfall data is not normally 226 

distributed.  227 

The PBLH is strongly influenced by topography, moisture, temperature, and winds. For different WRF PBL 228 

parameterisations, the definition of the PBLH differs. As described in Section 2.3, the R3-MYNN2 uses a TKE 229 

threshold, while R5-ACM2 mostly uses the bulk Richardson number. Consequently, it is not appropriate to 230 

directly compare the PBLH values from the WRF output. To investigate the sensitivity of seasonal-mean PBLHs 231 

to PBLH definition, we manually calculate the PBLH for the period of 2018–2020 for both RCMs using a common 232 

method based on virtual potential temperature (θv). PBLH is defined as the altitude where θv first exceeds the 233 

minimum value from surface by +1.5 K (e.g., Nielsen-Gammon et al. 2008; Hu et al. 2010). To distinguish the 234 

PBLH from different sources, the PBLHs that are determined using θv method are labelled as “reconstructed 235 

PBLHs” (R-PBLH), while the ones from WRF outputs are labelled as “diagnostic PBLHs” (D-PBLH). The 236 

comparisons will be shown in Section 3.3. 237 



2.4.2 Metrics for Sub-daily Data 238 

As the PBL is characterised by strong diurnal variations, some diagnostic analyses are carried out using sub-239 

daily data. In Section 3.4, we calculate the diurnal PBLH range—defined as the difference between daily 240 

maximum and minimum PBLHs—to show the spatial distribution of single-day variations of the PBLH over the 241 

domain of interest.  242 

Additionally, cross-section analysis is used to visualise vertical mixing and the horizontal transport of heat 243 

and moisture. In Section 3.5, seasonal-means of u or v, w, θ, q and horizontal moisture fluxes (qu or qv) are 244 

projected to ten cross-sections (Fig. 1b), which are selected along either the west-east or south-north axis. Each 245 

cross-section is centred on one of the sounding sites and extends 1° on either side, which is sufficient to capture 246 

the land–sea breeze circulation for those sounding sites located near the coast. 247 

To analyse the surface heat budget, we break down the net surface heat flux (Qnet) into four components: net 248 

surface shortwave flux (Qsw), net surface longwave flux (Qlw), net surface sensible heat flux (Qsh), and net surface 249 

latent heat flux (Qlh). For all heat fluxes, positive values indicate downward fluxes. Qnet is then given by: 250 ܳ௡௘௧ = ܳ௦௪ + ௟ܳ௪ + ܳ௦ℎ + ௟ܳℎ   (4)        251 

3. Results 252 

3.1 Evaluations of seasonal means 253 

It is essential to assess the RCMs’ skill in simulating temperature and precipitation as these variables provide 254 

important information on long-term climate variability and change. We first evaluate the simulated seasonal-255 

averaged daily Tmax and Tmin and pr against observational AGCD data over land. ERA5 reanalysis data are also 256 

included in this evaluation to assess how the WRF simulations differ from the driving data and to evaluate the 257 

effects of dynamical downscaling.  258 

In Fig. 2, the observed Tmax shows clear seasonal and spatial variations, with temperatures exceeding 40°C 259 

across northwest inland regions during DJF (Fig. 2a-1), and below 10°C over the Australian Alps in the southeast 260 

of the domain during JJA (Fig. 2c-1). The ERA5 reanalysis shows significant cold biases in Tmax, especially during 261 

DJF (Fig. 2a-2) and SON (Fig. 2d-2), with MAEs greater than 3 °C. Such large cold biases are largely reduced in 262 

R3-MYNN2 (Figs. 2a-3 and 2d-3) and R5-ACM2 (Figs. 2a-4 and 2d-4), indicating that overall, the RCMs show 263 

improved performances in simulating Tmax. The comparisons between the biases of two RCMs (Figs. 2a-3, 2b-3, 264 

2c-3, and 2d-3 versus Figs. 2a-4, 2b-4, 2c-4, and 2d-4) show that R3-MYNN2 has larger cold biases in Tmax than 265 

R5-ACM2 in general. Therefore, it is expected to see warmer Tmax in R5-ACM2 than R3-MYNN2, especially 266 

during DJF (Fig. 2a-5) and SON (Fig. 2d-5) across the whole domain.  267 

Likewise, the observed seasonal Tmin is characterised by pronounced spatiotemporal variations, with larger 268 

values (> 25°C) over the northwestern inland regions during DJF (Fig. 3a-1) and the lowest values (<0°C) over 269 

the Australian Alps in JJA (Fig. 3c-1). ERA5 underestimates the DJF-mean Tmin, with MAE exceeding 1°C (Fig. 270 

3a-2), and slightly underestimates the SON-mean Tmin (Fig. 3d-2), but exhibits a slight warm bias during the other 271 

two seasons with MAEs exceeding 1°C (Figs. 3b-2 and 3c-2). Compared with ERA5, the RCMs demonstrate 272 

substantial improvements in simulating seasonal-mean Tmin with largely reduced biases during DJF (Figs. 3a-3 273 

and 3a-4 versus Fig. 3a-2), more marginal improvements during JJA (Figs. 3c-3 and 3c-4 versus Fig. 3c-2), but 274 



show poorer performances during MAM (Figs. 3b-3 and 3b-4 versus Fig. 3b-2) and SON (Figs. 3d-3 and 3d-4 275 

versus Fig. 3d-2). The two RCMs show similar spatial patterns of Tmin biases in each season. During DJF (Fig. 276 

3a-3 versus Fig. 3a-4) and SON (Fig. 3d-3 versus Fig. 3d-4), significant warm biases occur along the inland side 277 

of the Great Dividing Range, whereas significant cold biases are found in the central part of the domain. During 278 

MAM (Fig. 3b-3 versus Fig. 3b-4) and JJA (Fig. 3c-3 versus Fig. 3c-4), significant warm biases extend across the 279 

entire domain. Significant differences in Tmin between R5-ACM2 and R3-MYNN2 are only evident over land 280 

during DJF (Fig. 3a-5) and SON (Fig. 3d-5), indicating that R5-ACM2 generally simulates warmer seasonal-281 

means of Tmin than R3-MYNN2 during these seasons.  282 

Regarding the seasonal-mean pr, AGCD shows that the southeastern region is more prone to seasonal 283 

variation. In DJF and MAM, pr greater than 5 mm·day-1 is generally found along the eastern coast (Figs. 4a-1 and 284 

4b-1), with values progressively decreasing further inland towards the northwest of the domain. For other seasons, 285 

pr greater than 5 mm·day-1 is found over the Australian Alps (Figs. 4c-1 and 4d-1). ERA5 reproduces the mean 286 

seasonal pr well, with almost no significant biases over land. Notable exceptions include some significant dry 287 

biases along the coast in DJF, MAM and JJA and wet biases over the southern region in SON (Figs. 4a-2 and 4b-288 

2). The two RCMs perform differently in representing seasonal-mean pr. In DJF, R3-MYNN2 shows significant 289 

dry biases over central Queensland, whereas significant wet biases are evident along the east coast and over the 290 

southern regions of Victoria and South Australia (Fig. 4a-3). In contrast, R5-ACM2 shows an overall significant 291 

dry bias over land in DJF (Fig. 4a-4). For the other three seasons, R3-MYNN2 (Figs. 4b-3, 4c-3, and 4d-3) shows 292 

significant wet biases, especially over South Australia and western regions of Victoria, but these are largely 293 

reduced in R5-ACM2 (Figs. 4b-4, 4c-4, and 4d-4). The differences between RCMs indicate more intense seasonal-294 

mean precipitation in R5-ACM2 than in R3-MYNN2 across most of the domain, particularly during DJF (Figs. 295 

