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Abstract 18 

This study investigates the impact of the interaction between large-scale and local-scale 19 

forcings in regulating rainfall patterns and their propagation over coastal areas of Northeast (NE) 20 

Australia using a convective-scale regional model run for 180 days. Over the coastal areas, 21 

spatially heterogeneous rainfall patterns are evident in both radar observations and model 22 

simulations. By classifying the characteristics of three distinct rainfall groups, we found that the 23 

rainfall propagation modulates the average rainfall patterns. Modelling results suggest that the 24 

large-scale background wind and local-scale land-sea breeze circulations are two important 25 

factors driving rainfall propagation. Offshore rainfall propagation, which is frequently observed 26 

in coastal regions in the tropics, occurs during the days with weak easterlies near surface and 27 

strong upper-and mid-level westerlies. Rainfall is triggered during the afternoon by convergence 28 

driven by the sea breeze and then propagates offshore during the nighttime with the land breeze 29 

density current and large-scale background westerlies. In contrast, onshore rainfall propagation is 30 

observed during days with strong background easterlies from the surface to upper levels. For the 31 

no propagation group, rainfall occurs during the afternoon due to the convergence of sea breezes 32 

and low-level background westerlies, and it persists over land during the nighttime with low-and 33 

mid-level easterlies. Our results also suggest that the background wind regimes associated with 34 

different phases of intraseasonal variability modulate the direction and strength of rainfall 35 

propagation, leading to different coastal rainfall patterns.  36 
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1 Introduction 39 

The coastal region of Queensland plays an important role in Australia’s agriculture, with 40 

approximately 95% of the country’s sugarcane grown in this area (Smith et al., 2014). This 41 

region is also highly vulnerable to flooding as it regularly experiences heavy rainfall events 42 

(King et al., 2013; Cowan et al., 2019). Over coastal areas, the initiation, development, and 43 

propagation of precipitation are modulated by multiple processes across different spatial and 44 

temporal scales. For example, Queensland’s rainfall is influenced by large-scale climate 45 

variability such as El Niño - Southern Oscillation (ENSO; McBride and Nicholls 1983; Wang 46 

and Hendon 2007; King et al., 2013), the Madden Julian Oscillation (MJO, Wheeler et al., 2009; 47 

Cowan et al., 2023; Dao et al., 2023) and the interactions between these climate modes (Ghelani 48 

et al., 2017; Cowan et al., 2023; Dao et al., 2023). Synoptic-scale processes are another factor 49 

influencing rainfall along the Queensland coast. Trade wind-associated precipitation occurs 50 

along coastal areas of northern Queensland, where predominantly southeasterly onshore flows 51 

are forced to ascend over a coastal plain with hills ranging from 100 to 500 meters in height 52 

(Connor and Bonnell, 1998, Klingaman, 2012). By analyzing 133 rain-gauge sites in the 53 

Townsville region, Lyons and Bonnel (1992) identified that flow over orography is a key factor 54 

controlling trade-wind precipitation during the wet season from October 1988 to June 1989. 55 

These studies suggest that understanding the variability in the direction and strength of low- and 56 

mid-level trade winds, as well as their relationship with large-scale climate modes, is crucial for 57 

understanding rainfall along the coast of tropical Queensland.  58 

Over northern Queensland, coastal rainfall and its diurnal cycle are also modulated by 59 

local-scale forcings such as coastal orography (Black and Lane, 2015; Twomey and Kiem, 2021) 60 

and land-sea breezes (Short et al., 2019; Bui et al., 2023, Dao et al., 2025). Orography can affect 61 

rainfall directly by forcing local upward motion which triggers convective initiation and 62 

development, or indirectly by forcing horizontal air currents to move separately around 63 

topographic features, causing local divergence and upward motion (Klingaman, 2012). 64 

Mesoscale land-sea breeze circulations, which are driven by the differential heating between land 65 

and the adjacent ocean (Mapes et al., 2003ab; Yang and Slingo, 2001), are a major forcing of 66 

convection and rainfall diurnal cycle in the tropics (Peatman et al., 2014, 2015; Vincent and 67 

Lane, 2016, Peatman et al., 2023). Love et al. (2011) found that both onshore and offshore 68 

rainfall propagation over coastal areas of the Maritime Continent (MC) and northern Australia is 69 

strongly modulated by diurnal processes, with the diurnal rainfall amplitude accounting for 70 

approximately 50% of the mean rainfall. Using the Cyclone Global Navigation Satellite System 71 

observation to investigate the diurnal rainfall variation and its associated land-sea breeze 72 

circulation, Bui et al (2023) also found that the surface wind speed is highly correlated with the 73 

diurnal precipitation propagation over coastal tropical Australia.  74 

In addition to the independent influences of large-scale and local-scale processes on 75 

rainfall, previous studies also examined the impact of scale interaction on precipitation over the 76 

deep tropics (Peatman et al., 2014; Rauniyar and Walsh, 2016; Lestari et al., 2022) as well as 77 

over the coastal areas of Australia (Gregory et al., 2024; Dao et al., 2023, 2025). Gregory et al. 78 

(2024) found that the MJO affects local meteorology over the Great Barrier Reef by modulating 79 

synoptic patterns against the background ENSO conditions. Dao et al. (2023) also highlighted 80 

that some coastal locations in Northeast Australia exhibit an opposite rainfall response to the 81 

typical ENSO-rainfall relationship, suggesting that ENSO’s influence on rainfall is further 82 

modulated by local processes. Dao et al. (2025) examined the variation of local rainfall with the 83 

MJO using two modern S-band Doppler radars over coastal areas of north Queensland. They 84 



 

 

found that the response of rainfall and its diurnal cycle to the MJO shows both large-scale and 85 

local-scale influences and that the locally enhanced rainfall during the suppressed MJO phases is 86 

likely co-modulated by mesoscale land sea breezes, their interaction with large-scale background 87 

wind and topography. These observational studies suggest that the impact of large-scale climate 88 

mode variability on coastal rainfall is further modulated by local-scale processes, leading to 89 

inhomogeneous rainfall patterns along the coast. However, existing observations are not 90 

sufficient to fully unpack the thermodynamic and dynamic aspects of the scale-interaction 91 

mechanisms. Therefore, high resolution modelling is needed to fully understand the physical 92 

mechanisms driving observed coastal rainfall.  93 

 High-resolution simulations have been used to investigate the impact of scale interactions 94 

between large-scale and local-scale forcings on modulating rainfall over the deep tropics. Birch 95 

et al. (2016) used 10 years of regional climate model simulations over the western MC and found 96 

that the interaction between large-scale and mesoscale processes explains the differences in the 97 

land-ocean rainfall anomalies associated with the MJO. Using the convection-permitting scale (3 98 

km) simulations, Wei et al. (2020) found that the MJO affects diurnal rainfall characteristics over 99 

the MC through modulating both large-scale and local circulation and convection. Convection 100 

permitting models are also used to understand the physical mechanisms driving rainfall 101 

propagation, which is a key aspect of rainfall diurnal cycle. Over the deep tropics, rainfall 102 

propagates offshore due to the convergence caused by the land breeze (Hassim et al., 2016; 103 

