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Analysis of Rainfall Trend in Australia
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ABSTRACT: Australia is renowned for its highly variable rainfall patterns, which make it a continent marked by both droughts
and flooding rains. With global warming driving atmospheric warming and altering weather systems, this variability is projected to
intensify. Despite this, the specific trends and extent of rainfall changes across the country remain uncertain. Within this context,
in this study, the temporal variability of rainfall in Australia was examined at annual, seasonal, and monthly scales using rainfall
data spanning 1920 to 2020. Specifically, non-parametric tests were employed to assess the magnitude and significance of rainfall
trends across 505 rainfall series within the Australian region. Results showed a widespread increase in rainfall in summer and spring
throughout the study area. By contrast, autumn and winter showed a marked decrease in rainfall, with the greatest evidence along
the Queensland coast and in southern Western Australia. If these trends are confirmed in the coming years, these deficits could limit
water resources, affecting agricultural areas, the conservation of natural areas, and national parks. In addition, these changes in
rainfall could increase the risk of droughts and wildfires, which could also have socio-economic impacts.
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1. Introduction

The impact of global warming, driven by the rise in greenhouse gas emissions, has become increasingly evident
across various regions worldwide, especially since the 2000s [1]. In particular, ongoing global warming will result in
hotter days and fewer cold days, but also retreating glaciers, rising sea levels, and ocean acidification across the
southwest Pacific nations. Moreover, more fires will occur, and rainfall intensity will increase; yet, at the same time,
more droughts will occur [1]. The Sixth Assessment Report (AR6) of the United Nations (UN) Intergovernmental Panel
on Climate Change (IPCC) identified several key risks in this area. In particular, as regards Australia, the IPCC predicts
loss and degradation of coral reefs; loss of alpine biodiversity due to lack of snow cover; loss of forests in South
Australia, as well as in southeastern New Zealand; the disruption and decline in agricultural production and increased
stress on rural communities in the southwest, south and east of mainland Australia, and an increased heat-related
mortality and disease occurrence among both people and wildlife [1].

Due to the significant effects that climate change could have on the southwest Pacific nations and their population,
understanding and forecasting climate variability and change have become critical priorities for the research community
[2]. In particular, over the past century, analyzing precipitation trends has attracted substantial attention. As an example,
Salinger and Griffiths [3] analyzed climate trends from 1861 to 1990 and reported variability in precipitation patterns
across different decades. Moreover, work by Salinger et al. [4] highlighted increases in rainfall in the northeastern parts
of the Southern Pacific and decreases in the southwest. Notably, over the last century, eastern Australia has recorded
more summer precipitation, while parts of southwestern Australia have seen reduced winter rainfall [4,5]. For the period
between 1961 and 1998, a general decline in annual total rainfall has been observed in the South Pacific region. However,
some stations in French Polynesia and parts of New Zealand recorded increases in total rainfall [6], while at seasonal
scale, a positive trend in winter and in spring and a negative trend in summer and autumn have been detected [7].
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As regards Australia, its rainfall patterns, characterized by significant spatial and temporal variability, have been
the focus of numerous studies conducted at national and regional scales [8]. Considering the whole of Australia, Nicholls
and Lavery [9] analyzed 20th century rainfall trends across 191 high-quality stations and observed a sharp increase in
summer rainfall in eastern Australia around 1950, accompanied by a gradual decline in winter rainfall in southwestern
Australia. Suppiah and Hennessy [10] explored trends in extreme rainfall, total rainfall, and dry days across 125 stations
and reported an upward trend in extreme and total rainfall during the summer months. In winter, rainfall also increased
except in far southwestern Western Australia and inland Queensland. Using data from 379 high-quality stations,
Hennessy et al. [11] identified significant increases in annual rainfall, especially in Victoria, the second most populous
state of Australia. Smith [12] revealed a positive long-term trend in Australian rainfall between 1901 and 2002, largely
driven by increases in summer rainfall in western, northern, and central Australia, while winter rainfall in southwestern
Australia showed notable declines. Alexander et al. [13] reported that trends in extreme rainfall across most Australian
regions exceeded those in average rainfall. Liu et al. [14] investigated spatial and temporal patterns in annual and
seasonal rainfall, as well as extreme and non-extreme events across Australia. In the last years, several studies have
been performed at regional scales. Chowdhury and Beecham [15] analyzed monthly rainfall trends across 10 Australian
rainfall stations and observed an increasing trend year observation period. Similarly, Hope et al. [16] and Cai and Cowan
[17] found that annual rainfall in southeastern Australia has significantly decreased since the 1950s. Davis and Hanna
[18] examined rainfall changes in northern Australia from 1911 to 2013, noting that the region has become wetter.
Yildirim and Rahman [19] studied rainfall and drought patterns at 45 stations in southeastern Australia and observed a
rise in annual rainfall from 1920 to 2019, even though the period 1970-2019 showed a significant decline in rainfall.
Rauniyar and Power [20] examine rainfall variability and change in three sub-regions of the state of Victoria in Australia.
Finally, Fu et al. [21] analyzed the trend and the variability of rainfall characteristics influencing streamflow across the
state of Victoria in southeastern Australia.

