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Abstract: Flooding has become one of the most dangerous and expensive disasters due to urban-
ization and climate change. Tools for assessing flood impact are required to support the shift of
flood mitigation management from post-disaster recovery and reconstruction to community-driven
pre-disaster warning and preparation. This study aims to develop an integrated approach to spatially
assess the economic and social losses and ecological gain and identify the geographical factors of
locations with high impacts of floods in Brisbane using the datasets collected from both the 2011 and
2022 flood events. Water depth, inundated area, land cover, ecosystem service value, mortality, and
morbidity were considered to assess flood impacts. It is found that downstream (above 23,500 m from
the upper stream) riverside communities (within 800 m of the river) with low altitudes (below 15 m)
are more likely to experience significant flood damage. Flood impacts have bell-shaped developments
with elevation and direct distance to the upstream river source and an exponential decline with
distances to the river. These findings have implications for formulating future urban land use and
community-tailored mitigation strategies, particularly for flood warning and preparation.

Keywords: flood damage assessment; flood impact; pre-disaster preparation; ecological gain;
Brisbane; spatial analysis; GIS

1. Introduction

Flooding has become one of the most dangerous and expensive disasters since the
last half of the 20th century. Direct economic damage from floods in Australia averaged
$377 million per year between 1967 and 2005 [1]. The main economic losses are generally
exposed in urban areas, which have the largest number of inhabitants and the highest
asset values [2,3]. Urban flooding is not only threatening Australia’s east coastal cities, but
most of the coastal low-lying cities around the world are facing varying degrees of flood
damage [4,5]. Climate change, which may increase the frequency of thunderstorms in the
warmer months [3,6] and sea levels [7], further exacerbates the impact of floods [8–10]. It is
evidenced that the frequency of flooding has increased since the late 19th century, especially
along Australia’s south-eastern coast [11]. He et al. [12] also illustrated that global warming
leads to an increased number of people exposed to flood risks. The raised incidence of urban
flooding over recent years highlights the need for reliable flood-mitigation strategies, and
the expansion of the number of studies related to the modeling and management of urban
flooding reveals an increasing awareness of the socio-economic losses and environmental
impact of urban flooding [10]. Hence, flood impact assessment is of global significance for
decision support and policy formulation in disaster management [13].

Floods have both negative and positive impacts [1]. On one hand, floods may cause
damage to valuable assets, especially in high-density urban areas. The property damage
includes but is not limited to buildings, motor vehicles, fences, and gardens. The cost of
labor and materials required to clean up flooded buildings also accounted for some of
the damage [14]. Studies also recognized that floods may lead to complex social impacts
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such as emotional stress, psychological and physical illness, and loss of life [14]. For
example, Deloitte Access Economics [15] places a monetary value on broad social impacts,
including health, employment, community, and education. On the other hand, flood plays
an important role in maintaining the ecosystem functioning and biodiversity. The World
Meteorological Organization [16] indicates that flooding serves several ecological functions,
including the recharge of groundwater systems, the transport of essential nutrients and
sediment to support plant growth, and the replenishment of wetlands, rivers, and lakes.
The Queensland Government [1] has also recognized the importance of floods in supporting
biodiversity. For aquatic life, floods replenish rivers and lakes and deliver food and energy
to streams, especially to small streams where the amount of sunlight is limited [16,17].
Furthermore, floods provide ample energy for terrestrial plants to grow and reproduce. For
example, flooding has a positive effect on the dispersal of cottonwood seeds and allows
the elongated roots of new cottonwood and willow seedlings to track the receding water
zone [18]. Górski et al. [19] explain that flooding not only replenishes wetlands and rivers,
providing nursery habitats for aquatic species but also creates a nutrient-rich environment
for larvae and juveniles. It is generally recognized that floods have positive impacts
on ecology.

A simple and integrated approach to assessing flood impact is required. Firstly, it is the
requirement of river basin governance for sustainable development. The current assessment
of flood impact focuses on the socio-economic losses, which ignores the ecological gain,
thus failing to support urban and rural planning of sustainable development. Secondly,
the focus of flood mitigation management has shifted from post-disaster recovery and
reconstruction to pre-disaster warning and preparation [20]. The current widely adopted
methods of flood damage assessment require a large amount of data collection after hazards,
and it cannot be assessed immediately. The total state-wide economic losses reported by the
Queensland Government for the 2011 and 2022 flood events were estimated by collecting
data from different departments, including the Insurance Commission of Australia and
the Queensland Reconstruction Authority. It is difficult to have a comprehensive estimate
of the extent and distribution of flood damage in a timely manner when a disaster occurs.
Third, increasing recognition of the ‘soft’ community-driven adaptive approaches has
led to a more cost-effective way to build community resilience and reduce flood losses
compared to the traditional hard engineering technologies such as large infrastructures
(e.g., levees, reservoirs, and land-use changes) for flood management [21]. This requires a
simple, easy-to-use, spatially explicit approach to flood mitigation. However, the existing
flood prediction and assessment tools were developed using complex hydrological and
geochronological models, requiring large inputs and high computation [22–24], and thus
are difficult for the public stakeholders to apply.