4a-5) or over South Australia, Victoria and southern and eastern New South Wales (Figs. 4b-5, 4c-5, and 4d-5). 296 

Overall, R5-ACM2 is more accurate than R3-MYNN2 in simulating mean pr for these seasons.  297 

The spatial correlations between models and observations can quantify how well the patterns of simulated 298 

variables match observations. Table 3 lists the spatial correlation coefficients for Tmax, Tmin, and pr between 299 

ERA5/RCMs and the observations. It is evident that the rs between RCMs and AGCD are very close to those 300 

between ERA5 and AGCD. In all cases, values of rs range from 0.67 to 0.85 for Tmax, 0.83 to 0.89 for Tmin, and 301 

0.96 to 0.98 for pr, suggesting strong spatial correlations between ERA5/RCMs and AGCD. This reflects that two 302 

RCMs can represent the spatial patterns of the seasonal means of temperature and precipitation as well as ERA5. 303 

However, the temporal correlations between RCMs and AGCD show overall smaller values than those 304 

between ERA5 and AGCD across almost all seasons and variables, except for Tmin and Tmax in SON 305 

(Supplementary Figs. S1–S3). In particular, the absolute mean values of rt averaged over the land for pr are only 306 

0.11 between AGCD and R3-MYNN2 and 0.03 between AGCD and R5-ACM2, due to large areas with negative 307 

rt along with positive rt smaller than 0.4 (Figs. S3a-1 and S3a-2). This indicates that the RCMs have limited skills 308 

in capturing interannual variations in temperature and precipitation. The finding is consistent with previous studies 309 

(Teng et al. 2024).  310 

In summary, compared with R3-MYNN2, R5-ACM2 substantially reduces cold biases in both Tmax and Tmin 311 

during the warm season, especially in DJF, and reduces wet biases in pr across all seasons, although there is a 312 



significant dry bias occurs in DJF. Compared with the simulated seasonal-mean Tmax and Tmin, seasonal-mean pr 313 

simulated by both RCMs exhibit stronger spatial correlations but weaker temporal correlations with observation. 314 

Overall, R5-ACM2 simulates a warmer and drier seasonal climate over southeaster Australia than R3-MYNN2. 315 

The differences between the two RCMs are most pronounced during DJF, when the largest contrasts in Tmax, Tmin 316 

and pr occur.  317 

Table 3 The spatial correlation coefficients (rs) of Tmax, Tmin and pr between reanalysis/models and AGCD for each season. 318 

 
DJF MAM JJA SON 

Tmax Tmin pr Tmax Tmin pr Tmax Tmin pr Tmax Tmin pr 

ERA5 0.68 0.84 0.97 0.72 0.85 0.96 0.85 0.88 0.96 0.80 0.89 0.97 

R3-MYNN2 0.67 0.84 0.96 0.70 0.85 0.97 0.82 0.83 0.97 0.78 0.86 0.98 

R5-ACM2 0.67 0.83 0.96 0.70 0.85 0.97 0.82 0.83 0.96 0.77 0.86 0.98 

 319 

 320 

Fig. 2 Seasonal means of daily maximum near-surface temperature (Tmax) for observational AGCD data and the model biases relative to AGCD. 321 

The panels from top to bottom show the four seasons: (a) DJF, (b) MAM, (c) JJA, and (d) SON, while the columns from left to right represent 322 

the seasonal means of Tmax from (1) AGCD, (2) ERA5 minus AGCD, (3) R3-MYNN2 minus AGCD, (4) R5-ACM2 minus AGCD and (5) R5-323 

ACM2 minus R3-MYNN2, respectively. All seasonal means are averaged over the common period of 1980–2019. The areas with statistically 324 

significant differences (p-values less than 0.05) are stippled in each panel. The blank area in the northwest is due to missing or poor-quality 325 

data in AGCD. 326 



 327 

Fig. 3 Same as Fig. 2, but for seasonal Tmin means. 328 

 329 

Fig. 4 Same as Fig. 2, but for seasonal pr means. 330 



3.2 Evaluation of vertical profiles 331 

The vertical profiles of temperature, specific humidity, and wind are important to the evolution of the PBL. 332 

Fig. 5 shows the DJF-mean vertical profiles of θ, q and wspd averaged from the timesteps as described in Section 333 

2.2. From Figs. 5a-1 to 5a-10, the observed surface θ varies among sounding sites owing to their geographic 334 

locations, ranging from 290 to 305K. R3-MYNN2 and R5-ACM2 simulate similar vertical profiles of θ—the θ 335 

from surface to ~1000 m AGL is overestimated for almost all sites except for Sydney where simulations 336 

underestimate θ throughout the atmospheric column during the daytime from 1300 to 1600 AEST. For those sites 337 

with two vertical profiles, both RCMs simulate weaker static stability during nighttime or early morning (i.e., 338 

smaller vertical θ gradients) than observed (dashed lines in Figs. 5a-1, 5a-3, 5a-8, and 5a-10). For all sites, R5-339 

ACM2 simulates warmer θ at the surface but a slower increase in θ with height (i.e., weaker static stability) than 340 

R3-MYNN2 during daytime (solid lines in Fig. 5a). Above ~1000–1500 m, the θ in R5-ACM2 becomes slightly 341 

cooler than R3-MYNN2. The smaller vertical θ gradient in R5-ACM2 indicates a well-mixed boundary layer with 342 

stronger turbulent mixing. 343 

The observed surface q shows strong geographic variations. Given that Brisbane (Fig. 5b-3), Williamtown 344 

(Fig. 5b-7) and Sydney (Fig. 5b-8) are located along the eastern coast in the vicinity of the Pacific Ocean, the 345 

observed surface q is greater than that of other sites. The other sites are either far inland or near to the Southern 346 

Ocean where cooler water restricts evaporation and lowers the maximum moisture capacity of the atmosphere, 347 

leading to a relatively lower surface q. The R3-MYNN2 and R5-ACM2 simulations are able to capture such 348 

geographic variations but they generally underestimate surface q by up to 1 g·kg-1. At lower heights (of 349 

approximately 1000-1500 m), the vertical q profiles simulated by R3-MYNN2 are generally closer to the observed 350 

q as compared to R5-ACM2. Overall, compared to R3-MYNN2, R5-ACM2 shows an overall drier vertical profile 351 

and a smaller q gradient. This suggests that the atmosphere is less vertically stratified in moisture for R5-ACM2.  352 

Although simulated wspd vertical profiles vary across the sites, both simulations show a general 353 

overestimation of wspd throughout the atmospheric column for most sites (Fig. 5c). The simulations capture the 354 

signature of a nocturnal low-level jet for those sites with nighttime soundings (particularly Adelaide). Over Sydney, 355 

they also show enhanced low-level winds during the afternoon, presumably associated with the sea breeze. The 356 

vertical profiles for the other seasons are similar to those for DJF and are presented in Supplementary Figs. S4–357 

S6. 358 

In summary, the RCM simulations represent reasonable vertical profiles of temperature, humidity and wind 359 

speed in most cases. However, simulations generally overestimate θ and wspd, and underestimate q throughout 360 

the atmospheric column. In addition, R5-ACM2 shows a smaller positive vertical θ gradient and negative vertical 361 

q gradient, indicating a more well-mixed boundary layer, characterised by reduced static stability and weaker 362 

moisture stratification than R3-MYNN2.  363 



 364 

Fig. 5 DJF-mean profiles of (a) potential temperature (θ; unit: K), (b) specific humidity (q; unit: g·kg-1) and (c) wind speed (wspd; unit: m·s-365 