Within this context, while previous studies on Australian rainfall trends have predominantly focused on regional
or sub-national scales, often using limited temporal windows or aggregated seasonal data, this study offers a
comprehensive and high-resolution analysis of rainfall variability across the entire Australian continent by analyzing
the monthly, seasonal and annual rainfall series recorded in the period 1920-2020.

2. Study Area and Data

Located in the southern hemisphere, Australia is the sixth largest country in the world with a surface area of over
7,688,000 km?, stretching from 10°41" S to 43°39’ S and 113°09" E to 153°39’ E (Figure 1). Most of the territory is
made up of plains and plateaus with an average altitude of 200 m. The Australian Alps are Australia’s highest mountain
range (e.g., the Great Dividing Range), located in southeastern Australia between the states of New South Wales and
Victoria, and are the only Australian mountain system with peaks over 2000 m snowcapped in winter. The major
waterways of the entire Oceanic continent lie within the Australian territory; however, since the land is predominantly
dry and arid, no major hydrographic networks have developed [22].

Four basic factors influence Australia’s climate: the size and shape of the country causing considerable changes in
air masses; the topography of the country and its effect on the movement of air masses; its position between the Pacific
Ocean to the east and the Indian Ocean to the west that characterize and influence the coastal climate; and its location
corresponding to a subtropical high-pressure zone. About 50% of the country has an average annual rainfall of less than
300 mm per year, and 80% has less than 600 mm per year. The highest rainfall is registered in the northeast and north
coast of the country and reaches 3800 mm per year, while the lowest is registered in the Simpson Desert with values
lower than 150 mm per year. In general, there are five main rainfall regimes that characterize the continent. Northern
Australia has an extremely wet monsoon season with dry winters. Northeastern Queensland has the highest annual
rainfall of the continent. In southeastern Queensland and northeastern New South Wales, summer is wet, and winter is
dry. Southeastern Australia, including parts of Victoria, eastern New South Wales, and Tasmania, has a relatively
uniform rainfall regime. The southwest of Western Australia has wet winters and dry summers, but the Mediterranean
climate causes a change in the subtropical high-pressure zone and the formation of westerlies [22].

The data used for this study were extracted from the official website of the Australian government, the Bureau of
Meteorology (BOM), which is responsible for collecting and publishing hydrometeorological data for the Australian
territory (http://www.bom.gov.au/, accessed on 31 December 2024). From the lists of national or state stations collecting
hydrometeorological data, those that have been in operation for more than 100 years were selected. Then, records were
checked for errors, metadata were analyzed for inhomogeneities, and stations with low-quality records or with a
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significant number of missing data (more than 5%), were not used. Finally, 505 sets of observations were selected,

covering the period from 1920 to 2020 (Figure 1).
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Figure 1. Study area with the selected rain gauges, the main cities and the different states.

3. Materials and Methods

The Theil-Sen estimator [23] and the Mann—Kendall test [24,25] have been selected, among the several non-parametric

tests for trend detection, for the assessment of the slope of the trend and of its statistical significance, respectively.