Flood hazard has become a key issue in lowlands since the beginning of the 21st
century [25], particularly in South East Queensland. Brisbane is Australia’s third largest
city with a population of over 2.5 million and is also a riparian city along the Brisbane River
with a long history of flooding events. The impacts of flooding in Brisbane are expected to
exacerbate in the future as urbanization accelerates [26,27]. Two of the most severe floods
in Brisbane for the past 20 years took place in 2011 and 2022. The 2011 flood in Brisbane
was considered one of the state’s most devastating and costly disasters, claiming 35 lives,
affecting an estimated 35,000–40,000 homes, and costing about $20 billion, equivalent to
1.5% of Queensland’s annual GDP [28]. The 2022 flood was the most recent flooding with
comparable damages, which claimed almost 200 injuries, damaging about 18,000 homes and
facilities and costing $7.7 billion [29]. Comparing these two flood events, therefore, provides
controlled evaluations on flooding impacts within the same geographical boundary and
supports better design of mitigation strategies for future management. Moreover, current
studies on Brisbane floods have mainly focused on analyzing the causes, impacts, and
implications of the 2011 flood [28]; analyses of the 2022 flood event are still scarce, and the
ecological gain and social cost affected by flooding remained largely unknown.
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This study aims to develop an integrated approach to spatially assess the economic
loss, ecological gain, and social damages of floods in Brisbane using the datasets collected
from both 2011 and 2022 flood events. It includes two objectives: (1) spatially estimate
the gains and losses for flood-inundated suburbs; (2) analyze the geographical factors
(elevation, direct distance from river, and direct distance to upstream river source) that
affect the flood gains and losses. It is expected that the approach developed from this
study will contribute to community-driven strategies for flood mitigation and an integrated
assessment of flood impact for future urban land-use planning.

2. Methods
2.1. Case Study

Brisbane is the capital city of Queensland, Australia (Figure 1). The Lower Brisbane
River flows through the center of Brisbane, with high population density and high property
values along the river. The river catchment includes a combination of natural forest, rural,
industrial, commercial, and residential land covers. Brisbane is prone to river flooding [30],
which can cause significant economic losses to riverside commercial and residential areas,
whereas forests and lakes along the river can benefit from irrigation and replenishment.
Two large dams, the Wivenhoe Dam and the Somerset Dam, were built to provide water
supply and temporary flood storage for cities along the Brisbane River. They are capable of
mitigating flooding events by reducing the downstream level of the Brisbane River and
have a total flood storage capacity of 1974 GL at their full storage capacity [31].

Brisbane has a humid subtropical climate, with rainfall mainly occurring from Decem-
ber to March, averaging more than 100 mm per month. Since the start of the 21st century,
Brisbane has suffered two significant floods, one in 2011 and one in 2022. For the 2011
event, the heaviest rainfall occurred inland along the western edge of the Brisbane River
catchment. Recorded gauge levels for this event show Brisbane’s peak three-day rainfall
was 166 mm, while the peak one-day total was 110 mm [31], resulting in the second-highest
flood in the Brisbane River catchment after the 1974 flood event [14]. The peak level of the
river at the Brisbane City gauge was 4.46 m [32], and a total of 94 Brisbane suburbs were
affected. The flooding of February 2022 occurred in lower Brisbane River catchments and
reached a flood peak of 3.85 m at the Brisbane City Gauge [33]. During the flood event, Bris-
bane received 78% of its average annual rainfall total between 23 and 28 February 2022 [34],
a total of 887 mm of rainfall in February, and 177 suburbs were affected. Compared to the
2011 flood event, the 2022 flood event was more extensive and had greater impacts.
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2.2. Impact Assessment
2.2.1. Land-Use Classification

Different land-cover types have different values in the ecosystem and the society. The
dataset of Queensland land use published by the Department of Environment and Science
includes 32 land-cover types, which are classified according to the Australian Land Use and
Management Classification. In this study, 15 land-cover types that appear in the Brisbane
City Council area were selected and merged into 10 representative types using ArcGIS
Pro 3.0.3 software (Table 1; Figure 2). The merged Brisbane land-use map includes open
water, forest, wetlands, barren land, grass/rangelands, agriculture, residential, commercial,
industrial, and other services. The land-cover map will be intersected with the flood extent
of 2011 and 2022 in order to identify the land use of inundated areas and evaluate the level
of socio-economic and ecological impacts in each land type.

Table 1. Land-cover classes used in this study.

