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Abstract. The Hawkesbury-Nepean valley is one of the largest coastal basins in NSW. It supports the local
agriculture industry and is an important environmental asset. Due to its narrow sandstone gorges, which create
natural choke points, floodwaters from its major tributaries can rapidly back up, rise and spill out onto the flood
plain. Thus, the valley is flood-prone, with a history of disastrous events, aggravated by a constrained road

network for evacuation.

Two flood events occurred in the Hawkesbury-Nepean valley in 2020 and 2021, however, the impact of each
of those events was different in terms of lives lost (2 fatalities compared to none) and economic losses (more
than AUD 2 billion compared to less than AUD 1 billion). In this study, reasons for the variation in impacts are
explored by determining an inundation likelihood map, derived using a combination of the height above nearest
drainage method and streamflow forecasts, and considering antecedent hydrological and climate conditions.

1 Introduction

Floods along the eastern coast of Australia have always fea-
tured in Australia’s natural hazard profile since records be-
gan, due to the presence of intra-annual or seasonal as well
as interannual climate drivers which drive flood weather
conditions in that area. These climate drivers are projected
to be exacerbated by climate change, where heavy rainfall
events are projected to increase in the East Coast region (Na-
tional Hydrological Projections, East Coast Assessment Re-
port 2022; Matic et al., 2022), changing the severity and
frequency of floods, which will negatively impact socio-
economic and ecosystem resilience.

The intra-annual or seasonal drivers, shown in Fig. 1, in-
clude:

1. East coast lows (ECLs), which are intense low-pressure
systems that occur on average several times each year
off the eastern coast of Australia. ECLs will often
rapidly intensify overnight making them one of the

more dangerous weather systems, where individual east
coast lows usually last for a few days. ECLs are most
common during autumn and winter with a maximum
frequency in June (Kiem et al., 2016).

. Tropical cyclone seasons (TCS). The TCS officially

runs November—April, but often TC activity is variable
throughout the season. Storm surges accompanying TCs
can exacerbate riverine flooding along the coast, where
storm surges often accompany TCs (Needham et al.,
2015).

. Monsoon seasons (MS). MS is associated with cloudy

conditions, lengthy periods of heavy rain, occasional
thunderstorms and strong winds, often causing flooding.
In addition, the Madden-Julian Oscillation can influence
the timing and intensity of “active” monsoon periods in
northern Australia, leading to enhanced rainfall — both
in intensity and duration (Wheeler et al., 2009).
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Figure 1. Major climate drivers for flood weather (Source: © Bureau of Meteorology, 2010).

The interannual drivers, shown in Fig. 1, include:

1. La Nifia conditions. There is an established relationship
between La Nifia strength and rainfall, where the greater
the sea surface temperature and Southern Oscillation In-
dex (SOI) difference from normal, the larger the rain-
fall response (Power and Callaghan, 2016). For exam-
ple, the six wettest winter—spring periods on record for
eastern Australia occurred during La Nifa years, and
there have been more TCs in the Australia region, with
twice as many making landfall (Alexander and Hayman,
2008). La Nifia conditions result in an increased likeli-
hood of flooding.

2. A negative Indian Ocean Dipole (IOD). A negative IOD
often results in more rainfall than average over south-
eastern Australia. In conjunction with La Nifia condi-
tions, rainfall is above average over large parts of Aus-
tralia. For example, during 2010, under La Nifia condi-
tions, a negative IOD developed, and combined to pro-
duce heavy rainfall and widespread flooding across east-
ern Australia (Lim and Hendon, 2017).

3. Landscape antecedent conditions. Wet antecedent con-
ditions or saturated soil and full water stores can in-
crease the flood maxima generated from an event such
as heavy rainfall, TC or storm surge (Wasko et al.,
2020).