As regards the Theil-Sen estimator, for N pairs of observations, the slope estimates can be evaluated as follows:
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where P; and P; are the observations at time # and ¢; (¢ > t;), respectively.
The Sen's estimator of the slope is the median of these N values of O;, and is calculated as:

Q+1)2] if N is odd
Qied =
Q[n/2] + g[(f\”z)/z] if N is even

The Ques value reveals both the sign of the trend behavior and the magnitude of the trend.

As regards the Mann—Kendall test,

For a number of data () larger than 10, the standard normal test statistic can be evaluated as follows:
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where P is the observation at times k and j (with j > k), # is the number of ties of extent i and m is the number of tied
rank groups.

By applying a two-sided test, the significance of the trend can be assessed. In this work, the precipitation series
were analyzed considering a p-value = 0.05.
4. Results
4.1. Summary of the Trend Results

By analyzing the percentage of rain gauges showing significant trends, it is possible to detect the temporal
aggregations most affected by increases or decreases in precipitation (Figure 2).
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Figure 2. Percentages of the rain gauges showing positive or negative trends.

On the seasonal scale, only the summer season showed a higher percentage of positive trend, detected in 10.7% of
the rain gauges, than a negative one (5% of the rain gauges). On the contrary, in the other seasons, negative trends
prevail, especially in winter (15.4% of rain gauges against 2.2%) and autumn (12.5% and 1.6% of negative and positive
trends, respectively). The results of the analysis for the spring season showed 76 stations with a presence of a trend,
accounting for about 15% of the total, with negative and positive trends detected in 8.7% and 6.3% of the rain gauges,
respectively (Figure 2). Seasonal results reflect the ones obtained on a monthly scale. As an example, the spring months
showed a marked negative trend in October (18% of the rain gauges). At the same time, a high percentage of rain gauges
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with positive trends in November (19.2%), thus confirming the balance between negative and positive trend values
detected in this season. Also, in summer, the results have been confirmed by the monthly analyses, which showed a
majority of positive trends in December, January, and February (9.9%, 8.7%, and 7.1% of rain gauges, respectively).
The decrease in rainfall identified in autumn and winter is mainly due to the negative trends identified between April
and July. In fact, in autumn, negative trend values have been identified especially in April and May in 11.5% and 12.1%
of the rain gauges, respectively, whereas positive values have been detected in about 2% of the rain gauges for the
different months. Winter showed the highest percentage of negative trends on the seasonal scale; results for June and
July presented a majority of negative trends identified in 13.5% and 15% of the rain gauges, respectively, while only
about 1% showed positive values (Figure 2). Finally, on the annual scale, a prevailing negative trend has been detected.
In fact, 17.2% and 11.5% of the rain gauges showed negative and positive trends, respectively (Figure 2).

4.2. Spatial Results of the Trend Analysis for Spring

The spatial analyses of the spring trends showed a rainfall reduction, particularly along the coasts in southern
Western Australia near the cities of Perth and Augusta and in Victoria, especially around Melbourne (Figure 3a).
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Figure 3. Spatial results of the trend analysis for: (a) Spring; (b) September; (¢) October; (d) November.

They also resulted notably in Tasmania, near the city of Queenstown, where the largest decreases were recorded.
By contrast, increasing trends were observed in the internal areas, with the highest positive values detected in Victoria
(in the Alpine National Park) and in New South Wales (near Sydney). Results for September showed only a few
significant trends, with negative values mainly identified in the eastern side of Australia, across Queensland and New
South Wales (Figure 3b). October showed a large number of rain gauges with negative trends (18%), concentrated
almost exclusively in southern Western Australia, including Perth, Augusta, and the city of Denmark, in southern South
Australia, near the city of Adelaide and Ngarkat Conservation Park, and throughout Victoria, and interestingly, the city
of Melbourne and the Alpine National Park (Figure 3¢). Conversely, results for November showed increasing trends (in
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19.2% of rain gauges) distributed throughout Australia, with the largest increases in Adelaide and in the Australian
Capital Territory (Figure 3d).