Current Land-Cover Land-Cover Classes after Merging

River, lake, reservoir/dam Open water

Nature conservation, plantation forests Forest

Marsh/wetland,
managed resource protection Wetlands

Grazing native vegetation Grass/rangelands

Dryland agriculture, irrigated agriculture Agriculture

Residential and farm infrastructure Residential

Commercial services Commercial

Manufacturing and industrial Industrial

Services except commercial services Other services

Other minimal use Barren land
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2.2.2. Economic Loss

The assessment of economic loss from floods is a quantitative evaluation of the adverse
impacts on properties [37]. The property affected by floods is commonly divided into tan-
gible and intangible assets. Tangible assets can be easily estimated in monetary terms [38].
Intangible assets cannot be easily assigned a dollar value since intangible damages occur
when there are impacts that have no direct economic market [14]. For simplicity and
practicality, in this paper, the most valuable tangible assets (buildings, equipment, crops,
etc.) were selected to estimate the direct economic loss for urban areas and agricultural
areas from floods.

There are various factors that affect flood damage, such as area of flooding, flow
velocity, depth of flooding, duration of flooding, time of occurrence, rate of rise of flood
water, water quality, and warning time [14,37,39,40]. Water depth is one of the commonly
used. The Queensland Reconstruction Authority [41] gave different unit damage values
of flood events at the water depths of 0.5 m and 1.5 m for different land uses. In order to
improve the accuracy of this assessment, the water depths from 0 m to 1.5 m were further
divided into 6 equal intervals, and the corresponding unit damage values were calculated.
The water depth was calculated based on the data extracted from Flood Awareness Online
by the Brisbane City Council records on historic flood height and floor height of buildings
in Brisbane.

Water depth = flood height − floor height

The flood depth map was interpolated from extracted depth points using a natural
neighbor technique. Natural neighbor interpolation is considered a simple and fast algo-
rithm for constructing grid digital elevation models from massive point clouds [42]. The
algorithm finds the closest subset of input samples to a query point and applies weights to
them based on proportionate areas to interpolate a value [43]. The equations are as follows:

G(x) =
n

∑
i=1

wi(x)f(xi)

wi(x) =
A(xi)

A(x)

where G(x) is the estimated value for the surface at x, f(xi) are the known depth data
at xi, A(x) is the volume of the new cell centered at x, and A(xi) is the volume of the
intersection between the new cell centered at x and the old cell centered at xi. In this study,
a total of 1600 depth points were interpolated in two steps to improve the efficiency and
accuracy of interpolation. First, rough interpolation was carried out within the flood extent
to determine the regions with flood depths of zero and greater than zero. The zero occurs
because the height of the buildings was taken into account for accurate assessment. Second,
a more intensive interpolation was performed in the regions where the water depth was
not zero. These sampling points were distributed as evenly as possible in the floodplain.
Water depth data of 80 buildings located on the estimated surface were extracted randomly
for validation purposes. Nash–Sutcliffe efficiency coefficient (NSE), percent bias (PBIAS),
and coefficient of determination (R2) were used to validate the simulated water depth with
observed data obtained from Flood Awareness Online.

NSE =
∑(Qobs − Qsim)2

∑
(
Qobs − Qobs

)2

PBIAS =
∑(Qsim − Qobs)

∑ Qobs
× 100%

R2 = [
∑
(
Qobs − Qobs

)(
Qsim − Qsim

)√
∑
(
Qobs − Qobs

)2
√

∑
(
Qsim − Qsim

)2
]

2



Water 2023, 15, 3842 6 of 21

where Qobs is the observed water depth data, Qsim is the simulated water depth, Qobs is the
average observed water depth, and Qsim is the average simulated water depth. Then, the
economic losses for different land-cover classes at different water depths can be calculated
(Table 2). For residential, commercial, industrial, other services, and agriculture land, the
economic losses were calculated as follows:

Economic damage for a region = D × A × p

Economic damage for agriculture = D × A

D = unit damage value $/m2;
A = inundated aream2;
p = % of urban building-covered surface in a land-use type.

Table 2. The unit value of flood-induced gain and loss for different land-cover types.

Land-Cover
Classes

Flood
Impact

Flood-Induced Gain or Loss in 2020 $Based on Flood Depth (m)
Description

0.25 0.5 0.75 1 1.25 1.5

Residential Economic
loss ($/m2)

714 1428 1530 1632 1734 1836 Damage caused to
dwellings due to external
and over-floor inundation.

Commercial 200 400 719 1037 1356 1674 Damage caused to
business premises due to
external and
over-floor inundation.

Industrial 150 300 424 548 671 795 Damage caused to
industrial premises due to
external and
over-floor inundation.

Other Services 200 400 650 900 1150 1400 Buildings and facilities
that do not have
commercial uses but
provide a service to the
community, including
community halls,
recreational
facilities, parks.

Agriculture 0.34 Damage caused to
livestock, crops, fences,
and equipment.

Open Water Ecological
gain ($/m2)

1.82 Ecosystem service value
of inundated rivers, lakes,
and reservoirs.

Forest 0.78 Ecosystem service value
of inundated nature
conservation and
plantation forests.

Wetlands 20.37 Ecosystem service value
of inundated marsh and
managed resource
protection area.

Barren Land 0 Ecosystem service value
of inundated lands that
are largely unused but
may have ancillary uses.

