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Present day and future urban cooling enabled by integrated water management
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The process of urbanisation has increased public health risks due to urban heat, risks that will be further exacerbated in future decades by climate change. However, the growing adoption of integrated water management (IWM) practices (coordinated stormwater management of water, land, and resources) provides an opportunity to support urban heat amelioration through water supply provision and irrigated and vegetated infrastructure that can provide cooling benefits. This study examines the thermal impacts of future implementations of IWM for nine Australian cities based on a review of Government policy documents in the present and over two future time frames (2030 and 2050) under different greenhouse gas emission scenarios (SSPs 1.2-6, 3.7-0 and 5.8-5). Statistical analysis of the future climate data using historical data shows that future warming is nuanced, with changes variable in both time and place, and with extremes becoming more pronounced in future. We have developed a unique approach to morph the future climate projections onto historical data (derived from the ERA5 Reanalysis product) for the 2010-2020 period. Additionally, we use locally appropriate Local Climate Zones (LCZs) for Australian cities, resulting from a holistic and global approach that is widely adopted by the urban climate modelling community. We developed scenarios for business-as-usual as well as implementation of moderate and high levels of IWM across each of the Australian LCZs and modelled them using TARGET (The Air temperature Response to Green infrastructure Evaluation Tool). Results generated at the LCZ level are aggregated to Australian statistical areas (SA4, the largest sub-city area) and city-wide levels. The thermal impacts associated with the various degrees of IWM were marked and geographically differentiated, depending on the climatic characteristics of the various cities. For the current climate, high IWM intervention provided reductions in annual mean daily maximum temperature ranging from -0.77°C in Darwin, up to -1.86°C in Perth. Generally, the drier southern cities of Sydney, Canberra, Albury, Melbourne, Adelaide, and Perth produced the greatest thermal response to implementation of IWM and the more tropical cities with higher rainfalls the least response. For some southern cities cooling was > -3.0°C at the time of maximum summer temperatures. Interestingly high levels of IWM in winter produced modest warming of minimum overnight temperatures, especially for the cooler southern cities. The cooling benefits of IWM were seen across all future climate scenarios and are a real opportunity to offset-projected temperature increases resulting from climate change.
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1 Introduction

Cities, through the process of urbanization, have altered natural surface energy balances (Oke et al., 2017) and water cycles (Coutts et al., 2012). The conversion of vegetated surfaces to hard impervious surfaces with higher heat storage capacity, reduced shading of surfaces from shrinking vegetated urban canopies (Brunner and Cozens, 2013), and reductions in available water for evapotranspiration (Spronken-Smith and Oke, 2010; Middel and Krayenhoff, 2019; Cheung et al., 2022) result in increased canopy air and surface temperatures (Martilli et al., 2020; Nice et al., 2022) and greater risks to health (Nicholls et al., 2008; Loughnan et al., 2010; Nazarian et al., 2022). Urban heat will be further exacerbated by climate change, projected to bring increasingly frequent and intense heat waves (Perkins-Kirkpatrick and Lewis, 2020), increasing droughts (IPCC, 2021), and localized warming (Zhao et al., 2021).

Strategies to mitigate urban heat can involve methods such as surface albedo changes, vegetation cover, irrigation, and the use of water (Krayenhoff et al., 2021). Vegetation and water have been widely recognized to provide urban cooling benefits through evapotranspiration and shading (Bowler et al., 2010; Coutts et al., 2012, 2015; Demuzere et al., 2014a). Replacement of hard impervious surfaces with pervious vegetated surfaces provides additional cooling (Middel and Krayenhoff, 2019). The use of water provides urban cooling through evaporative cooling from large water bodies (Theeuwes et al., 2013; Völker et al., 2013). Additionally, irrigation of vegetated surfaces (Broadbent et al., 2017; Cheung et al., 2021) as well as impervious surfaces (Hendel et al., 2016; Solcerova et al., 2018) can provide cooling benefits.

Stormwater water management frameworks, to protect urban areas from flooding and provide waterway and pollution protections (Whiteoak, 2019; Renouf et al., 2020), also enable the provision of alternative water supplies. The physical infrastructure required for these frameworks, e.g., blue-green infrastructure (BGI), can also provide cooling benefits (Demuzere et al., 2014b; Jamei and Tapper, 2019; Probst et al., 2022). The frameworks include Water Sensitive Urban Design (WSUD) (Wong and Brown, 2009; Newton and Rogers, 2020), Sponge Cities (Jia et al., 2020), Sustainable Urban Drainage Systems (SUDS) (Woods-Ballard et al., 2007), among others. Integrated Water Management (IWM), defined by Global Water Partnership (2000) as ‘a process which promotes the coordinated development and management of water, land and related resources, in order to maximise the resultant economic and social welfare in an equitable manner without compromising the sustainability of vital ecosystems' provides the mechanisms for frameworks such as WSUD.