4.3. Spatial Results of the Trend Analysis for Summer

In summer, results showed mostly increasing trends along the coastline, with the largest increases in Jardine River
National Park (Queensland) and the largest decreases on the coasts of the same region, near the city of Townsville and
K'gari. Negative trend values have also been identified in the coastal areas of South Australia, Victoria, and Tasmania,
especially in the Franklin-Gordon Wild Rivers National Park (Figure 4a). In December, results showed an almost total
increase in precipitation (9.9% of the rain gauges), recorded throughout Adelaide, Tumby Bay, and Ord River
Regeneration Reserve in northern Western Australia, but with the highest values still on the coastal areas, at Port Duglas
in northern Queensland. Few negative records were registered on the south coasts of Queensland, in Great Sandy
National Park, and Tasmania, near Hobart (Figure 4b).
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Figure 4. Spatial results of the trend analysis for: (a) Summer; (b) December; (¢) January; (d) February.

The spatial distribution of the trend results in January is similar to the one obtained in December, with increases
recorded especially in northern Western Australia, interesting the Karlamilyi National Park, and in northern Australia,
in the Fish River Gorge Block National Park. On the contrary, decreases were recorded on the southern coasts of
Queensland, near Brisbane and the Barakula State Forest, and in the coastal area of Sydney (Figure 4¢). In February,
positive values were identified in the northwestern and easternmost sides of Australia (Western Australia, Northern
Territory, and New South Wales), while negative trends mainly involved Victoria and Tasmania (Figure 4d).
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4.4. Spatial Results of the Trend Analysis for Autumn

The autumn season showed a general downward trend in the rainfall values. The largest decreases were recorded
on the Queensland coast, near Brisbane and Great Sandy National Park, but also in southern Western Australia, where
a large number of rain gauges showed negative trends in the Dwellingup State Forest and in Victoria, near Melbourne
(Figure 5a).
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Figure 5. Spatial results of the trend analysis for: (a) Autumn; (b) March; (¢) April; (d) May.

In March, a small number of rain gauges showed significant trends (3.4%), most of which were positive, even
though marked negative values had been identified in Queensland (Figure 5b). In contrast, April has a considerable
number of rain gauges showing a negative trend, spatially concentrated in Victoria, in the Grampians National Park,
New South Wales, interesting the Wollemi National Park and the Blue Mountains National Park, in southern
Queensland, and in Tasmania, in the Meredith Range Regional Reserve (Figure 5c). The latter two sites showed the
largest declines. May results can be compared to the April ones, as the percentage of the rain gauges shows significant
decreasing trends but with a different spatial distribution. In fact, most of the decreases were recorded throughout
Western Australia, especially in the south, interesting Dwellingup State Forest, Blackwood National Park, and Mount
Frankland National Park (Figure 5d).

4.5. Spatial Results of the Trend Analysis for Winter

Results for the winter season produced the largest number of series with significant trends compared to other
seasons. Most of these showed negative trends, which are distributed throughout Melbourne, Great Sandy National Park,
and especially throughout Western Australia, with a large concentration in the south and on the coasts, in Milyeannup
National Park, Greater Beedelup National Park, and the city of Perth, where the largest decreases were recorded (Figure
6a). The majority of the negative trends were recorded in June in Western Australia (Toolonga Nature Reserve, Greater
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Beedelup National Park, and the city of Perth), Queensland (in the Great Sandy National Park), and Tasmania (Douglas-
Apsley National Park and Lime Bay State Reserve) (Figure 6b). July also showed several negative trends spatially
distributed as in June but with a higher concentration in southern Queensland and New South Wales (Figure 6¢). On
the other hand, the results for August did not yield a significant number of marked trends; yet, the majority of them

showed negative values, most evident in South Australia, Adelaide, and Hardwicke Bay (Figure 6d).
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Figure 6. Spatial results of the trend analysis for: (a) Winter; (b) June; (¢) July; (d) August.

Table 1 shows a summary of the trend results obtained for the different seasons in the 7 states/territories of Australia.
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Table 1. Summary table aggregating seasonal trend results by state.

