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Image created based on rising sea levels, high tides and Christchurch flood level map associated
with a 50-year storm (image by Suphicha Muangsri, 2023, retrieving data and images from Tonkin
& Taylor Ltd (2017) and Christchurch City Council (2022)).
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Adaptive flood mitigation planning:
harnessing the maximum capability of
strategic green stormwater infrastructure

SUPHICHA MUANGSRI, WENDY MCWILLIAM AND GILLIAN LAWSON

looding in low-lying coastal cities is expected to worsen with climate change, and planning

for long-term flood mitigation is challenging due to high uncertainty in projections. Risks are

associated with under- or over-investment in expensive grey infrastructure. Implementing
green stormwater infrastructure (GSI) on strategically large private properties may be a lower-risk
alternative. In our previous studies published in 2022 and 2024, we found that the capability of
industrial properties to supplement city flood mitigation was substantial. They could offset climate
change impacts in the long term, even under a major climate change scenario, and reduce flood
probabilities. In this paper, we restate their potential as a case study of large private properties to
draw more attention from practitioners and transfer scientific knowledge into practice. The
maximum flood mitigation capabilities of large private properties can be met through networks of
GSI facilities and a long-term adaptation plan that considers all possible approaches to
implementing GSI over time. However, government regulations and policies are needed to support
their implementation to the maximum capabilities.

Challenges in flood mitigation planning in low-lying coastal cities

Low-lying coastal cities have been confronting challenges in flood management, which
will be exacerbated by climate change in the future (Dedekorkut-Howes, Torabi and
Howes, 2020; Terry, Winspear and Goff, 2021). The challenges involve three main
problems: increases in surface runoff, decreases in stormwater holding capacity and
increases in the level of exposure (figure 1). Surface runoff into rivers has increased
because impermeable surfaces in cities have expanded and intensified (Adnan et al,
2020) while storm events have increased in intensity and frequency with climate change
(Martel et al, 2021). At the same time, climate change is causing more seawater to enter
rivers due to higher sea levels, which will reduce the capacity of rivers to carry water and
consequently will increase flooding (Moftakhari et al, 2017). Groundwater levels will
increase with these rising sea levels (Vitousek et al, 2017), and thus reduce the storage
capacity for holding stormwater in-ground (Davtalab et al, 2020). Moreover, some coastal
cities, like Christchurch, are confronting high land subsidence rates that further increase
their flood risk (Bagheri-Gavkosh et al, 2021).

Determining long-term solutions for protecting cities from this flooding is challenging
for planners. Building higher and stronger defensive structures (for example, levees and sea
walls) to prevent water from entering urban areas comes with the risks associated with
under- or over-investment (Radhakrishnan et al, 2018) as we do not know how long their
capacities are going to last. In addition, the longer the projection period, the greater the
variations between different scenarios, making it challenging to determine the most suitable
scenario to prepare for (Yousefpour and Hanewinkel, 2016) (figure 2). While retreat
strategies are considered a cost-effective option to sustainably reduce flood risk in the long
term (Diaz, 2016; Haasnoot, Lawrence and Magnan, 2021; Temmerman et al, 2013), they
are very difficult to implement in communities (Lawrence et al, 2020) as many land owners
do not want to leave their land. However, in the far future, under a major climate change
scenario, retreat strategies might be the only option available to avoid the impacts of
flooding. While accommodation strategies are preferable to handle near- to mid-term flood
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impacts, the large facilities needed to hold large amounts of water, like underground storage
tanks, will be very expensive to build and maintain (Chen and Mehrabani, 2019; Saraswat,
Kumar and Mishra, 2016; Tsuchiya, Tortajada and Ratra, 2018).

Increases in surface Decreases in stormwater Increases in the
runoff holding capacity level of exposure

=

Urban expansion More intense and Higher seawater Higher water table Land subsidence
and intensification frequent storm events intrusion levels

Figure 1. The problems causing challenges in coastal city flood management (image by
Suphicha Muangsri, 2023).
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Figure 2. Substantial flooding is projected to occur in many low-lying coastal cities of
Aotearoa New Zealand. In Christchurch by 2050, runoff volumes corresponding to
different rainfall events were projected to increase by between 6 per cent under the
minor scenario (+1 degree Celsius by 2100) and 8 per cent under the major scenario
(+4 degrees Celsius by 2100). While the impact associated with the minor scenario
would remain steady after the middle of this century, increases in runoff volumes would
reach about 10 per cent under the moderate scenario (+2 degrees Celsius by 2100) and
25 per cent under the major scenario by the end of this century (image by Suphicha
Muangsri, 2023).