The growing adoption of IWM across governments and water providers, such as the Australian state of Victoria's IWM framework (State of Victoria, 2017), enables the adoption of cooling strategies based on increased urban vegetation and water. To explore the expected benefits from these strategies, the literature can provide some data, but ultimately a full exploration will require modelling. Cooling magnitudes from irrigation of green space varies with background climate. In most cities in the world in different climate types, the expected benefit is approximately 1°C in air temperature reductions, where arid cities see reductions of up to 1.65°C (Cheung et al., 2021). Surface temperature cooling from short vegetation (Santamouris et al., 2017; Yang et al., 2020) can range from 1-2°C whereas surface temperatures under tree canopies (Shashua-Bar and Hoffman, 2000; Cheung and Jim, 2018; Jia and Wang, 2021) can be up to 15°C cooler while air temperature reductions are more modest at 1–2°C. Artificial wetlands have been found to provide surface temperature reductions of up to 11°C and 1-2°C in air temperature, while water bodies were found to provide on average 2.5°C air temperature reductions (Theeuwes et al., 2013; Völker et al., 2013; Manteghi et al., 2015; Broadbent et al., 2017).

This study examines the potential cooling that can be provided through the additional BGI infrastructure enabled through IWM in all the major cities in Australia. We utilise the Air-temperature Response to Green/blue-infrastructure Evaluation Tool (TARGET) (Broadbent et al., 2019), a local-scaled climate model designed to efficiently evaluate heat mitigation benefits of blue-green infrastructure and to predict temporal and spatial patterns of air and surface temperatures at the neighbourhood to city scale. TARGET is efficient and easy to use, with fewer user-defined parameters and less model input data required than other urban climate models. The model utilises an idealised urban canyon representation with an aggregation of land cover types of grass, irrigated grass, trees, concrete, asphalt, buildings, and water. The modelling approach allows multiple IWM interventions to be tested across present day climate conditions as well as projected future climate conditions. The hypothesis that will be tested is that IWM interventions that increase fractions of vegetation cover and amounts of irrigated vegetation and water bodies, subsequently reducing fractions of hard impervious surfaces, will result in significantly cooler urban areas both in the present day and under future climate conditions. Results will test seasonal and diurnal variations across multiple years as well as across multiple cities in different climate zones (temperate and tropical). Finally, the potential to offset climate change warming will be tested under a range of IWM interventions.



2 Methods

To run the TARGET model, two sources of information are required: (1) meteorological time series of air temperature, humidity, wind speed, air pressure, and incoming short- and longwave radiation, and (2) gridded land cover fractions that include percentages of roof, road, water, concrete, vegetation (i.e., trees), dry grass, and irrigated grass.

Since TARGET will be applied over seven capital cities (Adelaide, Brisbane, Canberra, Darwin, Melbourne, Perth, and Sydney) and two regional centres (Albury-Wodonga and Townsville), which do not all have the required input data readily available, these datasets are sourced from generic and state-of-the-art data sources and re-structured to fit the requirements of this project.


2.1 Meteorological forcing and climate change data

Historical meteorological data are extracted from the ERA5 reanalysis product (Hersbach et al., 2020), provided by ECMWF (European Centre for Medium-Range Weather Forecasts), for the period 2010–2020 and for all nine capital cities and regional centres (see Figure 1 for Melbourne example). All required TARGET input variables are available at an hourly temporal resolution and represent the average background meteorology for a grid cell of ~30 × 30 km. ERA5 combines vast amounts of historical observations into global estimates using advanced modelling and data assimilation systems and is to date the best available reanalysis product. ERA5 data was used rather than Bureau of Meteorology (BoM) data for several reasons. The ERA5 data are a synthesis of observational (BoM) and modelling data that best represents the climate across the urban location of interest, rather than one observational location usually representing a rural environment outside of the urban centre. The data are available hourly and most critically include data (e.g., radiation) required to run TARGET that are not available from the BoM observations. When processed through TARGET, the ERA5 data will give a much better representation of the urban climate than is possible with the original BoM observations.


[image: Figure 1]
FIGURE 1
 Historic hourly ERA5 forcing meteorology for Melbourne, showing only 2010 as an example.