1) for sounding sites of  (1) Adelaide, (2) Mount Gambier, (3) Brisbane, (4) Charleville, (5) Cobar, (6) Moree, (7) Williamtown, (8) Sydney, 366 

(9) Wagga Wagga, and (10) Melbourne, respectively. All seasonal means are averaged over the common period of 2018–2020. For panels with 367 

only solid lines, all lines represent the averages from 0900 to 1000 AEST. For Sites (1) and (10), solid lines represent the averages from 0900 368 

to 1000 AEST and dashed lines represent the averages from 2100 to 2200 AEST. For Site (3), solid lines represent the averages from 0900 to 369 

1000 AEST and dashed lines represent the averages from 0300 to 0400 AEST. For Site (8), solid lines represent averages from 1300 to 1600 370 

AEST and dashed lines represent the averages from 0400 to 0700 AEST.  371 

3.3 Evaluation of PBLHs Estimated by Different Methods 372 

To evaluate whether differences in PBLH definitions contribute to discrepancies in PBLH estimates, this 373 

section compares the seasonal-mean PBLH derived from different methods for both RCM simulations. The 374 

definitions of R-PBLH and D-PBLH are described in Section 2.4.1. Fig. S7 presents the seasonal-mean R-PBLH 375 

and D-PBLH for R3-MYNN2 and R5-ACM2, together with their differences. Overall, both simulations exhibit 376 

similar spatial distributions regardless of the PBLH definition, with relatively shallow PBLs over the coastal 377 

region and progressively deeper PBLs inland. For both R3-MYNN2 and R5-ACM2, R-PBLH is generally higher 378 

than D-PBLH over the ocean. Over land, however, the choice of PBLH definition produces contrasting effects 379 

between the two simulations. In R3-MYNN2, the θv method (R-PBLH) yields slightly lower PBLH than the TKE-380 

based method (D-PBLH). In contrast, for R5-ACM2, the θv method produces substantially higher PBLHs than the 381 

bulk Richardson number method (D-PBLH). 382 

Different PBLH definitions can produce substantial differences in PBLH estimates for the same RCM, which 383 

in turn affect the inferred differences between R3-MYNN2 and R5-ACM2. Fig. 6 compares the seasonal-mean 384 

PBLH differences (∆ denotes R5-ACM2 minus R3-MYNN2) using the same PBLH definition for both 385 

simulations. When PBLH is estimated using the θv method (R-PBLH), R5-ACM2 exhibits consistently higher 386 

PBLHs than R3-MYNN2 in all seasons, particularly over land (Figs. 6a-1, 6b-1, 6c-1, and 6d-1). In contrast, the 387 

model-diagnosed PBLH (D-PBLH) indicates that R5-ACM2 generally simulates shallower PBLs than R3-388 

MYNN2 over most land areas, except along the Great Dividing Range and over most coastal land regions during 389 

DJF and SON (Figs. 6a-2 and 6d-2). 390 



These contrasting results raise an important question: which PBLH differences are physically relevant to the 391 

simulated differences in other climate variables, such as the warmer and drier conditions simulated by R5-ACM2? 392 

In WRF, the model-diagnosed PBLH is not merely an output variable but is also used internally by other model 393 

components, including the cloud and land-surface schemes, thereby influencing the simulation of surface fluxes, 394 

clouds, and other atmospheric processes.  Therefore, D-PBLH is used in the following analyses to interpret 395 

differences in PBL structure and their impacts on other simulated climate variables between R3-MYNN2 and R5-396 

ACM2. For simplicity, hereafter the term PBLH refers to D-PBLH, unless otherwise stated. 397 

 398 

 399 

Fig. 6 The seasonal means of (1) ∆R-PBLH and (2) ∆D-PBLH for seasons of (a) DJF, (b) MAM, (c) JJA, and (d) SON. The ∆ denotes R5-400 

ACM2 minus R3-MYNN2. The R-PBLH (reconstructed PBLH) is calculated using the same method for both R3-MYNN2 and R5-ACM2, 401 

while D-PBLH (diagnosed PBLH) refers to the WRF-diagnosed PBLH, which uses different methods for R3-MYNN2 and R5-ACM2.  402 

3.4 DJF-Mean Variables Related to PBL Processes 403 



Based on the results presented in Section 3.1, the differences between R5-ACM2 and R3-MYNN2 are most 404 

pronounced for Tmax, Tmin and pr during DJF. Therefore, the following sections focus on DJF to investigate the 405 

physical mechanisms responsible for these differences in greater detail.  406 

Fig. 7a-1 shows the DJF-mean PBLH from ERA5. The PBL is generally deeper over inland regions, where 407 

stronger surface heating (Fig. 7b-1) promotes more vigorous thermal convection and turbulent mixing. The deeper 408 

PBL facilitates greater downward transport of momentum from aloft, resulting in stronger near-surface winds (Fig. 409 

7c-1). In contrast, shallower PBLs are found along the coast, consistent with lower surface temperatures and 410 

weaker near-surface winds associated with the moderating influence of the ocean. Both R3-MYNN2 and R5-411 

ACM2 simulate deeper mean PBLs over land than ERA5, particularly across inland regions (Figs. 7a-2 and 7a-412 

3). However, these deeper PBLs are not always accompanied by correspondingly higher near-surface temperatures. 413 

For example, the DJF-mean T2m simulated by R3-MYNN2 is generally lower than that in ERA5 except over 414 

Queensland (Fig. 7b-2). This apparent inconsistency is likely attributable, at least in part, to differences in how 415 

PBLH is diagnosed. In ERA5, the PBLH is defined as the lowest level at which the bulk Richardson number 416 

reaches the critical value of 0.25, whereas the RCM simulations diagnose PBLH using methods specific to their 417 

respective PBL parameterisations. In R3-MYNN2, the PBLH is determined using a TKE threshold, which 418 

represents the depth of the turbulent layer rather than a thermodynamic boundary. Consequently, a deeper TKE-419 

defined PBLH does not necessarily imply higher near-surface air temperatures. By contrast, the PBLH diagnosed 420 

by R5-ACM2 is based on the Richardson number, making it more comparable to the method used in ERA5. As a 421 

result, the relationship between PBLH and near-surface temperature is more consistent between R5-ACM2 and 422 

ERA5, with the deeper PBLs in R5-ACM2 generally corresponding to warmer T2m (Fig. 7b-3).  423 

Compared with R3-MYNN2, R5-ACM2 simulates deeper PBLs along the coast but shallower PBLs over 424 

most inland areas (Fig. 7a-4). Despite the generally shallower inland PBL, R5-ACM2 exhibits consistently 425 

warmer mean near-surface temperatures than R3-MYNN2, with differences exceeding 1.5 °C in some regions 426 

(Fig. 7b-4). In contrast, differences in near-surface wind speed are small over most land areas. Localised increases 427 

are evident over southeastern Queensland, where a stronger sea-breeze circulation enhances onshore winds (Fig. 428 