Grass/
Rangelands

0.6 Ecosystem service value
of inundated grassland.
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Table 2. Cont.

Land-Cover
Classes

Flood
Impact

Flood-Induced Gain or Loss in 2020 $Based on Flood Depth (m)
Description

0.25 0.5 0.75 1 1.25 1.5

Mortality Social Loss ($) 0.31 deaths/100, 000 people × $4.65 million

Morbidity $268 willingness to pay/household/pa

We randomly sampled 5% of each land-use area within the inundated area and
outlined the buildings on satellite imagery. The percentage of urban fabric coverage of a
land-use type was calculated through the area of building coverage and the area of the
sample area.

p =
building coverage

sample area

Economic losses to open waters, forests, wetlands, barren lands, and grasslands were
taken to be zero because there were not any tangible assets in these regions.

2.2.3. Ecological Gain

The ecological gain by floods was quantified as the values of ecosystem service in
each land type. Sannigrahi et al. [44] explained ecosystem service value is the monetary
value of an ecosystem and its key ecosystem goods and services. Thus, the ecological gain
from floods can be quantified as the values of ecosystem service. The ecosystem service
value given by Costanza et al. [45] was widely recognized since 1997; they estimated both
the market and non-market components of the value of ecosystem services. De Groot
et al. [46] then evaluated the ecosystem service values of 10 main biomes and created an
ecosystem services value database that stored 300 case study locations. In 2014, Costanza
et al. provided an updated estimate based on de Groot et al.’s study and land-use change.
Their updated data were widely used in subsequent studies. In this paper, Costanza et al.’s
ecosystem service value [47] was adopted to represent the level of unit ecological gain
in five flood-affected land-cover types: open waters, forests, wetlands, barren lands, and
grass/rangelands (Table 2). The values were converted into Australian dollars at the 2020
average exchange rate. The ecological gains of five land-cover types were calculated by
unit gain and inundation area. The equation is as follows:

Ecological gain = unit gain $/m2 × inundation area (m
2
)

2.2.4. Social Losses

For social losses, intangible damages and losses, including loss of life, injury, diseases,
stress, and anxiety, were considered [48]. These effects can be measured in terms of
mortality, morbidity, value of life, and willingness to pay (Table 2). According to the data
given by the Queensland Reconstruction Authority [41], mortality refers to the loss of life as
a direct result of flooding, which is 0.31 deaths per 100,000 people in Queensland. In 2020
Australian dollars, the value of a statistical life is currently around $4.65 million. Morbidity
is a maximum of $268 for a household willing to pay for injury, stress, mental health, and
other health-related impacts. The number of people affected by floods in each suburb was
determined by the total resident population in a suburb and the ratio of the inundated
area to the suburb area. Estimated resident population by statistical area level 2 (SA2)
in 2011 and 2021 was adopted to assess the social costs associated with flooding in each
suburb. According to the Australian Bureau of Statistics, the average number of people per
household in Australia was 2.6 in 2011 and 2.5 in 2021. The social losses for a suburb were
calculated as follows:

Mortality value for a suburb =
inundated area

suburb area
× estimated population × mortality
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Morbidity value for a suburb =
inundated area

suburb area
× estimated population

average number of people per household
× morbidity

Total social losses for a suburb = mortality value for a suburb + morbidity value for a suburb

2.3. Analysis of the Relationship between Flood Gains and Losses and the Geographical Factors

This analysis focuses on identifying the spatial factors closely related to high flood
impacts. This provides easy identification of the high-risk areas and helps the design
of corresponding mitigation strategies. The elevation, direct distance to the river center,
and the direct distance to the upstream river source were included. The digital elevation
model (DEM) with a 25 m grid obtained from the Queensland Spatial Catalogue was
converted to a polygon feature output in ArcGIS Pro 3.0.3 software. The polygons were
then reclassified and combined in intervals of every 5 m between −2 m and 1000 m above
sea level. An intersection analysis of reclassified DEM and flood extent in 2011 and 2022
was performed using the spatial intersect tool to extract the inundation area on reclassified
DEM. The total value of economic loss, ecological gain, and social cost for each inundated
elevation polygon were calculated by using the area-weighted polygon method based on
the land-cover types.

Total value of gain or loss for a polygon =
V1A1 + V2A2 + · · ·+ VnAn

area of a polygon

where An is the area of a land-cover type in a polygon, and Vn is the value of flood impact
for a land-cover type. Zones were set up every 100 m within a catchment of 2000 m from
the river center in order to analyze the relationship between flood effects and distance
to the river. The overall values of economic loss, ecological gain, and social loss for
each zone were calculated by using the area-weighted polygon method shown above. In
order to explore the difference in flood effects between up- and downstream, inundated
regions were divided into 10 intervals from west to east along the Brisbane River. The five
intervals near the inland (0–23,500 m) were upstream, and the other five intervals near the
estuary (23,500–42,300 m) were downstream, which can distinctly reflect the changes and
fluctuations of the upstream and downstream flood impacts. An area-weighted polygon
method was also adopted to calculate the total value for an interval.