Climate change data are taken from the most recent Coupled Model Intercomparison Project Phase 6 (Eyring et al., 2016) (CMIP6) archive, developed within the framework of IPCC's 6th Assessment Report (IPCC, 2021). Since hourly output is typically not available from the global climate models (GCMs) available in CMIP6, daily minimum, mean and maximum temperature are extracted from 17 CMIP6 models, for:

• all nine capital cities and regional centres

• three shared socioeconomic pathways (SSP) emission scenarios:

- 1.2-6: Limit warming below 2°C,

- 3.7-0: Middle of the road—current trajectory,

- 5.8-5: No policy (worst-case) scenario

• two future periods: centred on 2030 and 2050

The air temperature climate change signal obtained from CMIP6 data is superimposed onto the historic ERA5 time series via a “morphing” process. This technique refers to the application of a shift (in mean) and a stretch (in minimum and maximum) of the observed time series, to change both the mean and the variance (Belcher et al., 2005; Pulkkinen and Louis, 2021). For each month, a minimum, median, and maximum air temperature change is computed as the ensemble median over all CMIP6 models, per city, SSP scenario, and future period (see Figure 2 for Melbourne example).


[image: Figure 2]
FIGURE 2
 Projected change in minimum, mean and maximum monthly temperatures for Melbourne (ΔT, °C), as the median over all 17 CMIP6 models, for SSPs 1.2-6, 3.7-0, 5.8-5, and target periods 2030 (left) and 2050 (right).


Superimposing the CMIP6 ensemble median monthly minimum, mean and maximum temperature changes (ΔT) onto the ERA5 historical air temperature provides a detailed yet nuanced new time series of projected future air temperatures (Figure 3 for Melbourne). The seasonal histograms in Figure 3 indicate that temperature changes are variable in time, with the strongest warming in summer months, and a more moderate warming in cooler months. Simultaneously, warming patterns are often asymmetric, e.g., the long right-hand tail of ΔT for SSP 5.8-5 in SON (September, October, and November) 2050, indicating that extremes will become more pronounced in the future. This procedure has been finalised for all nine capital cities and regional centres (not shown), which means that all meteorological and climate change information are available to run TARGET.


[image: Figure 3]
FIGURE 3
 Seasonal histograms of hourly temperature change between the morphed future time series and the historical ERA5 time series, for Melbourne. Future time series reflect both the SSPs emission scenarios (line colours) and target future periods (line types). DFJ, MAM, JJA, and SON refer to the meteorological seasons: austral summer (December–January–February), autumn (March-April-May), winter (June-July-August), and spring (September–October–November).




2.2 Land cover fractions and IWM interventions

The land cover (fractions) for all nine selected cities is described using the LCZ typology (Stewart and Oke, 2012). This is a holistic and global approach that allocates landscapes according to properties that influence screen-height temperature, namely surface structure (height and spacing of buildings and trees) surface cover (pervious including vegetation, or impervious), and material properties. As each of the 17 LCZ classes (10 of which are built LCZs, see Figure S1 in the Appendix) are associated with key urban canopy parameters (Ching et al., 2018), this scheme is extremely well-suited for (1) providing universal and consistent present-day landscape data for TARGET, and (2) devising IWM scenarios for use in TARGET. Here, the LCZ maps for all 9 cities are extracted from the global LCZ map available at a 100m spatial resolution (Demuzere et al., 2022). The LCZ map for Melbourne is shown in Figure 4 as an example.


[image: Figure 4]
FIGURE 4
 LCZ map for Melbourne.


Each of the LCZ typologies are assigned geometric properties (e.g., ratio of building height to street width) and surface cover fractions (e.g., impervious surface fractions). Stewart and Oke (2012) provide a range of values from which default values can be derived. Within these ranges, we sought to assign more accurate geometric and surface cover fractions for the Australian context that better represent the urban form found in Australian cities. Using a combination of grid point identification and GIS Land Use Land Cover databases (Geoscape, 2022) available for selected cities (see example in Figure 5), current business as usual (BAU) surface cover fractions were derived for each LCZ type as shown in Table 1 and Figure 6.


[image: Figure 5]
FIGURE 5
 Example of the use of Land Use Land Cover maps to derive surface cover fractions.



TABLE 1 Current (business as usual) surface cover properties (A: fraction of surface type, and total impervious and pervious, all in percentages) and geometric properties (BH building height and VH vegetation height, both in metres) for the LCZ classes present in the cities of interest (Subscripts to A refer to roof, conc (concrete), asph (asphalt), grass, igrs (irrigated grass), tree, water, and imp (impervious) and per (pervious) surface and land cover types).

[image: Table 1]
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FIGURE 6
 Surface cover fractions of each LCZ for business as usual (BAU), and moderate (MOD) and high (HIGH) IWM interventions.