Coppin and Bellon 2019, Peatman et al., 2023), density currents from cold pools (Mori et al. 104 

2004; Dipankar et al., 2019) and diurnally forced gravity waves (Love et al., 2011; Hassim et al., 105 

2016). Previous studies also found that precipitation propagation near and far from the coast may 106 

be driven by different physical mechanisms (Vincent and Lane, 2016; Peatman et al., 2023). For 107 

example, Peatman et al. (2023) demonstrated that rainfall moves approximately 150-300 km 108 

offshore at a speed comparable to that of land breeze density current, while gravity waves initiate 109 

isolated convection cells, which are typically farther from shore and have much weaker rainfall. 110 

At higher latitudes, offshore propagation is primarily controlled by large-scale background winds 111 

under trapped land-sea breeze circulation conditions (Fang and Du 2022). These studies suggest 112 

that kilometer-scale simulations are a useful tool for understanding physical processes across 113 

multiple length scales. 114 

Coastal rainfall in northern Queensland is influenced by both large-scale and mesoscale 115 

processes, as well as their interactions. However, the physical mechanisms behind these scale 116 

interactions remain unclear, primarily due to the lack of convective-resolved simulations. 117 

Moreover, most previous studies have focused on the mechanisms driving rainfall propagation in 118 

the deep tropics. The mechanisms may differ depending on geographical locations (e.g., coastal 119 

regions of Queensland versus the deep tropics) and background meteorological regimes (e.g., 120 

easterly trade winds in Queensland), and therefore require further investigation. This study aims 121 

to understand the interaction between mesoscale processes and large-scale forcings in 122 

modulating coastal rainfall over the northern Queensland using convection-permitting regional 123 

atmospheric simulations. We address three key research questions in this study: (1) What is the 124 

observed and simulated spatial distribution of local rainfall patterns across coastal northern 125 

Queensland? (2) What factors drive the inhomogeneous rainfall patterns along the coast? (3) 126 

How do mesoscale processes interact with large-scale forcings in driving rainfall propagation?  127 



 

 

2 Model, Data and Methods 128 

2.1. Model experiment 129 

Our study uses convection-permitting regional simulations produced by the AUS2200 130 

project (Huang et al. 2024) – a high-resolution regional modelling framework based on the 131 

United Kingdom Met Office Unified Model (UK Met UM) (Brown et al., 2012) with atmosphere 132 

version 12.2 and Joint United Kingdom Land Environment Simulator (JULES) (Best et al., 2011; 133 

Clark et al., 2011). The third Regional Atmosphere and Land (RAL) science configuration is 134 

employed in this framework. This model setup features a grid spacing of 0.0198 (approximately 135 

2.2 km) and 70 vertical levels. As a convection-permitting simulation, AUS2200 explicitly 136 

resolves convection, allowing it to develop dynamically rather than relying on parameterization. 137 

The simulations employed a large domain that covers the entire Australian continent and some of 138 

the surrounding oceans, as shown in Fig. 1a.  Previous studies suggest that a large regional 139 

domain with kilometer-scale horizontal resolution is necessary to capture the local-scale 140 

interactions (e.g., Birch et al., 2013) and to minimizes the influence of edge effects (such as spin-141 

up issues near the boundaries) which can negatively impact precipitation characteristics (Jones et 142 

al., 2023). Lateral boundary conditions are updated every 6 hours from the European Centre for 143 

Medium-Range Weather Forecast ERA5 Reanalysis (Hersbach et al., 2020). Soil moisture is 144 

initialized using data from the Bureau of Meteorology Atmospheric high-resolution Regional 145 

Reanalysis for Australia -Version 2 (BARRA2, Su et al. 2022), which is also based on the UK 146 

Met UM to improve consistency between the soil moisture initialization and the land-surface in 147 

these simulations. The model is run for three MJO events with a well-defined eastward 148 

propagation (Fig. S1) under different ENSO conditions: January/February for 2013 (ENSO 149 

neutral), 2016 (El Niño) and 2018 (La Niña), with a 24-hour reinitialization and 24-hour spin up. 150 

Sea surface temperatures were prescribed daily from the ERA5 data with the horizontal 151 

resolution of 0.25. The simulations were performed with daily reinitialization over a 48-hour 152 

period, including a 24-hour spin-up.   153 

 154 
Figure 1. (a) Model domain and orography for the convection-permitting AUS2200 experiment, 155 

with the red dot indicating the Townsville radar location used in this study. In (b), the red box 156 

denotes the transect used in Figs. 7-8, 10-13.    157 



 

 

2.2. Observational and reanalysis datasets 158 

Different datasets are utilized to understand the coastal rainfall features and to evaluate 159 

the model simulations. Daily rainfall data from the Australian Gridded Climate Data (AGCD) 160 

version 1, with a horizontal resolution of 0.05 x 0.05 (Jones et al. 2009), is used to evaluate the 161 

simulated daily rainfall patterns and their variation with large-scale climate variability over 162 

Northeast Australia. This dataset has been widely used to examine the precipitation variability in 163 

Australia (King et al., 2013; Black and Lane 2015; Ghelani et al., 2017; Dao et al., 2023). Radar-164 

derived rainfall is used to analyze observed coastal rainfall, rainfall propagation and to evaluate 165 

simulated rainfall patterns at small scale. Radar data is from the Australian Unified Radar 166 

Archive level 2 “Rain Rate” datasets, which has a horizontal resolution of 1 km, covering a 167 

radius of up to 150 km from the radar location (Soderholm et al., 2022). We used a modern S-168 

band Doppler radar located in Townsville, a coastal area of north Queensland (Fig.1). Using this 169 

radar, Dao et al. (2025) demonstrated that rainfall over Townsville is strongly influenced by both 170 

large-scale variability (e.g., MJO) and local variability (e.g., land-sea breeze circulation). A 171 

detailed description of the radar rainfall retrieval and quality control applied to the level 2 172 

datasets can be found in Dao et al. (2025). Precipitation estimates from radar reflectivity and the 173 

Global Precipitation Measurement (GPM) Integrated Multi-satellite Retrievals for GPM-IMERG 174 

are used to evaluate precipitation on a diurnal timescale. The GPM-IMERG dataset has half-175 

hourly temporal resolution with a global horizontal resolution of 0.1 x 0.1 (Huffman et al. 176 

2019).  177 

The 850-hPa atmospheric wind, obtained from the Bureau of Meteorology Atmospheric 178 

high-resolution Reanalysis for Australia-Version 2 (BARRA2) reanalysis data (Su et al., 2022) is 179 

used to examine the atmospheric circulation over the entire study period and for different MJO 180 

phases, as well as to evaluate the wind field in AUS2200 simulations. Upper-air radiosonde 181 

sounding data for Townsville station obtained from the University of Wyoming data archive is 182 

used to examine wind vertical profiles for different categories of rainfall propagation. The 183 

analysis is based on soundings at 00 UTC (corresponding to 10 a.m. local time (LT)) with all 184 

sounding data interpolated to standard pressure levels.  185 

2.3. Methods 186 

To examine the variation of coastal rainfall over northern Queensland, a total of 180 187 

simulation days for three MJO events are analyzed in this study. The Real-time Multivariate 188 