Implementing accommodation strategies through green stormwater infrastructure (GSI)
is less risky and is considered more cost-effective than one-time and expensive flood
mitigation investments (Haasnoot et al, 2013; Lawrence et al, 2021). GSI can be adaptively
implemented to provide supplemental flood mitigation alongside the current system as
climate change evolves (Haasnoot et al, 2012; Kirshen et al, 2015; Xu et al, 2019).
Implementing GSI can enable planners to delay decision-making on investments in large
engineering structures until the cost-effectiveness of those structures becomes better
informed (Aerts et al, 2014). However, the extent to which GSI can effectively mitigate
flooding depends on its ability to collect runoff from a wide area (Schubert et al, 2017).
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The greater the area that GSI facilities control, the more they can reduce catchment runoff
volume.

Due to limited space in already developed cities, only small-scale GSI facilities (for
example, green roofs, permeable surfaces, and rain gardens) are likely to be implemented
on limited public land, particularly along streets, or on small plots of private properties as
an alternative. However, their effectiveness is limited under extreme storm events,
particularly those induced by climate change (Joyce et al, 2017; Pappalardo et al, 2017;
Tao et al, 2017; Zahmatkesh et al, 2015). As these facilities have limited storage capacity,
they can only control runoff from small drainage areas. This means most private
properties are required to retain their on-site runoff in these GSI facilities in addition to
public land in order to substantially intercept a large amount of catchment runoff
(Schubert et al, 2017). However, there are several barriers to implementing GSI on private
land in general. Notably, many land owners do not want GSI facilities located on their land
(Dai, Worner and van Rijswick, 2017; Perry and Nawaz, 2008). Government management
of GSI facilities to ensure they continue to function is also difficult given private property
rights (Dai et al, 2017; Dhakal and Chevalier, 2017). The size and shape of available space
in small lots may not be able to accommodate GSI facility installation (Aparicio Uribe,
Bonilla Breenes and Hack, 2022; D’Ambrosio et al, 2022). Furthermore, it is very difficult
and time-consuming for governments to work with too many private land owners
(Backhaus and Fryd, 2012).

Targeting strategic private properties capable of implementing large-scale GSI
facilities (for example, detention or retention basins, wetlands and stormwater storage)
may be a viable alternative. Given large-scale facilities are more effective per unit area
(Damodaram et al, 2010), they can be strategically allocated on large lots with sizable areas
that have potential for installing GSI. This means fewer land owners would be required to
achieve a flood protection objective, and planners could target land owners who are highly
capable of providing flood mitigation and the most likely to benefit from implementing
GSI facilities.

Potential of large private properties to supplement city flood mitigation

The landscape characteristics of large private properties, such as industrial, commercial
and institutional land, could facilitate the installation of large-scale GSI facilities, resulting
in a greater reduction in stormwater discharge (Aparicio Uribe et al, 2022; D’Ambrosio et
al, 2022; Smith et al, 2015). For example, the results of our previous study highlighted the
potential of implementing GSI on existing industrial land in Christchurch, as a case study
of large private properties, to provide supplemental city flood mitigation under different
climate change scenarios up to the end of this century (Muangsri, McWilliam and Davies,
2023). The existing industrial land in four out of six catchments ranged in size from 3.3 per
cent to 28 per cent of the catchment area. This land could offset climate change—induced
flooding up to the middle of this century under a minor climate change scenario (+1 degree
Celsius by 2100). Two catchments could mitigate the impacts of a major climate change
scenario (+4 degrees Celsius by 2100) up to the end of this century. Moreover, they could
reduce the runoff volume of more infrequent (80-, 100- and 200-year) storms to below
the volume of a storm for which current drainage and flood protection systems are
designed (namely, a 50-year storm), although not under all climate scenarios (figure 3).

The findings of our study also indicated that GSI on large private properties could
collect not only on-site runoff volume but also off-site runoff from upstream. However,
these properties must have large upstream contributing areas, large potential GSI areas
and significant depths to the high water table (Muangsri et al, 2023). For example, our
study found that collecting runoff from 7.5 per cent (as the area of the industrial land) of
the Heathcote River catchment could offset climate change—induced flooding under a
moderate climate change scenario (+2 degrees Celsius by 2100) up to the end of this
century. GSI on this industrial land could reduce the impacts of a major climate change
scenario if it collected the runoff from an additional 23 per cent of the catchment that was
upstream of the industrial land (figure 3).
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Locations of industrial areas and upstream areas in Christchurch catchments
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Figure 3. The capabilities of existing industrial land in Christchurch catchments to
offset climate change—induced flooding and to reduce runoff volumes of storms larger
than the design storm of current drainage capacity (the 50-year storm) vary with the
percentage of the catchment occupied by industrial properties and whether they also
capture runoff from upstream (image by author, 2023). The findings in Muangsri and
colleagues (2024) refer to the data presented here.
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The need for a green stormwater infrastructure network

A network of GSI is needed to take full advantage of the land capability to mitigate
flooding. Storing off-site runoff from upstream would only be possible with a network to
convey runoff from upstream to large properties downstream. Runoff volume exceeding
GSI facilities may be transferred from one drainage area to others that have excess storage
capacity, and where geography is capable of diverting water from one waterway to another.