Based on the current LCZ typologies for BAU, new typologies were developed that reflect the implementation of IWM. The interventions to be explored here focus on increasing tree canopy cover, retention of water in the urban landscape through water sensitive urban design, and irrigation (active or passive), and an overall shift from impervious (concrete/asphalt), to pervious surfaces, where possible. Several Australian states, territories, and Local Government Areas (LGA) are developing strategies or design guidelines that aim to mitigate urban heat. For example, the Parramatta Heat Strategy (City of Paramatta, 2021) aims to “Increase canopy cover to 40% by 2050 (based on 2016 levels)”. The Western Sydney Regional Organization of Council's (WSROC) (Western Sydney Regional Organisation of Councils, WSROC) Turn Down the Heat Strategy and Action Plan aims to “Reduce the average peak ambient temperatures in Western Sydney by 1.5°C through water, greening and cool materials strategies by 2023”. The draft NSW State Environmental Planning Policy (Design and Place) 2021 (SEPP) (New South Wales, 2021) includes a design consideration for green infrastructure including “whether the development maximizes tree canopy cover and provides sufficient deep soil to support the tree canopy”.

To develop future scenarios of IWM for implementation in this study, quite specific information is needed rather than broad guidelines that are more usually available in strategic reports. The NSW Government draft Urban Design Guide (2021) (New South Wales, 2021) provides canopy cover targets for street trees and lots across different urban land use types. The NSW Government Apartment Design Guide (2015) (NSW Department of Planning & Environment, 2015) specifies “deep soil zone” targets expected to support vegetation. The tree canopy cover and deep soil zone targets proposed in these guides align with the scenarios developed for each of the LCZ typologies (Table 2). In addition, for the ACT, Canberra's Living Infrastructure Plan: Cooling the City (ACT Government, 2019), a goal of 30% permeable surfaces by 2045 has been set, along with a goal of 30% tree canopy cover, and the Port Phillip Council in Melbourne requires that at least 20% of surfaces must be permeable (City of Port Phillip, 2018).


TABLE 2 Surface cover fractions for BAU scenarios followed by proposed tree canopy targets in the NSW Draft Urban Design Guidelines (Targets are given for both street trees and lots in various development categories).

[image: Table 2]

IWM includes water sensitive urban design features such as rainwater tanks, raingardens, tree-pits, swales, and wetlands, as well as alternative water sources for irrigation. In TARGET, these features are represented by the surface type ‘irrigated grass' and water bodies. In planning documents for IWM strategy there is almost no specification of targets for each of these interventions and there is little alignment between individual jurisdictions.

To develop a consistent approach across all the cities and LCZ typologies in this study, we developed ‘moderate' and ‘high' IWM scenarios for each of the LCZs. These were developed to be broadly consistent with the guidelines available (e.g., see above and Table 2) along with professional judgement of what might reasonably be accomplished. An iterative process was employed so that the total area of pervious and impervious surface summed to 100% of the LCZ (see Table 1). Figure 6 summarizes the finalized moderate and high IWM interventions for all LCZ classes used in this study.

To account for tropical/subtropical cities with pronounced wet seasons (Darwin, Townsville, and Brisbane) a dry season/wet season “switch”, based on the local rainfall climatology, was applied to each of those cities so that effectively these landscapes were fully “irrigated” during their wet season. This was because the “unirrigated” vegetation did not reflect the substantial moisture associated with those areas during the wet summer months for the TARGET modeling on the largely naturally vegetated LCZs 9, B and D. The dates for the switch for dry seasons are May 1 - November 1 for Darwin, April 1 - January 1 for Townsville and August 1 - December 1 for Brisbane.



2.3 Spatial aggregation of LCZs to SA4 areas and entire cities

For this project, the heat modeling supported a public health analysis of heat mitigation in Australian cities (Varghese et al., 2024) in which the health data was available at a Statistical Area Level 4 (SA4s) level. These are geographic areas built from whole Statistical Areas Level 3 (SA3s) and are the largest sub-state regions in the Main Structure of the ASGS (Australian Statistical Geography Standard). They are designed for the output of a variety of regional data, including the 2021 Census data. For this reason, all LCZ and TARGET outputs for each city have been mapped onto the local SA4 areas. However, for many cities the SA4 areas include large areas (often >50%) of rural and natural landscape that have little population and no IWM interventions. The presence of these areas “washes" out the IWM benefits when averaged across the whole SA4 area, so we needed to find a valid way of removing this effect. The approach used is described below.