The Hawkesbury-Nepean valley located along the south-
east coast of New South Wales (NSW), is one of the largest
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coastal basins in NSW (Fig. 2a and b). It supports the lo-
cal agriculture industry and hence is an important environ-
mental asset. Flood risk in this valley has been described as
the highest in NSW, if not Australia (Infrastructure NSW,
2021). This risk arises from several exposure and vulnera-
bility factors, including the large and growing population, a
constrained road network which poses challenges for evacua-
tion, and low levels of flood awareness (Infrastructure NSW,
2021). In addition, the Hawkesbury-Nepean valley’s unique
topography and river network are environmental factors ex-
acerbating flood risk, due to the contribution of 5 major trib-
utaries or “taps” flowing into 1 river system — the “drain” —
which is constrained by narrow downstream gorges (Fig. 2¢).
Due to the narrow sandstone gorges, which create natu-
ral choke points, floodwaters from its major tributaries can
rapidly back up, rise and spill out onto the flood plain. This
causes floodwaters to back up across floodplains to consider-
able depths —known as the “bathtub” effect (Fig. 2c). Thus,
the valley is flood-prone, with a history of disastrous events,
with over 100 floods recorded from 1799 up until 2021 (In-
frastructure NSW, 2021).

Two flood events occurred in the Hawkesbury-Nepean val-
ley in 2020 and 2021, with near identical climate conditions,
however, the impact of each of those events was different in
terms of lives lost (2 fatalities compared to none) and eco-
nomic losses (over two billion AUD compared to less than
one billion AUD) (source: Infrastructure NSW, 2021; Insur-
ance Council of Australia, 2021). In this study, the reasons
for the variation in impacts are explored by determining:

https://doi.org/10.5194/piahs-386-237-2024
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Figure 2. (a) NSW catchment boundaries and rivers along the eastern coast, including the Hawkesbury-Nepean catchment in yellow. (b) Sub-
catchment boundaries within the Hawkesbury-Nepean catchment and selected gauging stations: 1 — Sackville, 2 — Wallacia Weir, 3 — Penrith,
4 — North Richmond, 5 — Windsor PWD, 6 — Colo Junction and 7 — Webbs Creek. (c) [llustration of the “bathtub effect” with taps and drain,

unique to the Hawkesbury-Nepean valley (adapted from Infrastructure NSW, 2021).
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i. the antecedent landscape conditions,
ii. the climatic conditions, and
iii. the inundation extent and depth,

for each event in order to gauge and compare the resultant
hazard footprint.

2 Methods

This study employs the height above nearest
drainage (HAND) methodology along with analysis of
observational datasets (both grid and point based) to
compare the two flood events.

2.1 Probabilistic inundation mapping methodology

The height above nearest drainage (HAND) approach to
flood inundation mapping is a simple approach based on the
height of the flood depth (Fig. 3a). The HAND methodolog-
ical workflow can be described in the following steps:

1. The contributing catchment to a defined outlet is raster-
ized to the resolution of the supporting DEM.

2. Flow direction and accumulation in each grid cell is
derived using a D8 algorithm (O’Callaghan and Mark,
1984).

3. In-stream and out-of-stream cells are identified using
the flow line vector (river defined by the DEM).

4. The relief between all out-of-stream cells from their
nearest in-stream cell is calculated to define a HAND
raster.

5. From a given flow rate, a rating curve can be used to
convert flow to water-level.

6. Subtracting the HAND raster from the water-level raster
yields a water-level above-surface raster. All values
greater than zero show the estimated flood height at each
cell.

The height of the riverbank versus the height of the flood
depth where the difference between each is taken as the vol-
ume of water spilling out into the flood plain (Fig. 3a).

An illustration of this workflow is given in Fig. 3 top
panel (b) (Lababidi, 2021). The probabilistic approach takes
the HAND depth uncertainty into account and generates an
ensemble based on the increments between the lower and up-
per 95th interval bounds, producing an ensemble of water-
level above-surface rasters which are then turned into proba-
bilities for each cell based on the number of times that cell is
above zero. The HAND approach used in this study uses:

— a varying Mannings roughness coefficient to estimate
streamflow, as a function of hydraulic radius and reach
slope (Marcus et al., 1992),
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— a HAND threshold position of 0.25 m (in order to cal-
culate a HAND raster; Unnithan et al., 2020),

— uncertainty in bankfull geometry to calculate an ensem-
ble of HAND rasters,

— a 1D vector flow routing scheme (Yamazaki et al.,
2011), and,

— captures water management and backwater effects (ex-
plained in Sect. 2.2; Mizukami et al., 2016).

2.2 Capturing water management and backwater effects

Due to the unique “bathtub effect” in the Hawkesbury-
Nepean catchment, it is important that backwater effects or
upstream flooding caused by downstream conditions such as
channel restriction and/or high flow in a downstream conflu-
ence stream are considered. In addition, given the large dam
in this catchment, the dam outflows also need to be consid-
ered.