State Spring Summer Autumn Winter
Western — Decreases near Perth, Augusta <+ Increases in Pecember &. Ja.nuary in - Signiﬁcant decreases in the south = Widespread decrea'ses, especially in
. the north (Ord River, Karlamilyi NP); (Dwellingup SF, Blackwood & Mount  the south and coast (Milyeannup NP,
Australia (southwestern coast). .
some == on coasts. Frankland NPs). Perth). Largest seasonal decline.
. . =D in Melb d . . . .
L = Decreases around Melbourne; = == Negative trends on coasts; particularly ef:reases n e. ourne.an = Widespread negative trends, including
Victoria . . . . . Grampians NP (April); consistent .
increases in Alpine NP (inland). in summer months. in Melbourne.
downward trend across season.
. = Negative trends in Franklin-Gord . . . o
. = Largest spring decreases near ceative wends i . ran 1n. oreon Decreases in Meredith Range (April); == June declines in Douglas-Apsley &
Tasmania NP and near Hobart; minor < in some . . . .
Queenstown. parts continued declines into May. Lime Bay SR.
New South <+ Spring increa.ses inland (near Sydney);'— J anual"y decreases near Sydney; 4 = Apr.il decreases in Wollemi & Blue July declines, especially in the south,
Wales = in eastern regions (September). increases in the northeast. Mountains NPs.
- t St i in Jardi . . .
September 'and autumn decreases + TONS SUMmMET NCTeases M JAAME - - A\ tumn decreases around Brisbane = Negative trends in Great Sandy NP
Queensland along eastern side and coastal areas River NP; == on southern coast and Great Sandy NP; some 4 in March (June/July): more scattered in August
(Brisbane, Great Sandy NP). (Townsville, K'gari, Great Sandy NP). youb ] vr gust.
South = October decreases (Adelaide, Ngarkat < December increases (Adelaide, = Negative trends more apparent in May == August decreases (Adelaide,
Australia CP); mixed trends in other months. Tumby Bay); == on coasts. (notably drier period). Hardwicke Bay).
rth . . . J —Feb i Fish . .
No . e Not mentioned in spring results. + anuary-February increases (Fis No significant trend noted. No significant trend noted.
Territory River Gorge, eastern NT).

The symbols = and <+ indicate negative and positive tendencies, respectively.



Hydroecology and Engineering 2025, 2, 10008 10 of 14

5. Discussion
5.1. Seasonal Dynamics and Spatial Variability

Different tendencies depending on the areas and seasons investigated resulted from the analysis performed in this
study. In particular, a widespread rainfall increase in summer and spring was observed throughout the territory, with
the exception of Tasmania and the coastal area of Queensland. By contrast, autumn and winter showed a marked rainfall
decrease, with the greatest evidence along the coastal areas of Queensland, in the southern part of Western Australia,
and in New South Wales. These results agree with past regional studies conducted in the past century in Australia, such
as the ones by Nicholls and Lavery [9], Yu and Neil [26], Suppiah and Hennessy [10], and Hennessy et al. [11] who,
for different observation periods, generally detected an increase in summer rainfall and a decrease in winter ones.
Moreover, as regards the different regions of Australia, the results of this study confirmed the decreasing trend of winter
rainfall identified in the southwestern and eastern sides of Australia by Smith [12] and Hope et al. [16], and the
increasing rainfall trend of detected in northern Australia by Davis and Hanna [ 18] and in northwest Australia, especially
in summer [12,27]. Table 2 shows a comparative summary between the main results obtained in this study and the ones
reported in literature, considering some regional researches.

Table 2. Comparative summary: this study vs. literature regional research.

Findings of This Study Literature Results

Spring & Summer increases, except in Nicholls and Lavery [9] demonstrated increased summer rainfall across eastern Australia;
TAS and QLD coast Suppiah and Hennessy [10] reported rising intensity/frequency of summer precipitation.
Autumn & Winter decreases, Nicholls and Lavery [9], Theobald et al. [28], and Montazerolghaem et al. [29]

pronounced along QLD coast, S WA, consistently reported declining cool-season precipitation, particularly in southern and
NSW eastern Australia.