For each city, only the urban fraction of the SA4 statistical areas is selected, using the global urban boundaries database (GUB) from Li et al. (2020). The LCZ map is then extracted for each SA4-GUB intersection, and the relative LCZ class weights are calculated (considering all built LCZs (1 to 10) and LCZs B and D). Finally, these weights are used to calculate the TARGET temperatures representative for the urban fraction of the SA4 sector. Figure 7 provides an example of the process for Adelaide. The weighted SA4 areas can then be aggregated again to generate a city-wide value of the temperature metric required (air temperature or amount of cooling observed, etc.).


[image: Figure 7]
FIGURE 7
 Mapping the SA4 areas from the LCZ map and the global urban boundaries (GUB) database, for Adelaide as an example. The SA4 statistical areas and GUB urban boundary are shown by the black and purple lines respectively. The pink hatched areas indicate the parts of the SA4 sections that are used to derive the LCZ class weights.


The climate of cities depends on their geographical location, local meteorology, and the form of the urban environment. It is well known that more built up areas are generally warmer than less built up and rural areas, particularly at night. However, because this is a relative comparison, these patterns do depend on the type, and moisture status, of natural surfaces. Data was collated at the SA4 level. For smaller cities (e.g., Canberra and Darwin) the SA4 level data covers the entire urban area. For larger cities, such as Melbourne and Sydney, there are several SA4s and spatial variability in temperature is likely. It should also be noted, that the outer SA4s do extend beyond the boundary of urban development and vary with elevation and natural surface cover.




3 Results

Scenario modeling with TARGET was performed for all LCZ classes and their IWM variations (BAU, MODERATE, HIGH) for all cities using ERA5 2010–2020 present day climate conditions as well as CMIP6-adjusted 2030 and 2050 SSP 1.2-6, 3.7-0, and 5.8-5 future climate scenarios. The complete results data set is available at https://doi.org/10.5281/zenodo.10099762 and summaries of the full set of results for each of the nine Australian cities in Appendix 2. The summary data are average daily values for 10-year time periods centered on 2015 (historical data), 2030, and 2050. Cooling for all cities associated with implementation of IWM is calculated as moderate [MOD] or high [HIGH] minus business as usual [BAU] temperatures.


3.1 Present day climate and BAU urban landscape modeling results for all cities

During the day, the SA4 that encompasses the CBD tends to be cooler than the surrounding low-density areas. Shading and heat storage during the day can lead to cooler temperatures in highly built-up areas. IWM tends to be more beneficial in low to medium density areas during the day. This is seen in both Brisbane and Melbourne (Figure 8). At night, the central, high-density areas of the city are warmest due heat trapping by buildings and the slow release of stored energy from urban surfaces.


[image: Figure 8]
FIGURE 8
 Present day LCZ map (left column), with SA4 (gray) and GUB (purple) boundaries. The middle and right panels indicate the (BAU) mean summer daily minimum (Min) and maximum (Max) temperatures respectively, for Brisbane (top row) and Melbourne (bottom row). Values in square brackets indicate the air temperature range across the available SA4 sections.




3.2 Impact of IWM on present day climate (BAU)
 
3.2.1 Annual impact of IWM interventions

The implementation of IWM for the present-day climate (as applied in TARGET) led to annual mean daily temperature reductions across all capital and regional cities. Results showed annual mean daily temperature reductions ranging from of -0.09°C in Brisbane to -0.22°C in Albury for MOD IWM interventions, and from -0.12°C in Brisbane to -0.35°C for Albury for HIGH IWM interventions (Table 3).


TABLE 3 Present day (BAU) annual daily mean, maximum (max) and minimum (min) air temperatures (in degrees C) for each capital or regional city, and the associated temperature changes resulting from moderate (MOD) and high (HIGH) IWM interventions.

[image: Table 3]

We also considered the impact of IWM on annual mean maximum and minimum daily temperatures to identify the impact throughout the day. Results showed that the MOD IWM interventions reduced annual mean daily maximum temperatures from -0.51°C in Darwin to -1.05°C in Albury and Perth. The effect is even more pronounced for HIGH IWM interventions, with temperature reductions in annual mean daily maximum temperature ranging from -0.77°C in Darwin, up to -1.86°C in Perth (Table 3).

The cooling behaviors described above are in line with expectations and are driven by the physical processes operating. MOD and HIGH IWM interventions provide increasing amounts of vegetation, shading and water availability compared with BAU. Evapotranspiration is maximized for abundant vegetation with a good water supply providing an extremely effective cooling mechanism, especially when the ambient air is dry and hot.