MJO (RMM) index (Wheeler and Hendon, 2004, hereafter WH04) is used to classify the MJO 189 

phases. MJO events (Fig. S1) are selected during the austral summer (DJF) based on two criteria: 190 

(1) The amplitude of the RMM index should be equal to or greater than 1, and (2) the MJO 191 

propagates through 8 phases. Coastal rainfall is classified into five different groups based on its 192 

spatially averaged rainfall (Table 1), to better distinguish the various coastal rainfall patterns in 193 

northern Queensland. The 90th and 20th percentile thresholds are first applied to categorize days 194 

into heavy rain and less rain groups, respectively. The remaining days are then classified into 195 

three typical coastal rainfall patterns (LAND, OCEAN, COAST), which are likely driven by 196 

different physical processes (Birch et al., 2016; Vincent and Lane 2017; 2018), using average 197 

rainfall areas. For example, the land group includes days when the average rainfall over land 198 

exceeds the average rainfall over the coast and ocean areas. In this study, the coastal area is 199 

defined as extending 0.5 from the coastline both seaward and landward. Rainfall propagation is 200 

subjectively classified into three groups: OFFSHORE PROPAGATION, ONSHORE 201 

PROPAGATION, and NO PROPAGATION, based on the Hovmöller diagrams. The offshore 202 



 

 

group includes days when rainfall exhibits a clear and distinct diurnal cycle with offshore 203 

propagation. The onshore group includes days when rainfall occurs over the ocean and 204 

subsequently propagates onshore. The no propagation group encompasses days when rainfall 205 

occurs and remains over land throughout the day. The rainfall propagation speed is estimated 206 

using a diurnally averaged Hovmöller diagram by finding the best-fit line connecting the 207 

longitudes of maximum precipitation rate at each time step. Although an algorithmic approach to 208 

classify rainfall propagation would be optimal, its complexity makes it less feasible for this 209 

study. Given the limited number of days analysed in this study, a subjective classification offers 210 

a more practical and efficient approach.  211 

Table 1: Definition of rainfall groups classified in this study. R is the average rainfall over the 212 

entire study area. Rland, Rocean, Rcoast, are the average rainfall over land, ocean and coast, 213 

respectively. The classification of Rland, Rocean, Rcoast are conducted after excluding the days from 214 

the first two groups (LESSRAIN and HEAVYRAIN).  215 

 216 

Type of classification Criteria 

LESSRAIN R < 20th percentile  

HEAVYRAIN R > 90th percentile  

LAND Rland > Rocean and Rland > Rcoast 

OCEAN Rocean > Rland and Rocean > Rcoast 

COAST Rcoast > Rocean and Rcoast > Rland 

 217 

3 Results 218 

3.1 Spatial distribution of coastal rainfall.  219 

This section examines the rainfall patterns in northern Queensland and their variation 220 

associated with large-scale climate variability in observations and the AUS2200 model 221 

simulations for the full study period, which consists of January and February of three distinct 222 

years. Figure 2 compares the spatial distributions of daily mean rainfall and low-level winds 223 

between observations (Fig. 2a) and model simulations (Fig. 2b). The observed precipitation 224 

exhibits a clear geographical variation, with higher amounts (approximately 8-10 mm/day) 225 

concentrated in the deep tropics and along the coast. Predominantly onshore, southeasterly 226 

winds, which are a key synoptic feature of Queensland’s rainfall climate (Kingaman et al., 2012), 227 

are also observed across the study domain. The AUS2200 simulations reproduce well these key 228 

observed features of rainfall and wind circulation, with a spatial correlation of 0.89 between 229 

observed and simulated precipitation patterns. Note that both observed and simulated results are 230 

regridded to 25 km, so the validation is not including the smallest scales of variability. This 231 

resemblance suggests that the model simulation effectively captures the influence of wind on 232 

precipitation dynamics, as easterly winds transporting moisture from the Coral Sea can lead to 233 

heavy rainfall when they encounter the Queensland coastal regions due to local-scale interactions 234 

(Gillett et al., 2023). Minor biases, ranging from -1 to 1 mm/day, are distributed across the 235 

domain, indicating that AUS2200 simulates observed rainfall reasonably well in a mean sense 236 

(Fig. 2c). Both the magnitude and distribution of these errors are more localized, despite some 237 

underestimation (blue spots) and overestimation (red spots) in certain areas of far north 238 

Queensland. While there are westerly biases over the Cape York peninsula and northerly biases 239 



 

 

over the western part of Queensland, there appears to be good agreement between observed and 240 

simulated precipitation and wind around the Townsville radar area (19.42°S, 146.55°E), which 241 

will be the focus of subsequent analyses. In this region, the model simulation achieves relatively 242 

high Spearman correlation coefficients, and low mean absolute error (MAE) and root-mean-243 

squared error (RMSE) values (Fig. S2) indicating reliable performance in simulating the rainfall 244 

patterns. 245 

 246 
Figure 2: (a) The spatial distribution of daily rainfall (unit: mm/day) from AGCD and 850 hPa 247 

wind (unit: m/s) from BARRA2 during the entire study period (January-February for 2013, 2016 248 

and 2018), (b) as in (a), but for AUS2200 simulations, regridded to 25 km, and (c) the difference 249 

between (b) and (a). The red dot indicates the Townsville radar location.  250 

 251 

 Even though our study with a total of 180 days is limited in temporal representativity, it 252 

still reflects some key climatological features of the MJO-rainfall relationship in Queensland 253 

(Fig. 3). Despite smaller amplitudes compared to observations, the signals of widespread 254 

increased rainfall over the tropics during the enhanced convection phases and localized increased 255 

rainfall along the coast during the suppressed convection phases of the MJO are evident in the 256 

model simulations. In addition, both observations and model simulations clearly show changes 257 

low-level circulation during different MJO phases (Fig. S3).  These variations are consistent with 258 

previous studies (Dao et al., 2023 and Dao et al., 2025), who used longer data period to examine 259 

the influence of the MJO on rainfall over NE Australia. The model simulation captures fairly 260 

well the spatial variability of wind patterns across the domain and their temporal variations with 261 

MJO phases, which is an expected result since the ERA5 controls the large-scale conditions at 262 

the boundaries of model experiments. These results indicate that the AUS2200 simulation 263 

successfully simulates the timing of the wet and dry phases of the MJO. The most obvious 264 

difference between observations and model simulations occurs in phase 8 of the MJO for the 265 

three MJO cases studied here. In this phase, locally enhanced rainfall signals along the coast are 266 

evident in the model simulations but not in the observations. Furthermore, the model simulation 267 

fails to accurately simulate the low-level wind field over the tropical and coastal land areas 268 

during this phase. These differences warrant further investigation, but are not the focus of this 269 

study.  270 



 

 

 271 
Figure 3: (a) Composites of daily rainfall (shading, unit: mm/day) from AGCD and 850-hPa 272 

wind (vectors, unit: m/s) from BARRA2 during the experimental period (January-February for 273 