Winter rainfall decreases in
southwestern and eastern Australia
(SW WA, NSW)

Increasing rainfall trends in northern ~ Nicholls and Lavery [9] noted northern rainfall increases; follow-up analyses by Suppiah
and northwest Australia in summer and Hennessy [10] support rising wet-season precipitation in northern regions.

Allan and Haylock [30] and Haylock M, Nicholls [31] described significant
summer/winter drying trends tied to shifting westerlies and Southern Annular Mode.

5.2. Climatic Drivers and Synoptic Mechanisms

These spatial and seasonal patterns are consistent with the influence of multiple large-scale atmospheric and
oceanic processes [32,33]. The poleward expansion of the Hadley cell and the strengthening of the subtropical ridge
(STR) [34,35] have contributed to the northward displacement of storm tracks, especially in winter, reducing the
frequency and intensity of frontal systems and westerly disturbances reaching southern Australia. This mechanism is
especially significant for the persistent drying trends in southern Western Australia and the southeast coast, which
historically relied on these mid-latitude systems for winter precipitation. The Southern Annular Mode (SAM), trending
toward more positive phases [36], further explains reduced winter rainfall. A positive SAM is associated with a
contraction of westerly winds toward Antarctica, suppressing precipitation in southern Australia. These changes in
circulation patterns, along with increased positive Indian Ocean Dipole (IOD) events [37], have reduced the moisture
influx from the Indian Ocean, compounding dry conditions during autumn and winter. Additionally, the increasing
frequency of Central Pacific El Nifio events [38], as opposed to traditional Eastern Pacific events, modifies the Walker
circulation and suppresses convection over Australia, leading to rainfall reductions in eastern and southeastern regions
during critical planting and growing seasons. The Madden-Julian Oscillation (MJO) has also demonstrated prolonged
phases in recent decades [39], potentially influencing intra-seasonal rainfall variability, especially in the northern and
tropical parts of the country.

5.3. Comparison of Observed Rainfall Trends with IPCC Climate Model Projections

The spatial and temporal trends identified in this study reveal a clear pattern of seasonal rainfall redistribution
across Australia from 1920 to 2020. These findings align closely with the climate projections of the AR6 in which an
increasing intensity of the hydrological cycle under global warming scenarios has been highlighted [1].

In particular, the observed spring rainfall reductions along the southern and coastal fringes agree with the IPCC
simulations, which projected a poleward shift of the Southern Hemisphere storm tracks and a weakening of mid-latitude
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frontal systems. In fact, the CMIP6 models under the Shared Socioeconomic Pathways (SSPs) SSP2-4.5 and SSP5-8.5,
projected continued drying in southern Australia, especially in regions such as southwest Western Australia and
southeast Australia, including the Murray-Darling Basin. By contrast, the increasing spring rainfall observed in the
internal areas of New South Wales and Victoria (Alpine National Park) may reflect localized convective intensification
due to warming-driven increases in atmospheric moisture content. While these trends are more spatially heterogeneous
than those predicted by coarse-scale global models, they do align with the general expectation of increased extreme
precipitation events and greater intra-seasonal variability, particularly in subtropical and monsoonal regions. During
summer, the spatial pattern of rainfall trends shows widespread increases, especially along northern and northwestern
coasts, agreeing with the ARG projections that suggested enhanced rainfall in northern Australia under warmer climates.
At the same time, some coastal areas, particularly in southern Queensland and Tasmania, showed decreasing summer
rainfall trends, consistent with the high variability and regional irregularities projected in IPCC scenarios. In autumn,
the general downward trends in rainfall across Queensland, southern Western Australia, and Victoria are also aligned
with model projections of drying during the transitional seasons as the subtropical ridge continues to intensify and shift
southward. Finally, in winter, which displayed the most significant and widespread negative trends, especially in
southwestern Australia and eastern coastal regions, strongly supports the climate model consensus of a drying trend
across southern Australia. This is mainly due to the poleward shift of the westerlies and the increased dominance of
high-pressure systems, both of which limit moisture-laden frontal systems from reaching these regions. These changes
are robust across all major emissions scenarios and are expected to become more pronounced in the coming decades.