For example, industrial zone 2B in the Heathcote River catchment had a large
upstream area from which it could collect runoff (Muangsri et al, 2022a). However, the
amount of water was larger than its potential in-ground storage capacity; therefore, it
could only mitigate increased catchment runoff volume under the moderate climate
change scenario up to the end of this century. The catchment flood mitigation capability
could be enhanced if its excess runoff volume could be transferred to zones 2A and 2C,
which were geographically connected with zone 2B. The capabilities of these zones
combined could mitigate flooding just under that associated with the major climate change
scenario (figure 4). In addition, a GSI network could allow the properties, having excess
storage capacity beyond what is required, to trade their capability with the land owners
who find it challenging to accommodate GSI facilities with their existing land uses (Fu et
al, 2019). This could help municipalities achieve their flood protection objective while
minimising the number of land owners involved.

Collectable runoff volumes under a major climate change scenario Adaptation pathways

0.3 11
million m? . 0.1
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Figure 4. The summary of results from Muangsri and colleagues (2022a) demonstrates
that a GSI network consisting of industrial zones 2A, 2B and 2C in the Heathcote River
catchment, Christchurch, was almost able to mitigate climate change—induced flooding
corresponding to a major scenario, when the capabilities of those zones were optimally
utilised (image by author, 2023).

Long-term adaptive planning with climate change

GSI can be implemented through three possible approaches: retrofit, redesign and
relocation. Each approach is appropriate for different circumstances and times.

A retrofit approach, where GSI facilities can be installed in existing available space to
collect stormwater near the source, is the preferred approach as it allows for the immediate
rollout of GSI while causing less disruption to current land uses (Shafique and Kim, 2017).
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However, planners can only implement GSI facilities in areas that are currently considered
the most suitable, which may not achieve maximum capability in cases where all potential
GSI areas are needed. Conversely, in cases where only a small proportion of potential GSI
area is needed to achieve the maximum flood mitigation capability, retrofitting would be
the most appropriate.

A redesign approach involves altering the current site plan to better accommodate
GSI facilities. This approach may result in having more areas that are suitable for GSI,
where they may have been considered unsuitable before the redesign, and in turn
maximising flood mitigation (Rogers et al, 2020). As it requires significant changes, it
would not be a preferable option for near-term flood mitigation when the increased
impacts of climate change can be managed through a retrofit approach (Rosly and Rashid,
2013). However, this approach would become attractive as climate change impacts
continue to increase and existing land uses need to be changed to better serve future
functions (Jaroszewska, 2019).

A relocation approach would be more applicable in areas with high flood risk when
climate change impacts on coastal and groundwater floods cannot be mitigated in the far
future under more severe climate change scenarios (May, 2020; Rey-Valette, Robert and
Rulleau, 2019; Rogers et al, 2020). These flood-prone areas are likely to be located near
rivers and coastlines and have a shallow water table (Doberstein, Fitzgibbons and Mitchell,
2018). In the long term, planners may need to relocate development in these areas and
replace them with wetlands.

GSI networks can be implemented incrementally as climate change impacts increase
to provide long-term supplemental flood mitigation. Therefore, implementation does not
need to be limited to a retrofit approach. For instance, for near- to mid-term protection,
GSI could be implemented in properties where retrofitting involves limited land-use
disruptions. Where possible, these facilities could be expanded as needed to provide
further protection. Then properties that are more capable but require redesign and
relocation to achieve their substantial flood mitigation capability could be targeted for GSI
implementation to provide mid- to long-term protection as needed (figure 5).
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Figure 5. Muangsri and colleagues (2022b) classified large private properties into three
groups based on the proportion of potential GSI area required to achieve maximum flood
mitigation capability and the water table level. This classification can assist planners in
determining an appropriate approach and period for implementing GSI (image by
author, 2023).

A call to action!

Coastal city governments need to undertake the following three key actions to realise the
potential of large GSI facilities on private property to protect our cities from flooding under
climate change.
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Enhance the value of GSI implementation

To leverage the value of implementing GSI, regulation and policy changes are needed to
encourage land owners to implement GSI facilities. As a first step, policy-makers should
ensure that every private land owner has a share in the responsibility for controlling
surface runoff quantity and quality (Cote and Wolfe, 2014; Johns, 2019; van der Sterren
et al, 2009). For instance, Melbourne Water requires all developable properties to pay a
drainage contribution on the basis of the size and type of a development when it occurs
(Melbourne Water, 2020).