2013, 2016 and 2018) in eight different MJO phases according to the RMM index (WH04). (b) 274 

as in (a), but for AUS2200 simulations. Only days with amplitude of the RMM index greater 275 

than or equal to 1 are selected for the analysis. The number of days for the corresponding MJO 276 

phase is shown in the top of each panel. Grey contour lines show the altitude of orography above 277 

500 m. 278 

 279 

Figure 4 presents the precipitation patterns derived from radar data and the AUS2200 280 

simulations over northern Queensland’s coastal areas, categorized into the five distinct groups  281 

described in Table 1. Since the classification is applied for radar and AUS2200 data separately, 282 

the days included in each group between radar observations and AUS2200 simulations are not 283 

necessarily the same. The highest agreement occurs in the land group, where approximately 70% 284 

of the days match between the radar observations and AUS2200 simulations, while the lowest 285 

percentage, about 40%, is found in the coast group. In the radar observations, the ocean group, 286 

where the greatest rainfall is observed over the ocean, is the most frequent pattern, accounting 287 

for approximately 35% of the total days. Both the land and coast groups also account for more 288 

than 20% of the days. This indicates that observed coastal rainfall in northern Queensland is 289 

spatially inhomogeneous, and therefore there is a need to understand the physical mechanism 290 

driving each distinct rainfall pattern. The AUS2200 simulation successfully captures rainfall 291 

pattern for most of the categorized rainfall groups, except for the coast group. In the model 292 

simulations, the ocean group remains the most frequent rainfall pattern, including about 30% of 293 

the total days. The AUS2200 simulation tends to overestimate rainy days over land while 294 

underestimating those over the ocean and coastal regions. At this finer scale, larger discrepancies 295 

appear between observed and simulated rainfall patterns. For example, in the coast group, radar 296 

observations indicate higher rainfall over the southern coast of the radar domain, while the 297 

AUS2200 simulates more rainfall over the northern coast. Rainfall concentrated near the coast is 298 



 

 

likely influenced by multiple processes, which could explain the model’s challenges in capturing 299 

the correct pattern.   300 

 301 

 302 

 303 
 304 

Figure 4: The spatial distribution of rainfall in different categories during the experimental 305 

period (January-February for 2013, 2016 and 2018) over the coastal regions of Queensland for 306 



 

 

(a) radar observations and (b) AUS2200 simulations. Days of model and radar data are 307 

considered separately. The number of days for the corresponding rainfall group is indicated in 308 

the top left of each panel. Areas with high beam blockage fraction are filtered out in radar 309 

observations.  310 

 311 

The above results demonstrate that coastal rainfall in northern Queensland is spatially 312 

inhomogeneous and potentially driven by different physical processes. Previous research 313 

suggested that rainfall propagation can be a critical factor in determining total precipitation 314 

distribution over coastal areas (Coppin et al., 2020). As the aim of this study is not only to 315 

understand the spatial distribution of rainfall, but also to investigate the causes of these observed 316 

rainfall patterns, we next examine the average coastal rainfall patterns associated with different 317 

rainfall propagation groups. The rainfall propagation groups are classified into three groups 318 

using the method introduced in Section 2.3: offshore propagation group, onshore propagation 319 

group, and no propagation group (Fig.5). Note that there were days that did not fall into any 320 

propagation group. Each type of rainfall propagation will be discussed in detail in the next 321 

section. Radar observations indicate that different propagation types exhibit distinct rainfall 322 

patterns (Fig. 5a) that resemble those shown in Fig.4. The offshore rainfall group displays 323 

widespread rainfall signals across the entire radar domain. In contrast, the onshore rainfall 324 

propagation shows the highest rainfall intensity over the ocean, while the no propagation group 325 

exhibits greater rainfall over land. Notably, the offshore rainfall group demonstrates stronger 326 

rainfall intensity compared to the other two groups. The AUS2200 simulation successfully 327 

captures both the spatial distribution and intensity variations of rainfall across the three different 328 

propagation groups (Fig. 5b). The number of days in each group is also comparable to the 329 

observations, although they are not necessarily the same days. In summary, both observational 330 

and model results suggest that rainfall propagation modulates average rainfall pattern over the 331 

coastal areas of northern Queensland. Therefore, understanding the physical mechanisms driving 332 

different rainfall propagation types can help explain the causes of the inhomogeneous rainfall 333 

patterns along the coast.  334 



 

 

 335 

Figure 5: The spatial distribution of average precipitation for different propagation groups 336 

during the experimental period (January-February for 2013, 2016 and 2018) over the coastal 337 

regions of Queensland for (a) radar observations and (b) AUS2200 simulations. The number of 338 

days for the corresponding propagation group is indicated in the top left of each panel. Note that 339 

only days showing the consistency between observations and model simulations are presented 340 

3.2. Physical mechanisms behind inhomogeneous coastal rainfall patterns.   341 

This section uses model simulations to investigate the physical processes driving rainfall 342 

propagations. Thus, only the days showing consistency between observations and AUS2200 343 

simulations are included in the analysis.  344 

3.2.1. Offshore rainfall propagation 345 

 We first examine the offshore rainfall propagation, which is the most frequent type of 346 

propagation in northern Queensland. There is good agreement between the satellite and radar 347 

data in capturing the offshore rainfall propagation (Fig. 6a). Rainfall typically initiates over land 348 

during the afternoon local time and propagates offshore into adjacent coastal waters at night. 349 

There are notable differences in rainfall propagation patterns between 2013 (ENSO neutral), 350 

2016 (El Niño) and 2018 (La Niña). For example, during the dry El Niño conditions, offshore 351 

rainfall events tend to be weaker in intensity compared to those observed during neutral and wet 352 

La Niña conditions. In the AUS2200 simulations (Fig. 6b), there is an underestimation of rainfall 353 

intensity compared to the observations for most days. One possible reason is that the simulation 354 



 

 

tends to underestimate heavy rainfall events, which occur more frequently during offshore 355 

rainfall propagation. However, we select these consistent days (23 days) as they capture the key 356 

features of offshore rainfall propagation. The AUS2200 successfully simulates the propagation 357 

of rainfall from land in the afternoon to the ocean at night. Additionally, the variation in 358 

precipitation intensity across different climate conditions (e.g., El Niño, La Niña) is also obvious 359 

in the model simulation, indicating that our results span a range of background climate states.  360 

 361 

Figure 6: Hovmöller diagrams of rainfall rate for offshore propagation days during the 362 

experimental period (January-February for 2013, 2016 and 2018) along the transect shown in 363 

Fig. 1b for (a) GPM IMERG (shading) overlaid with radar (black contours showing 0.5 mm/h) 364 

and (b) AUS2200 simulations. The horizontal grid lines are at 00:00 UTC (10:00 LT), with 365 

longitude shown along the horizontal axis. Dashed black vertical lines show the range of the 366 

radar transect. The average topography across the transect is indicated in blue below each panel. 367 

Topography data is obtained from ERA5 and AUS2200 for (a) and (b), respectively. Note that 368 

only days showing the consistency between observations and model simulations are presented.  369 

 370 

 To investigate the physical mechanisms of offshore rainfall propagation, we examine the 371 

average vertical cross-sections for all days presented in Fig. 6 from the AUS2200 simulations 372 