Backwater effects are incorporated into the HAND ap-
proach via the 1D flow routing scheme (Yamazaki et al.,
2011; Mizukami et al., 2016). During a flood event, the dam
storage is monitored and if the storage has not yet reached
capacity, the upstream discharge contributions of the reach
where the dam is located are set to be zero.

2.3 Data

The HAND methodology calls for a hydrologically condi-
tioned digital elevation model (DEM) and gridded runoff or
streamflow data. The DEM used was the Bureau of Meteo-
rology’s Geofabric (Fig. 3c and d) which is a national dataset
based on mapped hydrological features and a 1s digital el-
evation model (DEM). Geofabric v3 (Bureau of Meteorol-
ogy Water Information Services, 2015) contains the follow-
ing products used in this study:

— Geofabric Surface Network: Network representation of
hydrological features, including over 2.5 million stream
segments and 6000 gauging stations.

— Geofabric Surface Catchments: Catchment boundaries
derived from a 1s Digital Elevation Model, with ap-
proximately 7 million base level catchments.

The gridded runoff data used is hydrological simulation
data from the Bureau of Meteorology’s operational landscape
model, AWRA-L v7 (https://www.awo.bom.gov.au, last ac-
cess: 18 October 2023, Frost et al., 2021). It simulates the
flow of water through the landscape with precipitation enter-
ing the grid cell through vegetation and soil moisture stores
and then out of the grid cell as evapotranspiration, runoff or
deep drainage to the groundwater. Thus, runoff generated via
AWRA-L considers antecedent conditions.

https://doi.org/10.5194/piahs-386-237-2024
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(a) What is HAND?

241

(b) Cell representation of the HAND approach
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Figure 3. (a) HAND illustration for a given streambed. (b) The cell representation of the HAND workflow (adapted from Lababidi (2021)).
(c) Ilustration of the Geofabric toolset. (d) DEM of the Hawkesbury-Nepean valley Sackville (station 1) region in with sub-catchment
boundaries in white (left panel) and zoomed in from orange box (right panel).

All datasets used in the analysis are:

1. the Australian Water Availability Project rainfall data
(Bureau of Meteorology AWAP, 2022),

2. the AWRA-L v7 root zone soil moisture data (Frost
et al., 2021),

3. the Bureau of Meteorology streamflow gauging station
data for a selection of “high impact” locations (Bureau
of Meteorology Flood Warning Services, 2022),

4. the Warragamba Dam storage data (Water NSW, 2022),
5. the global bankfull width and depth database (An-
dreadis et al., 2013).

3 Results

In this section we compare flood characteristics, catchment
antecedent conditions, climatic conditions, and hazard foot-
prints between the two flood events.

https://doi.org/10.5194/piahs-386-237-2024

3.1 Comparison of flood characteristics

A comparison between the two flood events in the
Hawkesbury-Nepean valley; detailing rainfall, climate
drivers, and flood characteristics are described in Table 1.
Flood characteristics are described by a classification system
used by Australia’s emergency services as well as a chance
of occurrence which is expressed as a likelihood of a flood
of a certain classification occurring in a given year. Floods
are classified via a three-tiered scheme: “Minor”, “Moder-
ate” and “Major” where the classification levels at each sta-
tion are decided by the jurisdictions and are based on water
levels which cause certain impacts.

3.2 Comparison of antecedent conditions

The February 2020 floods came off the back of the notorious
“Black Summer”, a period of which, due to its intensity, size,
duration, and uncontrollability, was considered a megafire
(Geary et al., 2022). Black Summer occurred due to an ex-
tended period of El Nifio events, causing a prolonged period
of drought and very dry landscape conditions (Squire et al.,
2021). This can be seen in Fig. 4 where the root zone soil

Proc. IAHS, 386, 237—-249, 2024
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Table 1. Flood event characteristics for the February 2020 and March 2021 floods in the Hawkesbury-Nepean valley (Infrastructure NSW,

2021).

February 2020 flood event

March 2021 flood event

Climate drivers:

A coastal trough with embedded low-pressure
circulations hovered off the NSW coast — not intense
enough to be classified as an East Coast Low.

Climate drivers:

Persistent presence of a coastal trough, generating rain
for over a week — not intense enough to be classified as
an East Coast Low.