Non-linear regression analysis was then conducted to identify the relationships of
flood impacts (economic and social losses and ecological gain) with the elevation, direct
distance to river, and direct distance to upstream of river source, respectively, using the
“nls” function from the “stats” package in R version 4.2.3. This analysis does not imply
causal relationships but rather identifies the geographical factors that characterize the
regions with high socio-economic losses and ecological gains to facilitate flood impact
mitigation design. We recognize that there are other factors that contribute to the extent of
flood impacts (e.g., area of flooding, flow velocity, depth of flooding, duration of flooding,
time of occurrence, rate of rise of flood water, contamination, and debris loads of the flood
water) [14,37,39,40].

A summary of the datasets used in this study and their websites is shown
in Appendix A.

3. Results
3.1. Economic, Ecological and Social Impacts
3.1.1. Economic Loss

The total inundated area in the 2011 and 2022 floods was about 91 km2 and 150 km2,
around 17% and 16% of which were residential land exposed to economic losses, respec-
tively (Figure 3, Appendix B). The total economic losses in 2011 and 2022 were estimated
at $1.96 billion and $1.98 billion, respectively (Appendix C). In the 2011 flood, industrial
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land experienced the greatest economic loss, whereas commercial lands had the greatest
losses in 2022. As shown in Figure 3, this was due to the fact that the 2011 flood inundation
was concentrated in the south and the middle of Brisbane, whereas the 2022 flood was
more widespread, with major economic losses occurring around the Brisbane River and
its tributaries. In 2011, most suburbs suffered losses of less than $60 million, and two
south Brisbane suburbs (Oxley, Rocklea) lost more than $120 million. In 2022, most of the
suburbs had an economic loss within $50 million; Oxley, Rocklea, Deagon, and Gumdale
lost more than $100 million. Finally, the validation of flood water depth shows that the
simulated water depth is acceptable, with the coefficient of determination (R2) of 0.6, the
Nash–Sutcliffe efficiency coefficient (NSE) of 0.58, and the percent bias (PBIAS) of −2.9%
(see Appendix D for more details).
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3.1.2. Ecological Gain

The overall ecological benefit in the 2022 flood (about $609 million) was estimated to be
more than double than that in 2011 (about $251 million), as the inundated undeveloped area
increased by 25 km2. A total of 46% and 45% of inundated regions achieved ecological gain
in 2011 and 2022, respectively. Open water and wetlands, as the most valuable ecosystems,
accounted for a large proportion of the total inundated area, resulting in the greatest
ecological benefits. As a result of the difference in the natural landscape, the ecological
gain showed obvious aggregation. During the 2011 flood event, ecological gains were
concentrated along the Brisbane River, particularly in the Kholo and estuarine, areas where
ecological gains were two to four times higher than in other suburbs (Figure 4). Most
suburbs benefited from the floods in 2022, with major ecological gains concentrated in the
coastal area and Kholo. Statistically, there were 17 suburbs achieved more than the average
gain of 94 suburbs (around $2.67 million) in 2011, and 22 suburbs whose ecological benefits
exceeded the average of 177 suburbs (about $3.44 million) in 2022.
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3.1.3. Social Loss

Over 97,000 people in the Brisbane metropolitan were directly affected by the 2011
flood event, and this was even higher up to 187,000 in the 2022 flood event. The value of
morbidity was estimated above $10 million and $20 million in the 2011 and 2022 floods,
and the value of mortality was 1.4 million in 2011 and 2.7 million in 2022. The total social
losses due to floods were $11.4 million and $22.7 million in 2011 and 2022, respectively
(Figure 5). The suburbs with high social losses are mainly concentrated along the river.
The suburbs located in the middle and south of Brisbane River (St Lucia, Rocklea–Acacia
Ridge, New Farm, Indooroopilly, Chelmer–Graceville, West End) had the highest social
losses (more than $416,000 per suburb) in 2011 and still had significant social costs in 2022.
Due to the wider spread of the 2022 flood, additional significant social losses exceeding
$606,000 were identified in Brisbane’s northeast suburbs (Newstead–Bowen Hills, Bald
Hills, Wynnum West–Hemmant).
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3.2. The Relationship between Flood Impacts and the Geographical Factors
3.2.1. Elevation

Gaussian relationships indicating a bell-shaped development were identified for all
economic, social, and ecological flood impacts with the elevation (Figure 6). The bell
shapes were skewed to the left, indicating higher impacts at lower elevations (below
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15 m). While the maximum economic losses (represented by the A coefficient in Figure 6d)
were similar for the 2011 and 2022 floods ($1073.1 million in 2011 and $1141.05 million in
2022) (Figure 6a), the social losses and ecological gains (Figure 6b,c) were much higher
for the 2022 floods (1.99 times higher for social and 2.43 higher for ecological). On the
other hand, the maximum economic loss was reached at an elevation of approximately 8 m
(i.e., the m coefficient) for the 2022 flood and close to 10 m for the 2011 flood, whereas the
maximum social losses (at about 7 m) and ecological gains (at about 4.5 m) were reached at
similar elevations for the 2011 and 2022 floods. Additionally, the extent of economic losses
was comparatively more widely distributed across various elevations (represented by a
greater d coefficient) for the 2022 flood, but the social losses and ecological gains were more
dispersive for the 2011 flood. Finally, both economic and social losses tend to zero beyond
an elevation of 20 m, whereas the ecological gains decrease more rapidly and reach zero at
about 15 m.
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3.2.2. Direct Distance to the River