(Fig.7). Upper-and mid-level westerlies (above 2 km) are consistently present throughout the day 373 

across the entire domain. At lower levels (below 1.5 km), easterly winds are observed all day, 374 



 

 

but with notable variations in their strength, suggesting the presence of land-sea breeze 375 

circulation. These easterly winds reflect the prevailing trade wind regime superimposed with the 376 

sea breeze perturbation, but with no full flow reversal to westerly surface winds under nighttime 377 

or early morning land breeze conditions. By local noon (13 LT), the sea breeze flows onshore, 378 

generating upslope flow over the topography and low-level moisture convergence near the coast 379 

(MFC, red curve on lower panel). The sea breeze continues to propagate further inland and 380 

interact with large-scale background westerlies. These processes lead to rainfall associated with 381 

low-level convergence over the land indicated by surface rain rates (blue curve on the lower 382 

panel), as well as the mixing ratio vertical profiles of clouds (orange contours on the upper 383 

panel) and precipitation (blue contours on the upper panel), as well as the mixing ratio vertical 384 

profiles of clouds. As the sea breeze intensifies and extends farther inland by 16 LT, deep 385 

convection is triggered over land, which contributes to higher rainfall values (blue curve on the 386 

lower panel) and low-level convergence (red curve on the lower panel). During the nighttime (22 387 

LT – 7 LT), the low-level easterly flows weaken and retreat toward the ocean. At the same time, 388 

rainfall also propagates offshore within the radar domain. High surface rainfall rate 389 

(approximately 1.5 mm/hour) and low-level moisture convergence are observed over the oceanic 390 

coast at 22 LT. Rainfall continues to propagate offshore from the coast with the weakening of 391 

low-level easterlies and the persistence of strong westerly winds above. Surface rain rates and 392 

low-level moisture convergence is observed mostly over the ocean from 1 LT to 7 LT. Clouds 393 

and precipitation (orange and blue contours on the upper panel) are also concentrated over the 394 

ocean during this period. The weakening of low-level easterlies during the night and early 395 

morning indicates the presence of land breezes, manifesting as a westerly anomaly but not an 396 

actual reversal of the wind direction, that can contribute to drive rainfall offshore. This is 397 

consistent with Peatman et al. (2023), who found that in their selected case studies, rainfall over 398 

Sumatra propagates approximately 150-300 km offshore with the land-breeze density current.  399 

 400 



 

 

 401 



 

 

Figure 7: Average vertical cross sections at selected times for offshore propagation group, 402 

showing zonal and vertical wind (vectors, with zonal wind also in colored shading, unit: m/s), 403 

mixing ratio of cloud liquid (orange contours, unit: kg/kg, levels: 0.4 to 2 with an interval of 0.4), 404 

mixing ratio of rain+ graupel + snow (blue contours, unit: kg/kg, levels: 0.4 to 4 with an interval 405 

of 0.8), topography (black), rain rate (blue curve, unit: mm/h), and along-transect moisture flux 406 

convergence (MFC) averaged over 0-500 m above sea level (red curve, unit: kg/kg/s, solid for 407 

convergence and dashed for divergence). The figure was plotted following Peatman et al. (2023).  408 

 409 

We next examine the relationship between rainfall propagation speed and the average 410 

wind speed at different height levels. Wind speed for each day is averaged over the period when 411 

rainfall occurs along the transect indicated in Fig 1b. The averaged rainfall propagation speed 412 

across all day in the group is approximately 5 m/s. We examined the influence of wind on 413 

rainfall propagation speed at different height levels, ranging from the surface up to 8 km above 414 

topography, and found a strong correlation between rainfall propagation speed and wind speed at 415 

two specific height levels: 0-1 km and 1-2 km (Fig. 8). At the 0-1 km level (Fig. 8a), the wind 416 

direction alternates between easterlies (11 days) and westerlies (8 days) during offshore 417 

propagation days, which explains why a diurnal wind reversal is not visible when averaging over 418 

all days. The correlation between rainfall propagation speed and wind speed reaches 0.58 at this 419 

level, suggesting that the land breezes play a role in driving rainfall offshore. The strongest 420 

correlation (0.65) between rainfall propagation speed and wind speed is observed at the 1-2 km 421 

level (Fig. 8b). At this height, most days show westerly wind, indicating that large-scale 422 

background westerlies just above the boundary layer play a crucial role in driving rainfall 423 

offshore or in slowing its offshore propagation in the case of the easterly winds. This suggests 424 

that the migration of surface convergence from the land-sea breeze circulation and/or cold pools 425 

dynamics is more important than the mid-level steering flow in controlling the offshore rainfall 426 

propagation.These results are consistent with those shown in Fig. 7, highlighting the role of both 427 

land breeze and large-scale background winds in driving rainfall offshore over coastal areas of 428 

northern Queensland, probably with a more substantial influence from large-scale westerlies. 429 

Rainfall propagation speeds in this study (2-8 m/s) are consistent with the near-shore part of the 430 

offshore propagation found in the deep tropics by Peatman et al. (2014), Vincent and Lane 431 

(2016). We do note that the rainfall propagation speed is faster than the wind speed, and we do 432 

not imply that the coastally aligned squall line is simply being advected by the winds. Indeed, the 433 

propagation speed is likely a combination of factors including the steering flow, the speed of the 434 

density current, which is linked to the strength of the negative buoyancy forcing associated with 435 

the land-sea temperature difference, and the possible reinforcement of this density current by the 436 

cold pools associated with the offshore propagation convection.  437 



 

 

 438 

Figure 8: The relationship between rainfall propagation speed and average wind speed along the 439 

transect for (a) 0-1 km and (b) 1-2 km above the topography for the offshore propagation group 440 

from AUS2200 simulations. The correlation coefficient between wind speed and rainfall 441 

propagation speed is indicated in the top right of each panel. Trend lines (black) are also 442 

included.  443 

3.2.2. Onshore rainfall propagation  444 

 Similar to the offshore propagation group discussed in the previous sections, the 445 

Hovmöller diagrams of observed and simulated rain rates for onshore rainfall propagation are 446 

presented in Fig. 9. Focusing on the days when both observations and model simulations show 447 

consistency, a total of 11 rainy days are classified as onshore propagation in both the 448 

observations and AUS2200 simulations. In the observations, radar results generally align well 449 

with satellite results, indicating that rainfall typically initiates over the ocean and propagates 450 

onshore. Discrepancies between radar and satellite data are observed on certain days (e.g., 451 

20130106, 20130211, 20160114, 20180205), most of which exhibit weak and scattered rainfall 452 

signals. In addition to capturing the propagation features, which is the main criterion for 453 

selecting consistent days between observations and model simulations, the AUS2200 simulation 454 

also reasonably simulates rainfall intensity for the onshore propagation group. Overall, the model 455 

simulation performs better in capturing rainfall intensity for the onshore propagation group 456 



 