7c-4). Over the adjacent coastal waters, R5-ACM2 also simulates stronger north-easterly near-surface winds, with 429 

wind speed differences exceeding 0.2 m·s⁻¹ (Fig. 7c-4). 430 

 431 



 432 

Fig. 7 DJF means of several variables averaged over the period of 1980–2020. The rows from top to bottom show (a) planetary boundary 433 

layer height (PBLH), (b) air temperature at 2-metre (T2m), (c) surface wind at 10 m (10-m Wind), and (d) specific humidity at 2-metre (q2m), 434 

and the columns from left to right represent (1) ERA5, (2) R3-MYNN2 minus ERA5, (3) R5-ACM2 minus ERA5, and (4) R5-ACM2 minus 435 

R3-MYNN2, respectively. The absolute mean over land is shown in the bottom right of each panel. 436 

In addition to temperature and wind, near-surface humidity is an important factor in explaining the 437 

precipitation differences between R3-MYNN2 and R5-ACM2. Fig. 7d-1 shows that the seasonal-mean q2m in 438 

ERA5 is highest over the northeastern part of the domain and gradually decreases towards the southwest with the 439 

lowest values are over the arid inland parts of South Australia and New South Wales. Compared with ERA5, R3-440 

MYNN2 exhibits only slightly lower q2m over the northwestern region (Fig. 7d-2), whereas R5-ACM2 simulates 441 

a widespread dry bias over land (Fig. 7d-3). Consequently, R5-ACM2 produces lower q2m than R3-MYNN2 across 442 

most land areas, with a domain-mean difference of 0.92 g·kg⁻¹ (Fig. 7d-4). 443 



 444 

Fig. 8 The DJF-averaged diurnal ranges of D-PBLH for (a) ERA5, (b) R3-MYNN2, (c) R5-ACM2, (d) R3-MYNN2 minus ERA5, (e) R5-445 

ACM2 minus ERA5, and (f) R5-ACM2 minus R3-MYNN2. The absolute mean over land is shown in the bottom right of each panel.  446 

Because the seasonal-mean PBLH is strongly influenced by its diurnal evolution, we further examine the 447 

DJF-mean diurnal range of PBLH (Fig. 8). ERA5 and both RCM simulations reproduce similar spatial patterns, 448 

with smaller diurnal variations in PBLH along the coast that gradually increase inland (Figs. 8a–8c). These 449 

patterns are consistent with the spatial distribution of the DJF-mean PBLH in ERA5 (Fig. 7a-1). Relative to ERA5, 450 

both R3-MYNN2 and R5-ACM2 simulate enhanced diurnal variations in PBLH across most of the domain, 451 

although the magnitude of the increase differs between the two simulations (Figs. 8d and 8e). Overall, R5-ACM2 452 

exhibits substantially stronger diurnal variations than R3-MYNN2, with the mean difference exceeding 500 m 453 

(Fig. 8f). The largest differences are distributed along the Great Dividing Range, which runs parallel to the eastern 454 

coastline (Fig. 8f), coinciding with the region where R5-ACM2 also simulates a deeper DJF-mean PBL (Fig. 7a-455 

4).  456 

In summary, R5-ACM2 simulates a warmer and drier DJF climatology than R3-MYNN2. Compared with 457 

R3-MYNN2, R5-ACM2 produces deeper mean PBLs along the coastal region but shallower PBLs over inland 458 

areas, broadly consistent with the spatial pattern of near-surface temperature differences. Despite the shallower 459 

inland mean PBLs, R5-ACM2 exhibits a larger diurnal PBLH range, indicating stronger daytime boundary-layer 460 

growth followed by greater nocturnal collapse. This enhanced diurnal cycle may contribute to the reduced 461 

seasonal-mean PBLH over inland regions. The widespread reduction in near-surface humidity and increase in 462 

near-surface temperature simulated by R5-ACM2 suggest that changes in boundary-layer processes play an 463 

important role in shaping the simulated climate differences. Potential mechanisms include differences in 464 



horizontal moisture transport, which affect the advection of moisture from the ocean, and vertical turbulent mixing, 465 

which influence the redistribution of heat and moisture within the boundary layer and exchanges with the free 466 

atmosphere. 467 

3.5 DJF-Mean Diurnal Evolution of Cross-Sectional Fields 468 

To understand the horizontal transport and vertical mixing of heat and moisture, we examine selected 469 

snapshots of the sub-daily vertical distributions of q and θ along ten cross-sections (Fig. 1b). Fig. 9 presents the 470 

pressure–longitude cross-section of qu and zonal wind circulation across Sydney, spanning the mountain range, 471 

coastal plain, and adjacent ocean. As the sign of qu follows that of the u, negative values represent onshore 472 

moisture flux, whereas positive values indicate offshore moisture flux.  473 

ERA5 captures a pronounced land–sea breeze circulation, with weak onshore moisture flux developing during 474 

the early morning (Fig. 9a-1) and strengthening to a maximum in the evening (Fig. 9a-3). Compared with ERA5, 475 

both R3-MYNN2 (Figs. 9b-1–9b-4) and R5-ACM2 (Figs. 9c-1–9c-4) simulate a stronger diurnal circulation, 476 

characterised by enhanced offshore moisture transport near 700 hPa and stronger onshore moisture transport 477 

within the near-surface layer. The differences between R5-ACM2 and R3-MYNN2 reveal stronger offshore zonal 478 

winds and moisture flux at 0100 AEST (Fig. 9d-1) and 0700 AEST (Fig. 9d-2). During the afternoon, the 479 

prevailing offshore flow aloft persists, while a shallow local circulation develops over the coastal land area (Figs. 480 

9d-2 and 9d-3). Although this circulation enhances the onshore moisture transport near the surface, the imported 481 

moisture is rapidly transported upward by stronger vertical mixing, reducing its retention within the near-surface 482 

layer. Consequently, compared with R3-MYNN2, R5-ACM2 exhibits stronger near-surface onshore moisture 483 

transport but also enhanced offshore moisture transport aloft, resulting in a drier near-surface atmosphere.  484 

 485 



Fig. 9 DJF-averaged vertical profiles of zonal moisture flux (calculated using the formula of qu; shading) and wind circulation (derived from 486 

u and w, with w multiplied by a factor of 10 for visualisation; vector) along the cross-section passing Sydney shown in Fig. 1b. The rows from 487 

top to bottom show (a) ERA5, (b) R3-MYNN2 minus ERA5, (c) R5-ACM2 minus ERA5, and (d) R5-ACM2 minus R3-MYNN2, and the 488 

columns from left to right represent the times of (1) 0100, (2) 0700, (3) 1300, and (4) 1900 Australian Eastern Standard Time (AEST), 489 

respectively. The pressure levels below the surface are masked in the RCM simulations but extrapolated in ERA5, and the white space in the 490 

panels represents the location of the Great Dividing Range. The land fraction along the cross-section is indicated at bottom of each panel with 491 

yellow=1 (i.e., 100% of land), blue=0 (i.e., 100% of ocean) and other colours representing fractions between 0 and 1. 492 

Fig. 9 illustrates the horizontal moisture transport and air vertical mixing along the selected cross-section, 493 

while Fig. 10 shows the corresponding vertical distributions of q and θ throughout the diurnal cycle. In ERA5, 494 

evaporation from the ocean during the late night and early morning (Figs. 10a-1 and 10a-2) increases moisture 495 

within the marine boundary layer. As the sea breeze develops, the moist air is advected inland and lifted over the 496 

coastal mountains during the afternoon (Fig. 10a-3), before gradually weakening in the early evening (Fig. 10a-497 

4). This diurnal evolution is consistent with the moisture transport shown in Figs. 9a-1–9a-4. 498 