Exponentially decaying relationships were identified for all economic, social, and
ecological flood impacts with the distance to the river (Figure 7). The economic losses
in 2022 were smaller closer to the river (within 800 m) compared to that in 2011 and
greater beyond 800 m (Figure 7a), whereas the social losses (Figure 7b) and ecological gains
(Figure 7c) were consistently greater for the 2022 floods than that in 2011. The economic
losses and ecological gains decayed more rapidly with distance to the river in the 2011
flood (1.99 times higher for social and 2.43 higher for ecological), whereas similar decay
rates were identified for the social losses in 2011 and 2022 (represented by the k coefficient
in Figure 7d). Additionally, the economic losses were identified across all distances (i.e.,
the smallest decay rates), but the social losses and ecological gains decayed to zero at about
250 m and 1250 m, respectively.
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3.2.3. Direct Distance to the Upstream River Source

Gaussian relationships indicating bell-shaped development were identified for all
economic, social, and ecological flood impacts with the distance to the upstream river
(Figure 8). It is not surprising that the shapes were skewed toward the right, indicating
that the most significant impacts were concentrated at longer distances upstream of the
Brisbane River. While the maximum economic losses (represented by the A coefficient in
Figure 8d) were higher for the 2011 flood ($1187 million in 2011 and $763 million in 2022)
(Figure 8a), the social losses and ecological gains (Figure 8b,c) were much higher for the
2022 floods (1.99 times higher for social and 2.43 higher for ecological). The maximum
economic losses (30,000 m), social losses (30,000 m), and ecological gains (40,000 m) were
reached at similar distances to the upstream river sources (i.e., the m coefficient) for the 2011
and 2022 floods. Additionally, the extents of economic losses, social losses, and ecological
gains were all more widely distributed across various distances upstream (represented by
a greater d coefficient) for the 2022 flood. It should also be noted that there is an additional
peak for ecological gain (therefore relatively poor model fit) smaller 10,000 m upstream due
to differences in natural landscape distribution.
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4. Discussion

This study developed a simple and integrated approach for spatially assessing the
economic loss, ecological gain, and social cost in which the 2011 and 2022 floods in Bris-
bane were taken as case studies. The current studies of flood impact spatialization focus
on assessing flood risk level rather than directly estimating flood impact in monetary
value [4,5,12,25,49–51]. Compared to the existing flood assessment methods, this approach
has the following strengths: (1) It provides a method to assess multiple flood impacts
in monetary units, further supporting cost-benefit analysis in flood management deci-
sions. (2) It incorporated the ecological gains into the assessment and thus could be used to
support the urban green infrastructure planning and design by identifying potentially flood-
beneficial regions (open water, forest, wetlands, barren land, grass/rangelands) [52,53].
(3) It spatially assessed the socio-economical losses at 25 m grid level and identified the
relations between the flood impacts (ecological gain, socio-economic losses) and geograph-
ical factors (the elevation, direct distance from the river centerline, and direct distance
to upstream river source). This approach supports community-driven flood mitigation,
particularly for flood warning and preparation, by providing a simple, easy-to-use, spatially
associated community assessment tool.

The key findings on the 2011 and 2022 flood events in Brisbane are summarized
as follows:

• Downstream (above 23,500 m from the upper stream) riverside communities (within
800 m of the river) with low altitudes (below 15 m) are more likely to experience
significant flood damage.

• Total economic losses in Brisbane were estimated at $1.96 billion and $1.98 billion
in 2011 and 2022, respectively, which were consistent with former reports. Total
ecological gains were approximately $251 million in 2011 and $609 million in 2022.
Total social losses were $11.4 million and $22.7 million in 2011 and 2022, respectively.

• Flood impacts had a bell-shaped development with elevation. Regions with elevation
below 15 m above sea level were most prone to be impacted. Flood impacts exponen-



Water 2023, 15, 3842 14 of 21

tially decayed with the distance to the river. Regions within 800 m of the Brisbane
River were most prone to be impacted. Flood impacts had a bell-shaped development
with distance to the upper stream of the river. Regions above 23,500 m from the upper
stream were more prone to be impacted.

The government reports attest to the reliability of those findings. Queensland Re-
construction Authority [29] indicated that residential and commercial damage represents
the highest tangible financial cost of the 2022 flood event, which was consistent with our
findings. Damage to residential, commercial, public infrastructure, and agriculture cost ap-
proximately $2.74 billion in the 2022 South East Queensland rainfall and flooding event [29].
The Insurance Council of Australia [54] revealed the damage of the 2011 flood event was
$2.38 billion across Queensland. Brisbane can be assumed to account for more than half
of the total losses in Queensland flood events. This is because most of the Brisbane River
catchment is rural (forestry and grazing land) and only includes the major metropolitan
areas of Brisbane and Ipswich, as well as some smaller townships [28]. Ipswich is less than
7% of the area of Brisbane and only has a population of 242,653. In terms of Brisbane, it
has the largest population, the highest asset values, and the highest residential density in
Queensland, accounting for 46.4% of Queensland’s gross state product (GSP) [55]. Thus,
the economic loss in Brisbane should be $1.19~2.38 billion in 2011 and $1.37~2.74 billion in
2022, which proves the reliability of estimated economic losses in this paper.