 

compared to the offshore group, where it tends to underestimate the rainfall intensity (see Figs. 6 457 

and 9 for comparison).  458 

 459 

Figure 9: Same as in Fig. 6, but for onshore propagation days 460 

 461 

Figure 10 presents the average vertical cross-section for the onshore propagation group 462 

based on AUS2200 simulations. For this group, the most striking difference in the wind patterns 463 

compared with the offshore case is the dominance of deep large-scale easterly winds, extending 464 

from the surface up to 6 km, throughout the day. In the morning (10 LT), rainfall primarily 465 

concentrates over the ocean, as indicated by the positive surface rain rate (blue curve in the lower 466 

panel) and low-level moisture convergence (red curve in the lower panel). In the atmosphere, 467 

low-level clouds (orange contours in the upper panel) are widely distributed across the domain, 468 

but precipitation (blue contours in the upper panel) is only observed over the ocean. During the 469 

afternoon (13 LT–19 LT), rainfall propagates onshore, as evidenced by both the surface rain rate 470 

and the cloud and rain fractions in the atmosphere. By evening (19 LT), the highest rainfall 471 

amounts associated with low-level moisture convergence occur over the coastal land possibly 472 

due to the interaction of large-scale easterlies wind with topography and frictional convergence. 473 

An intensification of background easterly wind occurs after 19 LT, possibly associated with the 474 

later onset of the land-sea breeze circulations. This feature is evident in the wind anomaly field 475 

(not shown). Note that onshore propagation group has drier and cooler atmospheric conditions 476 

over the land compared to other groups, which possibly prevents rainfall from propagating 477 

further inland (Fig. S4). During nighttime and early morning, rainfall remains over the ocean or 478 

shifts slightly offshore.  479 



 

 

 480 



 

 

Figure 10: Same as in Fig. 7, but for onshore propagation day 481 

 482 

The relationship between rainfall propagation speed and the average wind speed is also 483 

examined for onshore propagation group (Fig. 11). Different from the offshore propagation group, 484 

the results show that the mid-level winds exhibit the highest correlation (above 0.5) with onshore 485 

rainfall propagation. At these height levels, most days are characterized by easterly winds. This is 486 

consistent with the results shown in Fig. 10 and further suggests that mid-level easterly winds play 487 

an important role in driving onshore rainfall. 488 

 489 
Figure 11: The relationship between rainfall propagation speed and average wind speed along 490 

the transect for (a) 4-5 km and (b) 5-6 km above the topography for the onshore propagation 491 

group from AUS2200 simulations. The correlation coefficient between wind speed and rainfall 492 

propagation speed is indicated in the top right of each panel. Trend lines (black) are also 493 

included. 494 

3.2.3. No rainfall propagation 495 

The no rainfall propagation group consists of days when rainfall occurs and remains over 496 

land throughout the day. This group is associated with higher average rainfall over the land part 497 

of coastal areas (see Figs. 4 and 5). Similar to the previous two groups, a set of Hovmöller 498 

diagrams for the no propagation group is presented in Fig. 12. Most days in this group 499 

demonstrate that rainfall initiates in the afternoon and persists over land without a clear 500 

propagation pattern. Observational data also shows that rainfall intensity is relatively high for the 501 

no propagation group, with most days showing rain rates exceeding 10 mm/h. A total of 10 days 502 

are classified as consistent between observations and AUS2200 simulations. For these days, the 503 

simulation generally captures the rainfall pattern as well as its variation across different days 504 

(Fig. 12b). Notably, the observed onset time of precipitation is reasonably well represented in the 505 

model simulations for the no propagation group. However, similar to the offshore propagation 506 



 

 

group, the AUS200 simulation tends to underestimate the rainfall intensity for the no propagation 507 

group. 508 

 509 

Figure 12: Same as in Fig. 6, but for no rainfall propagation group.  510 

 511 

 512 

Average vertical cross-sections for the no propagation group from AUS2200 simulations 513 

are presented in Fig. 13. In the morning (10 LT), the domain is dominated by low-level 514 

westerlies, mid-level easterlies and upper-level westerlies. No rainfall or cloud formation is 515 

observed at this time. By early afternoon (13 LT), sea breezes begin to develop, evidenced by the 516 

upslope flow and moisture flux convergence (MFC, red curve on lower panel) near the coast. 517 

The upslope thermotopographic flows that develop at the same time, can couple with the inland 518 

propagation of the sea breeze. Similar results are observed in a cross-section analysis conducted 519 

over another box with lower topography, suggesting that the upslope flows are primarily driven 520 

by sea breezes. Cloud and precipitation are also observed in the atmosphere over the land part at 521 

this time, but this does not result in surface rainfall (blue curve on lower panel). In the late 522 

afternoon (16 LT), the sea breezes intensify and move further inland, interacting with low-level 523 

large-scale westerlies. This interaction triggers low-level moisture convergence and deep 524 

convection, leading to rainfall over the land. Precipitation and clouds persist over land during the 525 

evening and night (19 LT - 4 LT) before dissipating in the early morning. The mid-level 526 

easterlies weaken gradually during the afternoon (13 LT- 19 LT). However, during the nighttime 527 

(22 LT), an easterly wind layer (extending from the surface up to 3 km) develops over the ocean 528 

and extends further inland by early morning. The easterly layer is possibly a result of the re-529 



 

 

establishment of the easterly trade winds following the weakening of the return flow of the sea 530 

breeze. The process prevents offshore rainfall propagation, causing the rainfall to remain over 531 

the land.  532 



 

 

 533 
Figure 13: Same as in Fig. 7, but for no rainfall propagation group 534 



 

 

The above results suggest that rainfall propagation modulates the average rainfall pattern, 535 

leading to spatially inhomogeneous rainfall distributions over coastal areas of northern 536 

Queensland. Offshore rainfall propagation, which is the most frequent type, typically leads to a 537 

widespread rainfall pattern across the entire coastal radar domain. For this group, rainfall is 538 

triggered during the afternoon by sea breezes and propagates offshore during the nighttime with 539 

land breezes and large-scale background westerlies. This is consistent with previous studies in 540 

the deep tropics showing the influence of land breezes (Vincent and Lane 2016, Birch et al., 541 

2016, Bai et al., 2021 and Peatman et al., 2023) and large-scale background winds (Short et al., 542 

2019, Natoli and Maloney 2022, 2023) in driving offshore rainfall near the coast. In our study, 543 

we further find that in Townsville, large-scale backgrounds winds play a greater role compared 544 

to land breezes in controlling offshore rainfall. This is consistent with the finding from Fang and 545 

Du (2022) demonstrating that outside the deep tropics, the large-scale background winds play an 546 

important role in driving rainfall offshore. Onshore rainfall propagation results in a higher 547 

rainfall amount over the ocean compared to the land parts of the radar domain. Onshore 548 

propagation tends to occur on days with strong and deep easterly trade winds extending from the 549 

surface up to 6 km in the atmosphere. Rainfall in this group is associated with the interaction of 550 

easterly trade winds and topography, which is a key synoptic-scale process influencing rainfall 551 

along the Queensland coast (Lyons and Bonnell, 1992; Connor and Bonnell, 1998, Klingaman, 552 