5.4. Implications for Water Resources and Ecosystems

Such rainfall trends have significant hydrological effects on the Australian continent. The combination of
diminished winter and autumn rainfall, especially in southern and coastal regions, and increased evaporative demand
due to rising temperatures [40] has resulted in reduced runoff and streamflow across large areas of the continent [41,42].
Consequently, surface water availability is decreasing [43], significantly threatening water security, especially in
heavily populated and agriculturally intensive regions such as Perth, Melbourne, and parts of Queensland. Reduced
water availability affects not only urban water supplies but also agricultural productivity, wetland ecosystems, and
groundwater recharge. Declining rainfall and runoff compromise irrigation-dependent farming, affecting both crop
yields and livestock and increasing competition for water resources between sectors. Ecosystems depending on
consistent hydrological cycles, such as those in Tasmania, the Grampians, and Dwellingup State Forest, face altered
habitats and reduced biodiversity. Furthermore, shifts in rainfall timing and intensity may influence the frequency and
severity of bushfires, particularly in regions with extended dry seasons and fuel accumulation. The increase in dust
storm events, linked to soil desiccation and vegetation loss in drying regions, poses additional risks to public health and
transportation safety [44].

5.5. Outlook and Adaptation

Understanding these rainfall trends is crucial for designing effective climate adaptation strategies. Water
infrastructure planning, such as reservoir management, irrigation systems, and urban water supply networks, must
account for seasonal shifts in rainfall and increased variability. Similarly, ecosystem management policies must foster
Nature-Based solutions such as revegetation or wetland restoration. Continuous monitoring and integration of high-
resolution climate models are required to anticipate future changes in rainfall patterns under various greenhouse gas
emission scenarios. Coupled with socioeconomic planning, these efforts can mitigate the worst effects of hydrological
stress and support sustainable water management and biodiversity conservation in Australia’s vulnerable regions.

5.6. Possible limitations

The spatial distribution of rain gauges, as shown in Figure 1, reveals an imbalance in data coverage across the
study area. In fact, rain gauges are mainly clustered in certain areas, corresponding to population centers or zones of
economic and agricultural significance. In contrast, large portions of the study area, particularly the more remote and
arid desert areas, appear to have little to no rain gauge coverage. This uneven distribution could present a limitation in
terms of spatial data coverage; however, desert regions are likely to have less or no concentration of rain gauges because
they receive very little rainfall, making frequent measurements less critical than cities or agriculture areas, especially
for climate change analyses.
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The use of traditional methods for trend analysis may constitute another limitation. In any case, in this study, non-
parametric tests have been chosen for trend detection in environmental data because they do not assume a specific data
distribution, making them well-suited for datasets that are non-normal, skewed, or contain outliers, common
characteristics of hydrological and climatic data. These methods are also robust against missing values and can handle
irregular sampling intervals, which is advantageous in long-term observational datasets. However, non-parametric tests
do have limitations. They typically do not account for serial correlation (autocorrelation) unless specifically adjusted,
which can inflate the significance of detected trends.

6. Conclusions

In this study, two established non-parametric methods, the Theil-Sen estimator and the Mann—Kendall test, have
been applied to assess temporal trends in rainfall across Australia based on a dataset of 505 monthly rainfall time series.
The findings reveal a predominance of negative rainfall trends at the annual scale and spatial and seasonal variability.
Rainfall reductions were most evident along the southern coastal regions of Western Australia, Victoria, and Tasmania,
particularly during the spring, autumn, and winter seasons. These declines are especially concerning in regions critical
for water supply and agriculture. Conversely, positive trends were identified in the inland areas of Victoria and New
South Wales and along the Queensland coastline during summer, suggesting localized increases that may reflect
changing atmospheric circulation patterns.

Overall, the persistence of declining rainfall across multiple seasons and regions suggests a long-term reduction in
water availability in several parts of Australia. Should these trends continue, they may lead to more frequent and severe
drought conditions, with implications for ecosystem sustainability, agricultural productivity, and water resource
management. These results highlight the need for regionally adaptive planning and nature-based solutions to mitigate
future hydrological risks.
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