We estimated that over 97,000 people in the Brisbane metropolitan were directly
affected by the 2011 flood event and up to 187,000 in the 2022 flood event. This number will
be greater when considering the entire inundated region in Queensland. The current reports
showed that more than 200,000 people were affected by the 2011 Queensland floods [56];
the 2022 flood affected more than double that number [35], which was consistent with our
estimation. The mortality due to the floods in both years was estimated at one person in
Brisbane. It is evidenced that Queensland Courts [57] reported a total of twenty-five deaths
in Queensland; one death occurred at Durack in the southwest of Brisbane during the 2011
flood event and no loss of life as a result of the 2022 flood event [58]. Hence, the social
losses calculated in this paper based on morbidity and mortality were reliable.

It should be noted that, besides the geographical factors, the climatic and hydrological
factors also contribute to the flood impact, although beyond the community’s control.
Appendix E shows the spatial distribution of average monthly rainfall (January to March)
in Brisbane. The precipitation mainly concentrated to the west and north of Brisbane
and showed a decreasing trend from inland to coastal regions. The rainfall resulted in
the largest inflows into Wivenhoe Dam, which was situated on the upper Brisbane River
to the northwest of Brisbane. In order to maintain the safety of the Dam and prepare
for an incoming flood, Wivenhoe Dam released massive amounts of stored floodwater.
Hydrologists appointed by the Insurance Council of Australia to investigate events leading
to flood damage claims in Lower Brisbane River consider the Brisbane flood event to be a
dam release flood [28]. This means that Brisbane’s flooding comes mainly from the release
of water from the Dam. Seqwater [59] estimated that the peak flood height measured near
Brisbane City would be about 2 m higher than experienced without the mitigating effects
of Wivenhoe Dam. In 2022, precipitation was mainly concentrated in central Brisbane and
presented a trend of first rising and then falling from the inland to the coast regions. The
2022 rainfall event had two major differences from the 2011 event. First, it had heavier
rainfall and thus resulted in a larger inundated area. Secondly, the rainfall was more
concentrated in Brisbane, and hence, the 2022 flood event was a rainfall flood. In other
words, intense rainfall was a key reason for riverine flooding across large areas of Southeast
Queensland in 2022 [60]. Therefore, to incorporate the spatial distribution of climatic and
hydrological factors into this integrated assessment approach is a future direction.

This study has several limitations. The calculation of economic loss in this study was
based on inundated building area, land covers, and water depth; however, the building
footprint data cannot be extracted from available free satellite imagery. We replaced it by
applying the building coverage rate, which reduced the accuracy of the estimated damage
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value. This study adopted relatively rough monetary values to assess the economic, social,
and ecological impact, particularly because there are a lot of variations and uncertainties in
the ecosystem services used to assess the ecological gains. Therefore, the approach can be
mainly used to support community-driven flood mitigation and urban land-use planning
rather than flood loss claims after a disaster. Qualitative studies, including semi-structured
interviews with the local people, as well as environmental valuation studies, are also the
direction of future research to complement the current method and provide a more accurate
value for social costs and ecological gains.

5. Conclusions

The findings have implications for future flood management and urban land-use
planning. Flood control infrastructure can be built at the community level according to the
spatial distribution of flood damages and benefits, rather than just large hydraulic projects
such as dams for the whole river basin, so as to increase the community’s flood storage and
discharge channels. The resulting maps allow for the identification of suburbs with large
exposure to damage, leading to potentially higher risk. Communities with high economic
losses (mostly located in Rocklea, Oxley, Deagon, and Gumdale) should strengthen property
protection, and economic losses can be minimized by raising the height of buildings and
improving the drainage system. Communities with high potential social losses (located
in St Lucia, Rocklea–Acacia Ridge, New Farm, Indooroopilly, Chelmer–Graceville, West
End, Newstead–Bowen Hills, Bald Hills, and Wynnum West–Hemmant) should be given
more attention to flood control and disaster relief. On the other hand, trade-offs should
be considered with ecological gains in the natural landscapes that benefit from the floods
(located in Kholo, Murarrie, Ransome, Lytton, Chuwar, Port of Brisbane, Nudgee Beach,
Pinkenba, Brisbane Airport, and Bald Hills). These areas can act as temporary flood storage
and reduce flood velocity through lake dredging, river widening, and tree planting, thereby
enhancing ecological gains and reducing economic losses. The results of this study show
that the inundated urban area is similar to the inundated natural land cover. This means
Brisbane may have sufficient capacity to adapt to flooding, further minimizing economic
loss and maximizing ecological gain.