2012). The no rainfall propagation group is linked to higher average rainfall over the land areas 553 

of the radar domain. Sea breezes develop during the afternoon, move inland, and interact with 554 

low-level background westerlies, leading to convection and rainfall over land. Rainfall tends to 555 

persist over land during the nighttime under the influence of strong easterly winds extending 556 

from the surface to the mid-levels of the atmosphere. Note that stronger and deeper sea breezes 557 

are observed in the offshore rainfall and no propagation groups compared to the onshore rainfall 558 

propagation group (Fig. S5). In addition, the sea breeze signals tend to appear later in the onshore 559 

propagation group than in the offshore and no propagation groups.  Our results suggest that both 560 

large-scale background wind and the local scale land-sea breeze circulation are crucial factors 561 

driving rainfall propagation. Any large-scale circulation that modulates background wind 562 

regimes is likely to influence rainfall propagation and its associated rainfall patterns along the 563 

coast.  564 

3.2.4. Relationship between rainfall propagation and large-scale climate variability  565 

Observational results indicate a clear distinction in the vertical wind profiles among the 566 

three rainfall propagation groups (Fig. 14a). Specifically, the offshore propagation group is 567 

characterized by weak low-level easterly winds (from the surface to 900 hPa) and upper-level 568 

westerlies. In contrast, the onshore propagation group is marked by strong, deep easterlies 569 

extending from the surface up to 500 hPa. The no propagation group is associated with low-level 570 

westerly winds and mid-level easterly winds (from 800 hPa to 600 hPa). Note that since the 571 

soundings are taken from 10 am LT, they should not be strongly influenced by the land or sea 572 

breezes. These findings are consistent with the results from the modeled vertical cross-section 573 

presented in the previous section, further emphasizing the role of large-scale background winds 574 

in controlling various rainfall propagation patterns in Queensland’s coastal areas. Note that only 575 

days consistent between observations and model simulations (as discussed in section 3.2.3) are 576 

presented. However, the results remain similar when considering all observation and modeling 577 

days separately (Fig. S6). The AUS2200 simulation effectively captures the shape of the 578 

observed vertical wind profiles for the three propagation groups (Fig. 14b). However, the 579 



 

 

simulation underestimates wind intensity, leading to the smaller differences in wind profiles 580 

among the three propagation groups compared to the observations. 581 

 582 

Figure 14: Zonal wind profiles (unit: m/s) for each rainfall propagation group during the 583 

experimental period (January-February for 2013, 2016 and 2018) at Townsville airport station 584 

(19.25ºS, 146.76 ºE) for (a) sounding data and (b) AUS2200 simulations. The shaded regions 585 

indicate one standard deviation. Note that only days showing consistency between observations 586 

and model simulations are considered. 587 

 588 

 The influence of the vertical structure of the zonal wind profile on the rainfall 589 

propagation patterns suggests a dependence on large scale climate modes. Figure 15a shows the 590 

distribution of various rainfall propagation types in different MJO phases. To increase the sample 591 

sizes, all observation days are included in this analysis. Offshore rainfall propagation is observed 592 

in all MJO phases except phase 6. However, it is more frequent during phase 4, which is the 593 

transition from suppressed to enhanced convection phases of the MJO in northern Australia. In 594 

contrast, onshore rainfall propagation tends to occur more frequently during phase 2, a 595 

suppressed convection phase of the MJO. The highest occurrence of the no rainfall propagation 596 

group is observed during phase 7, an enhanced convection phase of the MJO. To better 597 

understand the impact of the MJO on rainfall propagation distribution, the vertical profiles of 598 

wind anomalies for these three MJO phases are presented in Fig. 15b. During phase 4 (grey line), 599 

low-level easterly anomalies and upper-level westerlies anomalies are evident, which is 600 

reminiscent of the vertical wind profile of offshore rainfall propagation (grey line in Fig. 14). 601 

This suggests that phase 4 of the MJO provides favorable conditions for offshore rainfall 602 

propagation. Similarly, phase 2 (blue line) exhibits easterly anomalies from the surface up to 200 603 

hPa, indicating a strengthening of the easterly trade winds during this phase, which favors 604 

onshore rainfall propagation. Phase 7 of the MJO (orange line) shows a weak low-level westerly 605 

anomaly (until 900 hPa) and upper-level easterly anomalies (above 800 hPa). These wind 606 

characteristics are relatively similar to those of the no rainfall propagation group (e.g., low-level 607 

westerly winds and mid-level easterly winds). With the limited sample size from the three MJO 608 



 

 

events analyzed in this study, our results suggest that specific rainfall propagation types are more 609 

likely to occur during certain MJO phases, and that this may be strongly linked to the MJO-scale 610 

modulation of the zonal wind, as well as a possible modifications to the background moisture 611 

that is not addressed here. Note that a similar analysis is conducted for days consistent between 612 

observations and model simulations. Although the sample size is smaller in each MJO phase, the 613 

results are similar (not shown). 614 

 615 

 616 
Figure 15: (a) The distribution of rainfall propagation types with MJO phases during the 617 

experimental period (January-February for 2013, 2016 and 2018), (b) Vertical profile of zonal 618 

wind anomalies (unit: m/s) for three MJO phases. The red outline highlights the MJO phases 619 

with the highest number of days for offshore, onshore and no propagation groups. The shaded 620 

regions indicate one standard deviation. 621 

4 Discussions and Conclusions 622 

Recent observational studies have demonstrated that the influence of large-scale climate 623 

mode variability on coastal rainfall in Northeast Australia is further modulated by local-scale 624 

processes (Wu and Leonard, 2019; Dao et al., 2023, 2025). However, the physical mechanisms 625 

underlying these scale-interactions are still an open question, partly due to the limited availability 626 

of high-resolution simulations capable of capturing a wide range of spatial and temporal scales. 627 

This study examines the interaction between mesoscale processes and large-scale forcings in 628 

modulating coastal rainfall over the northern Queensland using high-resolution AUS2200 629 

simulations with a horizontal grid spacing of 2.2 km. Our analyses are based on 180 simulation 630 

days from three strong MJO events under different ENSO conditions: January/February for 2013 631 

(ENSO neutral), 2016 (El Niño) and 2018 (La Niña).  632 

Spatially inhomogeneous rainfall patterns over coastal regions are evident in both radar 633 

observations and model simulations. Our results indicate that rainfall propagation is one of the 634 

factors contributing to the inhomogeneous precipitation pattern along the coast by modulating 635 

the average rainfall distribution. For example, offshore rainfall propagation generally leads to a 636 

widespread rainfall pattern across the entire coastal radar domain, while onshore rainfall 637 

propagation results in higher rainfall amounts over the ocean part. In contrast, the no rainfall 638 

propagation group is associated with higher average rainfall over the land areas of the radar 639 



 

 

domain. This finding is consistent with previous studies in the deep tropics demonstrating that 640 

diurnal rainfall propagation influences the distribution and intensity of coastal precipitation 641 