Generally, the drier southern cities produce the greatest thermal response to implementation of IWM. Therefore, cities such as Perth, Albury and Adelaide show the largest reductions in annual mean maximum daily temperatures from IWM interventions, while the cities of Melbourne, Canberra and Sydney show slightly lower reductions. In contrast, tropical cities, with pronounced wet seasons, produce the smallest thermal response as cooling associated with evapotranspiration is dramatically reduced when the ambient air is moist. This means reductions in annual mean maximum daily temperature from IWM interventions are smaller for Brisbane, Darwin, and Townsville (Table 3).

While the annual mean and maximum daily temperatures show reductions following the implementation of IWM, the annual minimum daily temperatures show an increase across all capital and regional cities. These increases range from 0.08°C in Darwin, to 0.43°C in Perth for the MOD interventions of IWM, and from 0.14°C to 0.8°C for the HIGH IWM interventions for Darwin and Perth respectively. The warming effect of IWM at times of minimum overnight temperature is also in line with expectations and is driven largely by increased storage of daytime heat in the soil (water dramatically increases soil thermal conductivity) followed by its nocturnal release. Cities that showed larger annual maximum daily temperature reductions from IWM also show larger increases in corresponding minimum temperatures. The degree of warming at the time of minimum temperature was unexpected and suggests that IWM could potentially provide health benefits at both ends of the temperature spectrum. This should be investigated further.



3.2.2 Seasonal impact of IWM interventions

The BAU mean daily, maximum, and minimum temperatures are also provided for Summer (DJF: December, January, and February) in Table 4 and Winter (JJA: June, July, and August) in Table 5. Results showed that the cooling benefit of IWM is substantially enhanced during summer for most cities, but especially for the drier southern cities (Table 4). This is most evident in the mean maximum daily temperatures, meaning IWM interventions (especially if implemented widely as in the HIGH case) can help reduce the heat exposure.


TABLE 4 Present day (BAU) austral summer (DJF) daily mean, maximum (max) and minimum (min) air temperatures (in degrees C) for each capital or regional city, and the associated temperature changes resulting from moderate (MOD) and high (HIGH) IWM interventions.

[image: Table 4]


TABLE 5 Present day (BAU) Austral winter (JJA) daily mean, maximum (max) and minimum (min) air temperatures (in degrees C) for each capital or regional city, and the associated temperature changes resulting from moderate (MOD) and high (HIGH) IWM interventions.

[image: Table 5]

The greatest summer IWM cooling benefits were once again seen for Albury (-3.32°C) and Perth (-3.12°C) at the time of maximum daily temperature for HIGH IWM interventions, while the reductions were more modest in tropical cities, such as Darwin (-0.77°C). Even the mean maximum daily temperature reductions for the MOD IWM interventions were between -0.49°C in Darwin and -1.91°C in Albury.

Considering the summer minimum daily temperatures, the increase in temperature from IWM interventions are not as large as the annual mean daily temperatures. While large temperature reductions are seen in the mean summer maximums during the day, only small temperature increases are seen in the mean summer minimums during the night, suggesting a net positive benefit for heat exposure in Australian cities from the widespread implementation of IWM.

In relation to the winter temperatures, IWM leads to some small reductions in mean winter maximum temperatures of between -0.25°C in Albury and Melbourne, -0.39°C for Perth and -0.45°C in Darwin (the dry season) (Table 5). However, the mean winter minimum temperatures seen at night increase, and to a greater amount than during Summer, meaning IWM can result in warmer nights during the winter, which may also have implications for health outcomes. This result was also seen in the mean daily winter temperatures. It is interesting to note that it is only Darwin that shows IWM cooling at mean daily (and maximum) temperatures.




3.3 Impact of IWM under changing climates
 
3.3.1 Climate change scenarios

As expected, all the Australian capital and regional cities warm considerably compared to the historical period, with the overall warming greatest for SSP5-8.5 for 2050. Albury has the greatest annual average daily increase in temperature of 1.3°C for SSP5-8.5 at 2050, while Melbourne has the lowest annual average daily increase in temperature of 1.05°C. These are not large changes in temperature, but it should be remembered that 2050 is less than 30 years away, and current average global warming levels are at 1.1°C warming since 1850–1900 (IPCC, 2021). Annual maximum temperatures increase more than mean or minimum temperatures, with Melbourne having the greatest increase in average annual daily maximum temperature of 2.12°C for SSP3-7.0 at 2050.