Compared with ERA5, R3-MYNN2 simulates reduced moisture in the PBL and increased moisture in the 499 

free atmosphere (particularly around 700 hPa) throughout the diurnal cycle (Figs. 10b-1–10b-4), indicating 500 

stronger vertical redistribution of moisture within the boundary layer. A similar but more pronounced pattern is 501 

evident in R5-ACM2, which exhibits substantially lower moisture in the lower atmosphere, centred near 850 hPa 502 

over the ocean and within the near-surface layer over land, together with enhanced moisture around 700 hPa (Figs. 503 

10c-1–10c-4).  504 

The differences between R5-ACM2 and R3-MYNN2 further show that R5-ACM2 simulates lower moisture 505 

content near the surface over land and around 850 hPa over the ocean. These drier conditions become more 506 

pronounced during the afternoon, accompanied by a slight increase in moisture near 700 hPa. This vertical 507 

redistribution of moisture is consistent with the enhanced vertical mixing and stronger offshore transport aloft 508 

shown in Figs. 9d-1–9d-4, which reduce moisture retention within the near-surface layer.   509 

The differences identified along the Sydney cross-section are also evident in the other cross-sections 510 

(Supplementary Figs. S8–S11). For cross-sections adjacent to the ocean, moisture advected inland by the onshore 511 

flow is transported more rapidly upward during the daytime in R5-ACM2 owing to enhanced vertical turbulent 512 

mixing. In addition, offshore moisture transport during the nighttime and early morning is stronger in R5-ACM2 513 

than in R3-MYNN2. Across all cross-sections, R5-ACM2 exhibits a drier lower free troposphere (approximately 514 

800–850 hPa) during the nighttime and early morning. During the daytime, the boundary layer and near-surface 515 

atmosphere become progressively drier, accompanied by stronger wind circulations. These results suggest that, in 516 

R5-ACM2, enhanced entrainment of dry free-tropospheric air into the growing boundary layer, together with more 517 

vigorous turbulent mixing that transports moisture upward from the near-surface layer, contributes to the daytime 518 

drying of the boundary layer.  519 

 520 



 521 

Fig. 10 Same as Fig. 9, but for the DJF-averaged vertical profiles of q (shading) and θ (contours) along the cross-section passing Sydney. 522 

3.6 DJF-Mean Diurnal Evolution of Surface Energy Balance and PBL Processes 523 

Because the PBL exhibits a pronounced diurnal cycle, developing rapidly during the daytime and decaying 524 

after sunset, we investigate the diurnal variations of PBL-related variables to understand how they contribute to 525 

differences in the mean climate. As shown in Fig. 4a-5, significant differences in the DJF-mean pr between the 526 

two RCMs are evident over land. To investigate the factors contributing to these differences, we identify clusters 527 

of grid points where the absolute difference in DJF-mean pr exceeds 1 mm·day⁻¹ (based on Fig. 4a-5). These 528 

selected grid points also show significant differences in the DJF-mean Tmax (Fig. 2a-5), which can be largely 529 

explained by differences in the diurnal evolution of net surface heat fluxes (Qnet).   530 



 531 

Fig. 11 DJF-averaged diurnal cycles of (b) net surface heat fluxes (Qnet), (c) net surface shortwave flux (Qsw), (d) net surface longwave flux 532 

(Qlw), (e) net surface sensible heat flux (Qsh) and (f) net surface latent heat flux (Qlh) averaged over the selected grid points shown in (a). In 533 

(b)–(f), ERA5, R3-MYNN2 and R5-ACM2 are presented in black, orange and green lines, respectively. All heat fluxes are positive downward. 534 

In (g), ∆ denotesR5-ACM2 minus R3-MYNN2. 535 

Fig. 11 shows the DJF-mean diurnal cycles of Qnet and its components averaged over all selected grid points 536 

(locations shown in Fig. 11a). ERA5 shows that Qnet reaches its maximum (~140 W·m-2) at 1300 AEST (Fig. 11b). 537 

In contrast, R3-MYNN2 and R5-ACM2 simulate diurnal cycles of Qnet with a peak occurring at 1000 AEST, 538 

which is ~3 hours earlier than ERA5. Additionally, the daily maximum Qnet from R5-ACM2 is higher than R3-539 

MYNN2 by ~20 W·m-2, suggesting more net energy gained in R5-ACM2 during the day, which consequently 540 

leads to a higher surface temperature. Among all surface heat flux components, Qsw is the primary contributor to 541 

Qnet. Both RCMs and ERA5 reach their maximum Qsw at 1200 AEST, with R5-ACM2 showing the largest peak, 542 

followed by R3-MYNN2 and ERA5 (Fig. 11c). The surface emits Qlw throughout the day, with the maximum 543 

emission occurring at ~1300 AEST. ERA5 shows lower Qlw emission, followed by R3-MYNN2 and R5-ACM2 544 



(Fig. 11d). Although R5-ACM2 emits approximately 20 W·m⁻² more Qlw than R3-MYNN2, it still receives a 545 

larger net radiative flux (Qsw + Qlw) at the surface. Qsh in ERA5 and the RCM simulations peak at 1200 AEST, 546 

coinciding with the maximum Qnet. Among ERA5 and the RCMs, R5-ACM2 simulates the highest Qsh but the 547 

lowest Qlh (Fig. 11e), whereas R3-MYNN2 shows the opposite behaviour, producing the lowest Qsh and the highest 548 

Qlh (Fig. 11f).  549 

Fig. 11g quantifies differences between R5-ACM2 and R3-MYNN2 (R5-ACM2 minus R3-MYNN2, denoted 550 

as ∆) for all surface energy fluxes. ∆Qnet becomes positive at 0700 AEST, reaches a maximum of approximately 551 

20 W·m-2 at 1000 AEST, and then gradually decreases during the afternoon. At 0700 AEST, ∆Qsw is the primary 552 

contributor to the positive ∆Qnet. As the day progresses, the contributions of ∆Qsh and ∆Qlh become increasingly 553 

important in the surface energy balance. Throughout the daytime, ∆Qsh remains negative and ∆Qlh remains positive, 554 

indicating enhanced sensible heat loss and reduced latent heat loss in R5-ACM2. This behaviour is consistent with 555 

the hotter and drier near-surface conditions simulated by R5-ACM2. The higher surface temperature enhances the 556 

sensible heat flux through a larger surface–air temperature gradient, while the reduced surface moisture limits 557 

evapotranspiration, thereby suppressing the latent heat flux. 558 



 559 

Fig. 12 The DJF-mean diurnal cycles for (a) PBLH, (b) pr, (c) T2m and (d) q2m for R3-MYNN2 and R5-ACM2. (e) shows the normalised DJF-560 

mean diurnal cycles of ∆pr, ∆T2m, ∆PBLH, ∆q2m and ∆Qnet. The ∆ denotes R5-ACM2 minus R3-MYNN2. All diurnal cycles are the DJF means 561 

for the period of 1980–2020 averaged from selected grid points shown in Fig. 11a. 562 

Beyond the surface energy fluxes, Fig. 12 presents the diurnal cycles of four additional variables that help 563 

explain the mechanisms responsible for hotter and drier DJF-mean conditions simulated by R5-ACM2. Fig. 12a 564 



shows that both RCM simulations reach their maximum PBLH at 1300 AEST. However, R5-ACM2 exhibits a 565 

larger diurnal variation in PBLH over the selected area, with an amplitude of approximately 1500 m between the 566 

nighttime minimum and daytime maximum, compared with about 1000 m in R3-MYNN2. The simulated pr peaks 567 

at 1700 AEST in R3-MYNN2, whereas the peak in R5-ACM2 occurs one hour later, at 1800 AEST. Nevertheless, 568 