In conclusion, this study developed a simple and integrated approach for spatially
assessing the economic loss, ecological gain, and social cost, providing a three-dimensional
perspective of flood impact analysis which takes into consideration the horizontal (direct
distance to the river and direct distance to upstream river source) as well as the vertical
dimensions (the elevation) of geographical space. As the incidence of urban flooding
increases with global warming and urbanization, flood hazard has become a key issue
in the lowlands, and this approach has implications for formulating urban land use and
community-tailored mitigation strategies in Brisbane and other coastal cities globally.
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Appendix A. The Summary of Datasets Used in This Study

The 2011 and 2022 Brisbane flood extents were taken from the Brisbane Open Data
website, representing the maximum inundation line of the 2011 and 2022 flood events.
Queensland local government area boundaries were used to identify the location of suburbs
in Brisbane. The dataset of Queensland land use published by the Department of Environ-
ment and Science was used to identify the land-cover types in the Brisbane City Council
area affected by the 2011 and 2022 floods. Estimated resident population by statistical area
level 2 (SA2) is the smallest area for non-census and intercensal statistics published by the
Australian Bureau of Statistics [61], which was used to assess the social costs associated
with flooding in each suburb. Brisbane digital elevation model with a 25 m grid obtained
from the Queensland Spatial Catalogue was used to analyze the relationship between
elevation and flood impacts. Historic flood heights and floor heights of buildings were
obtained from the Brisbane City Council on Flood Awareness Online.

Table A1. Datasets used in this study.

Data Name Source

2011 Brisbane flood extent Brisbane Open Data website
https://data.gov.au/dataset/ds-dga-35dc2150-5c72-4427-871f-65
0336e9151a/details (accessed on 21 October 2023)

2022 Brisbane flood extent Brisbane Open Data website
https://www.data.brisbane.qld.gov.au/data/dataset/flood_
awareness_historic_brisbane_river_and_creek_floods_feb_2022
(accessed on 21 October 2023)

Queensland local government area boundaries Queensland Spatial Catalogue
https://qldspatial.information.qld.gov.au/catalogue/custom/
detail.page?fid=\{3F3DBD69-647B-4833-B0A5-CC43D5E70699}
(accessed on 21 October 2023)

Queensland land-use mapping Department of Environment and Science, 2022
https://qldspatial.information.qld.gov.au/catalogue/custom/
detail.page?fid=\{C3CD23AD-7101-4765-8BED-AFC2C5DF1F5F}
(accessed on 21 October 2023)

Estimated resident population by statistical area, level 2,
Queensland, 2011 to 2021

Australian Bureau of Statistics
https://www.abs.gov.au/statistics/people/population/regional-
population/latest-release (accessed on 21 October 2023)

Brisbane digital elevation model—25 m Queensland Spatial Catalogue
https://qldspatial.information.qld.gov.au/catalogue/custom/
detail.page?fid=\{337F0DF2-64CD-4E26-AD21-7C63AEC1769E}
(accessed on 21 October 2023)

Historic flood heights and floor heights of buildings Flood Awareness Online
https://fam.brisbane.qld.gov.au/?page=Map{-}{-}-Standard
(accessed on 21 October 2023)

https://data.gov.au/dataset/ds-dga-35dc2150-5c72-4427-871f-650336e9151a/details
https://data.gov.au/dataset/ds-dga-35dc2150-5c72-4427-871f-650336e9151a/details
https://www.data.brisbane.qld.gov.au/data/dataset/flood_awareness_historic_brisbane_river_and_creek_floods_feb_2022
https://www.data.brisbane.qld.gov.au/data/dataset/flood_awareness_historic_brisbane_river_and_creek_floods_feb_2022
https://qldspatial.information.qld.gov.au/catalogue/custom/detail.page?fid=\{3F3DBD69-647B-4833-B0A5-CC43D5E70699
https://qldspatial.information.qld.gov.au/catalogue/custom/detail.page?fid=\{3F3DBD69-647B-4833-B0A5-CC43D5E70699
https://qldspatial.information.qld.gov.au/catalogue/custom/detail.page?fid=\{C3CD23AD-7101-4765-8BED-AFC2C5DF1F5F
https://qldspatial.information.qld.gov.au/catalogue/custom/detail.page?fid=\{C3CD23AD-7101-4765-8BED-AFC2C5DF1F5F
https://www.abs.gov.au/statistics/people/population/regional-population/latest-release
https://www.abs.gov.au/statistics/people/population/regional-population/latest-release
https://qldspatial.information.qld.gov.au/catalogue/custom/detail.page?fid=\{337F0DF2-64CD-4E26-AD21-7C63AEC1769E
https://qldspatial.information.qld.gov.au/catalogue/custom/detail.page?fid=\{337F0DF2-64CD-4E26-AD21-7C63AEC1769E
https://fam.brisbane.qld.gov.au/?page=Map{-}{-}-Standard
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Appendix B. The Proportion of Each Land-Use Type to the Total Inundated Area
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