Comparing the annual average daily temperatures with the Austral summer and winter average daily temperatures (Tables S1–S9 in the Appendix), it is evident that for Australian cities, summers are warming slightly more than annual temperatures, and winter temperatures slightly less. For example, the increase in average daily mean temperatures in Albury in DJF is 1.5°C for SSP5-8.5 at 2050, 0.2°C greater than the annual increase. An example of the temperature increases under the selected climate change scenarios are given for Perth (Table 6). Projected temperature increases for the 2050 current trajectory emission scenario (SSP3-7.0 - highlighted green) are 1.09°C for mean annual daily temperatures but showed increases as high as 1.47°C for summer mean maximum temperatures. This is quite an additional heat load that communities, business, industry, and infrastructure will need to manage.


TABLE 6 Present day (BAU) annual (ANN) mean, maximum (max) and minimum (min) daily temperatures for Perth under each of the 2030 and 2050 climate change scenarios.

[image: Table 6]



3.3.2 Impact of IWM interventions under a changing climate

IWM presents an opportunity to offset projected temperature increases resulting from climate change. The MOD and HIGH IWM interventions were applied in TARGET to see how temperatures would respond under each of the emissions scenarios (Appendix 2). Although cooling differs between cities (as with BAU), the temperature reductions from IWM are relatively constant across all climate scenarios. There are some slight increases in cooling of daytime maximum temperatures (and slight warming during nocturnal minimum temperatures) as warming from climate change increases, however, these are generally less than 0.05°C.

The largest cooling from IWM is provided in the warmer and drier capital and regional cities, and during summer, so this is when there is greatest potential for IWM to offset warming driven by climate change. Given the hazards caused by extreme summer heat, such interventions can be extremely beneficial for urban and suburban residents, reducing peak heat exposure during the day and lowering energy demands.

To demonstrate this, Table 7 presents example data for three cities across Australia's climate spectrum: Perth, Brisbane, and Sydney. Table 7 shows the present-day temperatures and the projected temperatures for the 2050 SSP 3.7-0, along with the temperatures under this scenario following MOD and HIGH IWM interventions. Data suggests that with the MOD IWM interventions, the warming from climate change in 2050 (SSP 3.7-0) at summer maximum temperatures could be offset by the implementation of MOD IWM in the cities of Perth and Sydney (green highlight in Table 7). With HIGH implementation of IWM, warming from climate change could offset both mean annual daily and summer maximum temperatures for Perth and Sydney. In the more sub-tropical city of Brisbane, HIGH IWM could offset the summer maximum temperatures.


TABLE 7 Mean daily (mean), maximum (max) and minimum (min) air temperatures (in degrees C) for present day (ERA5), 2050 SSP3-7.5 emissions scenario, and the implementation of moderate (MON) and high (HIGH) IWM.
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While there are benefits of IWM for daytime maximum temperatures, the combination of warming from climate change and IWM at night should be considered. While increasing minimum temperatures during winter could save heating energy costs and cold-related health concerns, warmer temperatures at night in summer can still contribute to heat stress, particularly during heat waves. However, the net benefit is positive. In addition, other measures are available that can address high summer minimum temperatures, namely an increase in the albedo of urban surfaces such as roofs and roads, controlling building heights and street widths and reducing waste heat production (from building energy use and transport). The results in Table 7 are also presented below in Figure 9 for Perth, to visualize the general trends seen across the cities.


[image: Figure 9]
FIGURE 9
 Mean daily, maximum (max) and minimum (min) air temperatures (degrees C) for present day (ERA5), 2050 SSP3-7.5 emissions scenario, and the implementation of moderate (MON) and high (HIGH) IWM.






4 Discussion and conclusion

The Australian Department of Agriculture, Water, and the Environment (DAWE) commissioned this study to evaluate the healthcare cost savings from reducing urban heat through Integrated Water Management (IWM) practices. A key requirement from DAWE was the application of a uniform method across seven capital cities and two regional centers, ensuring a thorough and consistent analysis in diverse urban environments to fully understand the wide-ranging impacts and benefits of IWCM strategies under varying geographical and projected climate change scenarios. The complexity of the task was heightened as none of the nine urban centers had all necessary input data readily available. To address this, a flexible, consistent, and robust approach was developed, including the use of (i) the Local Climate Zone (LCZ) typology as a universal method to depict present-day land surface cover and integrate IWM policy guidelines, (ii) globally available ERA5 reanalysis data providing a basis for current climate simulations, enhanced by CMIP6 climate change projections for future scenarios, and iii) the TARGET model proven to be effective in modeling air temperatures and capturing the spatial temperature variability within and between Australian cities.

This methodical and scalable approach led to significant findings, characterized by its comprehensive nature and adaptability for different urban settings. Climate change was found to lead to warmer (mean daily, maximum, and minimum) temperatures across all Australian cities compared to business as usual with the overall warming greatest for the SSP5-8.5 emissions pathway for 2050. In Australian cities, summers are warming slightly more than annual temperatures, and winter temperatures slightly less.