R3-MYNN2 consistently simulates higher pr than R5-ACM2 throughout the diurnal cycle. Both RCM simulations 569 

reach their highest T2m (Fig. 12c) and lowest q2m (Fig. 12d) at 1300 AEST. Throughout the diurnal cycle, R5-570 

ACM2 consistently simulates higher T2m and lower q2m than R3-MYNN2, though differences are largest at 1300 571 

AEST. 572 

Fig. 12e shows normalised differences in the four variables together with the normalised ∆Qnet to examine 573 

their lead–lag relationships. To facilitate comparison of their temporal evolution, all variables were normalised to 574 

the range of 0–1 using Max Scaling (i.e., ݔ௡௢௥௠ = ௫|௫೘ೌೣ|). Consistent with the previous results, ∆T2m remains 575 

positive throughout the day, whereas ∆pr and ∆q2m remain negative, reflecting the persistently hotter and drier 576 

surface conditions simulated by R5-ACM2. In contrast, ∆PBLH and ∆Qnet exhibit pronounced diurnal variations, 577 

with negative values during the nighttime and positive values during the daytime. The maximum ∆Qnet occurs at 578 

1000 AEST, approximately three hours before the maximum ∆PBLH and ∆T2m and the minimum ∆q2m. The 579 

minimum ∆pr occurs at 1700 AEST, approximately four hours after the peaks in ∆PBLH and ∆T2m and the 580 

minimum ∆q2m. This temporal sequence suggests that the enhanced net surface heating precedes surface warming 581 

and the deepening of the PBL, while the reduction in surface moisture occurs almost simultaneously with the PBL 582 

deepening. These changes are subsequently followed by changes in precipitation. 583 

We next investigate the diurnal evolution of the vertical profiles of q and θ (Fig. 13) to explore the differences 584 

in vertical mixing over the selected area. Both RCM simulations exhibit similar diurnal variations in the vertical 585 

profiles of q and θ (Figs. 13a and 13b). Near-surface q gradually decreases from around 0700 AEST, reaching a 586 

minimum at approximately 1300 AEST. Meanwhile, q increases in the overlying atmosphere, indicating that 587 

vertical mixing transports moisture upward from the surface into the boundary layer and the lower free troposphere. 588 

This mixing process persists for approximately 3 hours, reaching up to around 700 hPa by 1600 AEST. Thereafter, 589 

the intensity of vertical mixing gradually weakens, and the atmosphere becomes increasingly stratified during the 590 

nighttime. The vertical profile of θ shows a progressively weaker vertical gradient from around 1000 AEST, 591 

reaching a minimum at approximately 1300 AEST. This reduction in the θ gradient indicates the development of 592 

a well-mixed and convectively unstable boundary layer, consistent with enhanced daytime turbulent mixing.  593 

The difference in the vertical profiles of q and θ between R5-ACM2 and R3-MYNN2 exhibits distinct patterns 594 

during nighttime (1900–0700 AEST) and daytime (0700–1900 AEST). During the nighttime, ∆q is most negative 595 

between approximately 800 and 850 hPa, coinciding with positive ∆θ, indicating that the free atmosphere in R5-596 

ACM2 is drier and warmer than in R3-MYNN2. The stable nocturnal boundary layer suppresses turbulent mixing, 597 

allowing moisture to accumulate close to the surface. The relatively small ∆q near the surface at nighttime 598 

indicates that this accumulated moisture is comparable between the two RCM simulations. After sunrise, increased 599 

surface heating initiates convective turbulence and promotes the rapid development of the PBL. During this period, 600 

the largest negative ∆q shifts downward to the surface–900 hPa layer, accompanied by positive ∆θ near the surface. 601 

These changes indicate that enhanced turbulent mixing in R5-ACM2 transports more moisture upward while 602 

entraining warm, dry air from the free atmosphere into the growing PBL. Consequently, the near-surface 603 



atmosphere becomes warmer and drier than in R3-MYNN2. The stronger vertical redistribution of heat and 604 

moisture suggests that R5-ACM2 simulates more vigorous daytime boundary-layer mixing than R3-MYNN2. 605 

 606 

Fig. 13 The diurnal evolutions of the vertical profiles of q (shading) and θ (contours) for (a) R3-MYNN2, (b) R5-ACM2 and (c) R5-ACM2 607 

minus R3-MYNN2. All fields represent mean values in DJF season from 1980–2020 averaged from selected grid points shown in Fig. 11a. 608 

3.7 Proposed Mechanisms Underlying the Differences between the RCM Simulations 609 

The analyses over the selected region indicate that R5-ACM2 simulates enhanced daytime Qnet, primarily 610 

driven by increased Qsw, leading to higher surface temperature. The warmer surface promotes the development of 611 

a deeper PBL and stronger vertical mixing, which transports moisture upward while entraining warmer and drier 612 

air from the free atmosphere into the boundary layer. 613 

To examine whether these mechanisms operate across the broader domain rather than only over the selected 614 

region, Fig. 14 shows the daytime evolution of the differences in key variables presented in previous analyses 615 

over the entire domain, together with the differences in total cloud fraction (∆clt), vertically integrated cloud 616 

condensed (i.e., liquid and ice) water (∆clwvi) and downward Qsw (∆Qsw↓) that help explain why R5-ACM2 617 

simulates greater solar irradiance than R3-MYNN2.  618 

During the early morning (0700 AEST), the PBL has not yet fully developed, and ∆PBLH remains small (Fig. 619 

14a-1). Nevertheless, ∆clwvi is negative over almost the entire domain (Fig. 14b-1), with the largest reductions 620 

occurring along the east coast of New South Wales. This indicates reduced cloud condensate within the 621 

atmosphere column in R5-ACM2, suggesting less extensive and/or optically thinner clouds than in R3-MYNN2. 622 

Consistent with this, ∆clt is also reduced over land (Fig. 14c-1). The decrease in cloud cover allows more incoming 623 

solar radiation to reach the surface, resulting in positive ∆Qsw↓ (Fig. 14d-1). Consequently, ∆Qnet becomes positive 624 

at this time (Fig. 11g), leading to positive ∆T2m (Fig. 14e-1). In response to the rising ∆T2m, ∆Qsh begins to increase 625 

(Fig. 14f-1), particularly along the coast. In contrast, ∆Qlh remains negative (Fig. 14g-1), consistent with the 626 

negative ∆q2m (Fig. 14h-1) and reduced soil moisture (not shown).  627 

As solar heating intensifies after sunrise, ∆PBLH becomes positive, reaching a maximum at approximately 628 

1300 AEST (Figs. 14a-2–14a-4), consistent with the diurnal evolution over the selected region (Fig. 12a). This 629 

deeper PBL indicates persistently stronger vertical mixing in R5-ACM2 between 1000 and 1600 AEST, 630 



accompanied by consistently negative ∆clwvi (Figs. 14b-2–14b-4). Consequently, although ∆clt gradually 631 

transitions from negative to positive (Figs. 14c-2–14c-4), ∆Qsw↓ remains positive across the entire domain until 632 