(Coppin et al., 2020, Yang and Du, 2022).  642 

Our results show that large-scale background winds and mesoscale land-sea breezes are 643 

two important factors controlling rainfall propagation near the coast of northern Queensland. The 644 

key findings are summarized in the schematic diagram in Fig. 16. For offshore rainfall 645 

propagation, rainfall is typically triggered over land during the afternoon by sea breezes and then 646 

propagates offshore during the nighttime with land breezes and large-scale upper-level westerly 647 

winds. This is consistent with the previous studies in the deep tropics, which highlight the 648 

influence of land breezes (Vincent and Lane 2016, Bai et al., 2021 and Peatman et al., 2023) and 649 

large-scale background winds (Short et al., 2019, Natoli and Maloney 2022, 2023) in driving 650 

offshore rainfall near the coast. Onshore rainfall propagation tends to occur on days with strong 651 

and deep easterly trade winds. Rainfall in this group is associated with the interaction of easterly 652 

trade winds and topography, a key synoptic-scale process influencing rainfall along the 653 

Queensland coast (Lyons and Bonnell, 1992; Connor and Bonnell, 1998, Klingaman, 2012). For 654 

the no propagation group, rainfall is initiated during the afternoon due to the convergence of sea 655 

breezes and low-level background westerlies, and it persists over land during the nighttime under 656 

the influence of strong easterly winds extending from surface to the mid-levels of the 657 

atmosphere.  658 

 659 

 660 
Figure 16: Schematic diagram illustrating the vertical structure of winds for different rainfall 661 

propagation groups. Black vectors represent wind direction and amplitude in the afternoon and at 662 

night, white vectors indicate land breezes, and red vectors show the rainfall propagation 663 

direction. The land (ocean) is shown in orange (blue).  664 

 665 

Gravity waves are also known as an important factor controlling offshore rainfall 666 

propagation in the deep tropics (Love et al., 2011; Hassim et al., 2016; Yokoi et al., 2017; 667 

Coppin and Bellon 2019) and although they may not lead to an organized squall line, their 668 

influences are dominant farther offshore (Vincent and Lane 2016, Bai et al., 2021 and Peatman et 669 

al., 2023). Offshore propagation speeds in this study (approximately 5 m/s) are consistent with 670 

the near-shore part of the offshore propagation found in the deep tropics by Peatman et al. 671 

(2014), Vincent and Lane (2016), and much slower than the gravity wave speed (approximately 672 

15 m/s, Love et al., 2011; Peatman et al., 2023). As this study focuses on understanding the 673 



 

 

physical mechanisms behind the inhomogeneous rainfall patterns observed along northern 674 

Queensland’s coastal areas, we primarily focus on processes (e.g., the land-sea breeze and the 675 

large-scale background winds) that affect rainfall propagation near the coast. Future research 676 

could explore the role of gravity waves in the distribution of rainfall farther offshore.  677 

The onshore rainfall propagation group in this study exhibits several interesting features that 678 

require further investigation. For example, a secondary rainfall peak is observed over the ocean 679 

during the nighttime (around 22 LT), along with evidence of offshore propagation of nocturnal 680 

oceanic rainfall. Bai et al., (2021) found that low-level convergence resulted from the interaction 681 

of offshore land breeze and onshore background wind is the key mechanism driving nocturnal 682 

offshore rainfall propagation near the west coast of Sumatra. Other factors such as gravity waves 683 

(Mapes et al., 2003; Love et al., 2001; Du and Rotunno 2018), the direction and intensity of the 684 

background wind (Wang and Sobel 2017; Du and Rotunno 2018), inertial oscillation (Du et al., 685 

2014; Xue et al., 2018) can also affect the nocturnal offshore rainfall propagation. A more detailed 686 

quantitative analysis is needed to fully understand these processes, which is beyond the scope of 687 

the present study. 688 

 689 

This study also discusses the relationship between rainfall propagation and the MJO. We 690 

found that specific MJO phases may provide favorable conditions for certain types of rainfall 691 

propagation. For example, phase 4 of the MJO (transition phase) has conditions that support 692 

offshore rainfall propagation. Natoli and Maloney (2023) also noted that the transition from 693 

suppressed phases to enhanced phase of the boreal summer intraseasonal oscillation (BSISO) 694 

provides favorable conditions for a strong diurnal cycle and offshore rainfall propagation over 695 

Luzon Island. Given the clear dependence on the vertical wind profile demonstrated in this 696 

paper, we hypothesize that a key mechanism by which the MJO modifies the offshore 697 

propagation in this region is via changes to the background wind. Changes in the strength of the 698 

land-sea breeze circulation arising due to feedbacks between clouds, moisture and net radiative 699 

heating of the surface may be a secondary influence. However, due to the limited sample size in 700 

this study, there are still some uncertainties in the MJO-rainfall propagation relationship. Future 701 

studies with larger sample sizes are needed to re-examine the relationship between rainfall 702 

propagation and large-scale climate variability.  703 

 704 

Scale interaction between atmospheric convection and large-scale dynamics is two-way 705 

in the tropics. The diurnal cycle of rainfall in tropical coastal and island regions can also 706 

modulate large-scale atmospheric variabilities such as the MJO and ENSO. Over the Maritime 707 

Continent, diurnal rainfall propagation can either facilitate or inhibit MJO eastward propagation, 708 

depending on its phase alignment with MJO convection (Peatman et al., 2014; Birch et al., 2016; 709 

Hagos et al., 2016). Our results indicate that rainfall propagation modulates average rainfall 710 

patterns and therefore could potentially influence rainfall anomalies associated with different 711 

MJO and ENSO phases. This may help explain the occurrence of localized enhanced rainfall 712 

during the suppressed MJO phases or El Niño events, as observed in Dao et al. (2023; 2025. 713 

Future studies could look at impact of these different rainfall propagations on larger-scale 714 

variability. Further research is also needed to better understand the upscale impacts of mesoscale 715 

processes on tropical climate dynamics. 716 

Although high-resolution simulations have been used in previous studies to understand 717 

the impact of scale interactions on coastal rainfall over the deep tropics (Birch et al., 2016; 718 

Vincent and Lane 2018; Wei et al., 2020), to the best of our knowledge, this is the first study to 719 



 

 

examine the impact of the interaction between large-scale and local-scale forcings on modulating 720 

coastal rainfall in Queensland using high resolution simulations. This region is unique because of 721 

the influence of persistent easterly trade winds at low- and mid-levels, and the influence of the 722 

mid- latitude weather systems. These aspects mean that this region has distinct drivers of coastal 723 

rainfall that set it aside from locations in the deep tropics. Our findings help better understand the 724 

processes that control spatially inhomogeneous coastal rainfall patterns over northern 725 

Queensland. This is important for assessing the impact of climate change on rainfall and extreme 726 

events at the local coastal scale, which is critical for the numerous coastal communities and cities 727 

in the region. Given that Queensland is an important agricultural area, the findings also have 728 

potential values for water resource and agricultural management.  729 
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https://dx.doi.org/10.25914/JJWZ-0F13
https://weather.uwyo.edu/upperair/sounding.html
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysisera5-pressure-levels


 

 

are provided by the NASA/Goddard Space Flight Center's Precipitation Processing Center.  The 753 

datasets are archived at the NASA GES DISC (https://disc.gsfc.nasa.gov). The Real-time 754 

Multivariate MJO (RMM) index was downloaded from the Australia Bureau of Meteorology 755 

(http://www.bom.gov.au/climate/mjo/) The codes can be made available by the corresponding 756 

author upon reasonable request.  757 
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