To provide adaptations to these changes, two scenarios of IWM implementation were explored based on current policy and IWM was found capable of reducing urban air temperatures. The HIGH IWM scenario provided greater reductions in mean daily maximum air temperature. In general, IWM reduces mean daily maximum temperatures during the day, yet increases mean minimum temperatures at night. The net effect of this is a reduction in mean daily temperatures. The largest reductions in temperature from IWM are seen in the mean daily maximum temperatures during summer. The impact of IWM on temperature varies between cities and is more evident in cities with a hotter and drier climate (such as Albury and Perth) resulting in large reduction in mean maximum temperature, particularly in summer. The impact of IWM on temperature is less evident in more humid, tropical cities (such as Darwin and Townsville). Impacts of IWM implementation on projected temperatures under climate change vary between cities, and again larger reductions are seen in cities with hotter and drier climates. The variations in temperature for each city resulting from IWM, are very similar under all climate change scenarios.

IWM has the potential to offset some warming impacts from climate change. In hotter and drier cities, a MOD level of IWM implementation is effective in offsetting the projected mean maximum daily summer warming in 2050 under SSP3-7.0, and some of the warming in more humid, tropical cities. A HIGH level of IWM is needed to offset mean maximum daily summer warming in 2050 under SSP3-7 in humid, tropical cities. IWM generally results in warmer night-time minimum temperatures. However, additional urban heat mitigation measures will be needed to help offset this warming, particularly in summer. A range of options are available including increasing the albedo of urban surfaces (such as roofs and roads), controlling building heights and street widths, and reducing waste heat production (from building energy use and transport).

While the study successfully utilized the TARGET model as an effective tool for modeling air temperatures and capturing both the inter-city and intra-city spatial variability of temperatures in Australian cities, there are some notable limitations. The use of Local Climate Zones (LCZs) for providing a holistic and uniform land surface cover data allowed for the efficient modeling setup, but inherently this approach may oversimplify the complex urban environments. Also the use of ERA5 data and the superimposed CMIP6 climate change data, although robust, may not completely capture the localized microclimatic variations within cities. Finally, other heat mitigation strategies are available, such as increasing the albedo of urban surfaces (such as roofs and roads), controlling building heights and street widths, and reducing waste heat production (from building energy use and transport). These options could be explored in future work using TARGET and the approach used here.

Despite the above, this study's findings are highly relevant in terms of policy making and planning. The detailed data provided by the study can inform urban planning and development, guiding strategies to mitigate urban heat islands and improve climate resilience. Policymakers can use this information to formulate targeted policies and allocate resources effectively, particularly in healthcare and urban infrastructure. Moreover, understanding the economic and environmental benefits of IWM measures can justify investments in green and blue infrastructure, aiding stakeholders in decision-making processes. Additionally, the utilization of simple and uniform data facilitates clearer communication and mutual understanding across different departments and stakeholders. This shared “language” in interpreting data ensures that all parties are aligned and can collaboratively work toward common goals, enhancing the efficacy of policy implementation and stakeholder engagement.
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PERTH

ERAS 17.41 26.46 10.86 24.52 36.03 16.08 10.79 17.42 5.98
2050 SSP 3.7-0 18.5 27.82 11.8 25.74 37.5 17.17 11.67 18.52 6.72
2050 SSP 3.7-0 + MOD 18.36 26.73 12.28 25.16 17.45 11.93 18.12 743
2050 SSP 3.7-0+ HIGH 1827 - 12.68 24.7 17.67 12.18 17.84 8.01
BRISBANE

ERAS 19.86 26.91 14.49 24.99 32.03 19.77 14.03 2118 8.41
2050 SSP 3.7-0 20.99 28.13 15.59 26 33.11 20.72 1527 22.48 9.65
2050 SSP 3.7-0 + MOD 20.92 27.56 15.79 25.76 32.34 20.85 15.37 22.12 9.97
2050 SSP 3.7-0+ HIGH 209 27.25 15.94 25.61 - 20.96 15.49 21.88 10.21
SYDNEY

ERAS5 17.01 25.49 10.83 23.49 32.78 16.83 1022 17.87 4.62
2050 SSP 3.7-0 182 26.81 11.94 24.69 34.09 17.93 11.37 19.19 5.67
2050 SSP 3.7-0 + MOD 18.08 2591 12.22 24.27 18.1 11.52 18.77 6.05
2050 SSP 3.7-0+ HIGH 18.01 - 12.46 23.96 1827 11.68 18.5 6.36

The green highlight shows temperatures that are lower than for the present-day (ERA-5).