1600 AEST (Figs. 14d-2–14d-4). This suggests that the clouds simulated by R5-ACM2 contain less condensed 633 

water and are therefore optically thinner, allowing more incoming shortwave radiation (i.e., ∆Qsw↓ is positive) to 634 

reach the surface despite the increase in cloud cover. As a result, positive ∆T2m continues to intensify and peaks at 635 

approximately 1300 AEST (Figs. 14e-2–14e-4), consistent with the earlier diurnal analyses (Fig. 12c). During this 636 

period, ∆Qsh increases (Figs. 14f-2–14f-4) because the enhanced surface warming strengthens the surface–air 637 

temperature gradient, whereas ∆Qlh decreases (Figs. 14g-2–14g-4) owing to the reduced near-surface moisture 638 

availability, consistent with negative ∆q2m (Figs. 14h-2–14h-4). 639 

At 1900 AEST, ∆PBLH transitions from positive to negative (Fig. 14a-5), indicating a more rapid collapse of 640 

the daytime convective PBL in R5-ACM2 after sunset. Meanwhile, ∆clwvi remains negative (Fig. 14b-5), 641 

suggesting that the atmospheric column continues to contain less condensed cloud water than in R3-MYNN2. 642 

Consistent with this, ∆clt becomes negative (Fig. 14c-5), indicating reduced cloud cover over land. This decrease 643 

in cloud cover favours stronger nocturnal radiative cooling by allowing more outgoing longwave radiation to 644 

escape to space, contributing to a shallower nocturnal PBL in R5-ACM2. As shown in Fig. 11g, the nighttime 645 

surface energy balance is dominated by ∆Qlw, with persistently negative ∆Qlw indicating greater net longwave 646 

radiative loss in R5-ACM2 and, consequently, more efficient nocturnal cooling. Throughout the day, the ∆q2m 647 

shows negative values over land (Figs. 14h-1–14h-5), likely reflecting persistently drier soil moisture conditions 648 

(not shown). The accompanying reduction in precipitation (not shown) further limits soil moisture replenishment. 649 



 650 

Fig. 14 The diurnal evolutions of R5-ACM2 minus R3-MYNN2 during daytime at (1) 0700, (2) 1000, (3) 1300, (4) 1600, and (5) 1900 AEST. 651 

The variables from top to bottom are the differences of (a) PBLH (∆PBLH), (b) vertically integrated cloud condensed water content (∆clwvi), 652 

(c) total cloud fraction (∆clt), (d) surface downwelling shortwave radiation flux (∆Qsw↓), (e) near-surface temperature at 2 m (∆T2m), (f) surface 653 

sensible heat flux (∆Qsh), (g) surface latent heat flux (∆Qlh) and (h) specific humidity at 2 m (∆q2m). 654 

4. Discussion and Conclusion 655 

This study first evaluated the fidelity of two ERA5-driven WRF RCM simulations at 4-km convection-656 

permitting resolution in reproducing the seasonal climatology over southeastern Australia. Although both 657 

simulations exhibit significant biases in the seasonal means of daily maximum and minimum near-surface 658 

temperatures, the daily maximum temperature is more sensitive to the choice of PBL parameterisation than the 659 

daily minimum temperature. Compared with the R3-MYNN2, the R5-ACM2 scheme reduces the cold bias in 660 



daily maximum temperature while showing little improvement in daily minimum temperature. In addition, R5-661 

ACM2 simulates higher near-surface temperatures than R3-MYNN2. This result is consistent with previous 662 

studies. For example, García-Díez et al. (2013) found that local PBL schemes, such as the MYJ scheme, generally 663 

produce larger cold biases than the nonlocal YSU scheme and the hybrid local–nonlocal ACM2 scheme. The 664 

relatively smaller cold bias associated with ACM2 has been attributed to stronger entrainment at the top of the 665 

boundary layer.  666 

The two RCMs also differ markedly in their ability to reproduce seasonal-mean precipitation. During austral 667 

summer, R3-MYNN2 exhibits smaller precipitation biases than R5-ACM2, suggesting that the local MYNN2 668 

PBL scheme more effectively represents precipitation under conditions characterised by strong convective activity 669 

and heavy rainfall than the hybrid local–nonlocal ACM2 scheme. The larger dry biases simulated by R5-ACM2 670 

are likely associated with its stronger vertical mixing, which reduces boundary-layer moisture availability. Outside 671 

austral summer, however, R3-MYNN2 significantly overestimates seasonal precipitation, particularly over South 672 

Australia and Victoria, whereas R5-ACM2 exhibits only limited regions with statistically significant precipitation 673 

biases relative to observations. Nevertheless, these improvements are not consistently statistically significant 674 

along the eastern coast of New South Wales, where both simulations show significant biases. Austral summer not 675 

only exhibits the largest precipitation biases in R5-ACM2 but also the most extensive areas of statistically 676 

significant differences between the two RCMs over land. In the remaining seasons, R5-ACM2 consistently 677 

simulates less precipitation than R3-MYNN2, with the largest and most statistically significant reductions 678 

occurring over South Australia, Victoria, and the eastern coast of New South Wales. 679 

Evaluation of the vertical profiles of temperature and moisture at ten radiosonde sites indicates that both 680 

RCMs reasonably reproduce the observed thermodynamic structure of the atmosphere. However, both simulations 681 

underestimate the vertical humidity gradient, implying stronger vertical turbulent mixing, with the difference 682 

being more pronounced in R5-ACM2.  683 

The analyses based on the diurnal evolution of PBL-related variables reveal a positive land–atmosphere 684 

feedback that helps explain the hotter and drier climate simulated by R5-ACM2. Previous studies have shown that 685 

the differences between local and nonlocal PBL schemes arise primarily from their representation of turbulent 686 

mixing. For example, Coniglio et al. (2013) found that the local MYJ scheme tends to produce a boundary layer 687 

that is too cool and moist during the daytime because of insufficient turbulent mixing in convective conditions, 688 

whereas the nonlocal YSU scheme often generates overly warm and dry boundary layers. Our study also showed 689 

that the hybrid local–nonlocal ACM2 scheme simulates a warmer and drier boundary layer than the local MYNN2 690 

scheme during the day due to stronger vertical mixing. The vertical mixing plays a key role in this positive 691 

feedback by modulating the amount of solar radiation reaching the surface and, consequently, the partitioning of 692 

surface energy, PBL development, and atmospheric moisture.  693 

1) During the nighttime, R5-ACM2 simulates greater outgoing longwave radiation, resulting in stronger 694 

radiative cooling and a shallower, more stable PBL. The reduced nighttime cloud cover and cloud-condensed 695 

water persist into the early morning.  696 

2) The reduced morning cloud cover allows more downward shortwave radiation to reach the surface. 697 

During the afternoon, although cloud fraction becomes higher in R5-ACM2, the cloud condensed water content 698 



remains lower, suggesting that the clouds are optically thinner and therefore transmit more incoming shortwave 699 

radiation than those in R3-MYNN2.  700 

3) The enhanced downward shortwave radiation increases the daytime net radiation, leading to higher 701 

surface temperature.  702 

4) Although R5-ACM2 receives more net radiation, lower soil moisture and reduced precipitation limit 703 

evapotranspiration, suppressing the latent heat flux. Consequently, a larger proportion of the available energy is 704 

partitioned into sensible heat, which further increases near-surface air temperature, deepens the PBL, and 705 

strengthens daytime turbulent mixing.  706 

5) Enhanced turbulent mixing transports more moisture upward while entraining potentially warm, dry air 707 

from the free atmosphere into the boundary layer, producing a warmer and drier near-surface atmosphere. The 708 

resulting reduction in precipitation by R5-ACM2 likely contributes to maintaining these drier soil conditions, 709 

suppresses evapotranspiration, and limits atmospheric moisture available for thick cloud formation. 710 