Another change to consider is whether to remove regulations that prevent off-site
stormwater management (Dhakal and Chevalier, 2017). For example, in cities where water
is often abundantly available (like Christchurch), providing free access to, or low-priced,
municipal water does not give land owners any incentive to store stormwater for reuse
(Labadie, 2011).

In addition, financial incentives are needed to encourage owners of highly capable
properties to collect off-site runoff where this is possible (Dhakal and Chevalier, 2017).
Municipalities might provide financial incentives by:

1.  offering an incentive to implement GSI through programmes that share costs and
management (Parikh et al, 2011) or through reduced taxes (Dudula and Randhir,
2016)

2. establishing markets for allowance trading of runoff discharge at the catchment scale,
which could enable off-site runoff collection (Fu et al, 2019). The trading market
would not only motivate those who have a high potential for flood mitigation to store
more runoff but also allow those with limited capability to meet minimum regulatory
requirements

3. subsidising the cost of applying sustainable land development certificates (Cease et
al, 2019) such as LEED and BREEAM (Saiu, Blec¢i¢ and Meloni, 2022) when GSI
facilities are implemented. Alternatively, cities could develop their own certification
programmes requiring GSI for flood mitigation.

Designate stormwater management zones in city plans

Defining large private properties with high capability as a special zone for stormwater
water management (SWM) would enable planners to make specific regulations for
individual zones to maximise the effectiveness of GSI implementation (Christchurch City
Council, 2016; de Moel, van Vliet and Aerts, 2014; Doberstein et al, 2018). Policies specific
to individual SWM zones will inform land owners of the long-term flood management
plans so that they do not inadvertently develop their lands in ways that may impede GSI
redesign and land use relocation in the future (Hetz and Bruns, 2014; Mathews, Surminski
and Roezer, 2021). In Australia, for example, the Queensland Reconstruction Authority
(2019) proposed a non-statutory guide for delivering a coordinated approach to managing
flood risk across the Brisbane River floodplain. It set out a range of strategies and actions,
including land use planning, for state and local governments to consider in order to
strengthen the flood resilience of the region. Moreover, a city plan must designate SWM
zones so that planners can play a key role in GSI monitoring and management, as zone
policies can specify the scope of a municipal authority to access private properties. This
action could help to overcome government concerns that land owners do not manage GSI
facilities (Dai et al, 2017; Johns, 2019; Mukhtarov et al, 2019).

Designating SWM zones can also provide land owners with financial support through
schemes such as transfer of development rights (TDR) programmes. A TDR programme
allows a municipality to restrict development density in an SWM zone below that
permitted in the building code. In return, land owners are compensated for losing the right
to develop their land at its maximum density (McGuire and Goodman, 2020).
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Establish new governing bodies

Governing bodies are needed to ensure that properties in an SWM zone can work together,
as well as cooperate with upstream communities and other SWM zones, to maximise flood
mitigation capability.

First, a governing body at the SWM zone level is a necessity to implement a GSI
network across properties within the zone. While land owners of selected properties
should be key members of these bodies, city officials should also be included so that GSI
networks are effectively integrated with the public stormwater management system and
follow flood management plans (van Buuren et al, 2018). For example, Melbourne Water
has some regional powers across catchments to designate areas where development is not
permitted. Local drainage schemes in a specific catchment area guide the standards that
developers need to meet for flood protection, water quality and waterway health.
(Melbourne Water, 2020).

In addition, a governing body at the catchment level is needed to orchestrate the
development of GSI networks in different zones to meet the goals of the catchment flood
mitigation plan over time. This governing body should consist of the representatives of
each strategic SWM zone, local agencies related to city flood management and community
stakeholders. Given the uncertainty surrounding climate change, this governing body
should have the autonomy to make decisions on implementing and managing GSI
networks; however, regional and/or central government must oversee it and provide
direction and support (van Buuren et al, 2018).

For governing bodies at both levels, disciplinary experts, such as hydrologists,
engineers, planners and/or landscape architects, may also be valuable to provide
guidelines for developing the GSI networks in support of multiple ecosystem services and
in the most efficient way (van Buuren et al, 2018).

Conclusions

This paper demonstrates that strategically implementing GSI on large private properties
can provide essential cost-effective supplementary flood mitigation to protect low-lying
coastal cities from flooding with climate change. Because the degree and timing of impact
cannot be predicted with certainty, long-term adaptive planning is essential to implement
GSI networks incrementally using a range of approaches. However, regulation and policy
changes will be needed to facilitate their implementation among land owners.
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