Throughout the diurnal cycle, R5-ACM2 consistently exhibits lower soil moisture, reduced near-surface 711 

humidity, lower column-integrated cloud-condensed water and less precipitation than R3-MYNN2. Because both 712 

RCM simulations are driven by the same initial and lateral boundary conditions, the differences arise primarily 713 

from the contrasting PBL schemes. The persistently drier soil conditions in R5-ACM2 result from the cumulative 714 

effects of stronger vertical mixing produced by the hybrid local–nonlocal ACM2 scheme in conjunction with the 715 

Noah-MP land surface model throughout the simulation period.  716 

In a previous study focusing on the Amazon, Hu et al. (2023) suggested that enhanced vertical mixing within 717 

the PBL simulated by the ACM2 scheme transports moisture from the surface to the top of the boundary layer, 718 

promoting cloud development and supplying moisture to a thicker cloud layer. This resulting increase in cloud 719 

cover reduces the amount of shortwave radiation reaching the surface, leading to weaker surface heating, reduced 720 

convective available potential energy (CAPE), and consequently less precipitation. These findings appear to 721 

contrast with our results, which indicated that reduced precipitation simulated by the ACM2 scheme over 722 

southeastern Australia is accompanied by increased surface radiative heating. However, these contrasting 723 

responses likely reflect differences in regional moisture availability rather than inconsistencies in the PBL scheme 724 

itself. The climatic response to enhanced boundary-layer mixing depends strongly on the dominant moisture 725 

source or related to the moisture content of the free troposphere. In moisture-rich environments, such as the 726 

Amazon rainforest examined by Hu et al. (2023), abundant evapotranspiration provides a continuous supply of 727 

atmospheric moisture. Enhanced turbulent mixing redistributes this moisture throughout the boundary layer, 728 

maintaining or even enhancing cloud development despite reduced surface heating. Furthermore, the relatively 729 

moist free troposphere over the Amazon allows the entrainment of moisture into the growing PBL, promoting 730 

cloud formation at the top of the boundary layer. In contrast, southeastern Australia is a moisture-limited 731 

environment during austral summer, where atmospheric moisture is supplied primarily by advection from the 732 

adjacent ocean. The air at free atmosphere is also considerably drier over southeastern Australia. Under these 733 

conditions, enhanced vertical mixing redistributes a limited moisture supply through a deeper boundary layer 734 

while entraining dry air from the free troposphere. The resulting dilution of boundary-layer moisture suppresses 735 

cloud formation and precipitation, allowing more shortwave radiation to reach the surface and reinforcing the 736 

warm, dry land–atmosphere feedback. 737 



Given that the two RCM configurations form key components of the NARCliM2.0-CMIP6 simulations, the 738 

mechanisms proposed in this study provide a physical basis for understanding the diverging hindcasts and 739 

projections produced by the NARCliM2.0-CMIP6 ensemble (e.g., Di Virgilio et al. 2025b; Ji et al. 2026a, b). 740 

These findings provide useful information for the selection of PBL schemes in future high-resolution regional 741 

climate modelling applications. 742 
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Supplementary Figures 

 

Fig. S1 The seasonal correlations of Tmax between AGCD and ERA5, between AGCD and R3-MYNN2, between AGCD and R5-ACM2, and 

between R3-MYNN2 and R5-ACM2 for DJF, MAM, JJA and SON, respectively. The spatial mean correlation and its standard deviation over 

land are shown in the bottom right of each panel. 

 



 

Fig. S2 Same as Fig. S1, but for Tmin. 

 



 

Fig. S3 Same as Fig. S1, but for pr. 

 



 

Fig. S4 The rows from top to bottom show the MAM means of vertical profiles of (a) potential temperature (θ; unit: K), (b) specific humidity 

(q; unit: g·kg-1) and (c) wind speed (wspd; unit: m·s-1), and the columns from left to right represent the MAM-means from sounding sites of 

(1) Adelaide, (2) Mount Gambier, (3) Brisbane, (4) Charleville, (5) Cobar, (6) Moree, (7) Williamtown, (8) Sydney, (9) Wagga Wagga, and 

(10) Melbourne, respectively. All seasonal-means are averaged over the common period of 2018–2020. For panels with only solid lines, all 

lines represent the averages from 0900 to 1000 AEST. For Sites (1) and (10), solid lines represent the averages from 0900 to 1000 AEST and 

dashed lines represent the averages from 2100 to 2200 AEST. For Site (3), solid lines represent the averages from 0900 to 1000 AEST and 

dashed lines represent the averages from 0300 to 0400 AEST. For Site (8), solid lines represent averages from 1300 to 1600 AEST and dashed 

lines represent the averages from 0400 to 0700 AEST.  

 

Fig. S5 Same as Fig. S4, but for JJA season. 



  
Fig. S6 Same as Fig. S4, but for SON season. 

 

 

 

Fig. S7 The seasonal means of reconstructed and diagnosed PBLHs for R3-MYNN2 and R5-ACM2. The differences of R-PBLH minus D-

PBLH are also followed. The reconstructed PBLH (R-PBLH) is calculated using the same theta-increase definition for both R3-MYNN2 and 

R5-ACM2, while the diagnostic PBLH (D-PBLH) refers to the PBLH diagnosed by WRF. The rows from top to bottom show the seasons of 

(a) DJF, (b) MAM, (c) JJA, and (d) SON, and the columns from left to right represent the means of (1) R3 D-PBLH, (2) R3 R-PBLH, (3) R-

PBLH minus D-PBLH for R3, (4) R5 D-PBLH, (5) R5 R-PBLH, and (6) R-PBLH minus D-PBLH for R5, respectively. 



 

 

Fig. S8 DJF-averaged vertical profiles differences between R5-ACM2 and R3-MYNN2 in terms of zonal moisture flux (calculated using the 

formula of qu; shading) and wind circulation (derived from u and w, with w multiplied by a factor of 10 for visualisation; vector) along the 

cross-sections passing (a) Adelaide, (b) Brisbane, (c) Charleville, (d) Cobar, (e) Moree, and (f) Williamtown (see Fig. 1b). The columns from 

left to right represent the times of (1) 0100, (2) 0700, (3) 1300, and (4) 1900 Australian Eastern Standard Time (AEST), respectively. The 

white space in the panels represents high rise terrain. The land fraction along the cross-section is indicated at bottom of each plot with yellow=1 

(land) and blue=0 (ocean) and other colours representing fractions between 0 and 1. 



 

Fig. S9 DJF-averaged vertical profiles differences between R5-ACM2 and R3-MYNN2 in terms of meridional moisture flux (calculated using 

the formula of qv; shading) and wind circulation (derived from v and w, with w multiplied by a factor of 10 for visualisation; vector) along the 

cross-sections passing (a) Mount Gambier, (b) Wagga Wagga, and (c) Melbourne (see Fig. 1b). The columns from left to right represent the 

times of (1) 0100, (2) 0700, (3) 1300, and (4) 1900 AEST. The white space in the panels represents high rise terrain. The land fraction along 

the cross-section is indicated at bottom of each plot with yellow=1 (land) and blue=0 (ocean) and other colours representing fractions between 

0 and 1. 

 

 



 

Fig. S10 Same as Fig. S8, but for the specific humidity (q; shading) and potential temperature (θ; contour). 



 

Fig. S11 Same as Fig. S9, but for the specific humidity (q; shading) and potential temperature (θ; contour). 
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