Rainfall characteristics:

Heavy rain from 6-13 February where some locations
recorded more than 500 mm. The most intense rainfall
occurred over 12h on 9 February.

Rainfall characteristics:

Heavy rain from 18-23 March where some locations
recorded more than 500 mm. The most intense rainfall
occurred over 24 h to 09:00 LT on 21 March.

Flood characteristics:

This was the first “Moderate” flood since 1992, with a
likelihood of occurrence of 20 % chance per year. The
flood peaked at 9.3 m (AHD) at Windsor on the 9th.

Flood characteristics:

This was the first “Major” flood since 1990, with a
likelihood of occurrence of 5 %—10 % chance per year.
The flood had two distinct peaks, one on 21 March and
one on 23 March but overall peaked at 12.9 m (AHD) at
Windsor on 21 March.

Warragamba Dam releases:
No releases were made over the course of the flood.

Warragamba Dam releases:
Over 450 GL (gigalitres) were released from the dam
over the course of the flood.

moisture (from AWRA-L v7) in the Hawkesbury-Nepean
catchment is mostly between — and 0 and 0.3 fraction fullness
(Fig. 4a, rootzone soil moisture plot) and the Warragamba
Dam (which services the Hawkesbury-Nepean catchment)
storage is at ~ 40 % or ~ 1000 GL (Fig. 4c and d, bar charts,
panels, Water NSW). In comparison, the March 2021 floods
occurred in a La Nifia year, where soil moisture conditions
were wet, hovering between 0.5 and 0.8 fraction fullness for
most of the catchment (Fig. 4b, rootzone soil moisture plot)
and the Warragamba Dam storage is at ~ 90 % or ~ 2500 GL
(Fig. 4, bar chart; Water NSW, 2022).

3.3 Comparison of rainfall

The rainfall totals and average daily rainfall over both events,
calculated using the climate data from AWAP, are simi-
lar, particularly when comparing the average daily rainfall
across both events (Fig. 5S¢ and d). However, the Febru-
ary 2020 flood event rainfall totals and average daily rainfalls
are slightly higher over the Hawkesbury-Nepean catchment
(Fig. 5).

3.4 Comparison of water levels

The resulting streamflow generated from both events can be
extrapolated from water level plots or hydrographs shown in
Fig. 6. These gauging stations are: 1 — Sackville, 2 — Wallacia
Weir, 3 — Penrith, 4 — North Richmond, 5 — Windsor PWD,
6 — Colo Junction and 7 — Webbs Creek, considered to be
“high impact” locations, where their locations are shown in
Fig. 2b. The hydrographs from the 2021 event show that the
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excess streamflow generated is larger than for the 2020 event,
where water level peaks are higher (except for Wallacia Weir)
and the duration of the event is longer across the seven gaug-
ing stations. Even though the actual peak between events is
very similar between events for station 2 (Wallacia Weir),
due to the high concentration of rainfall in that region for
the 2020 event (see Fig. 5a), however, given the longer dura-
tion of the March 2021 event, more water is flowing onto the
flood plane comparatively. For individual stations, it is inter-
esting to note that the peak of the hydrograph of station 6
(Colo Junction) in the February 2020 event arrives signifi-
cantly earlier than the peaks for other stations, possibly due
to the after effects of the bushfires on the land cover, as well
as the timing of rainfall flowing into the Colo River region.

3.5 Comparison of flood extent and depth

Probabilistic inundation extents and depths (where depth is
calculated relative to the bankfull elevation) are produced via
the aforementioned methodology (Sect. 2) for the Sackville
region of the Hawkesbury River (validation shown in Ap-
pendix A). Both the depth and probability of inundation
for the 2021 event are higher (darker colors) than for the
2020 event and the inundation extent covers a larger area
for the 2021 event, as expected from the flood classifications
(“Moderate” in 2020 vs. “Major” in 2021).

4 Discussion

The description of climate conditions and rainfall totals were
remarkably similar between the two flood events; Febru-

https://doi.org/10.5194/piahs-386-237-2024
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a) Rootzone Soil Moisture prior to Feb 2020 flood
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(b) Rootzone Soil Moisture prior to Mar 2021 flood
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Figure 4. Antecedent conditions. (a) Soil moisture prior to February 2020 (c) Water storage in GL and percentage fullness of Warragamba

dam prior to February 2020 and March 2021 event.

ary 2020 and March 2021 (Table 1). In fact, the rainfall to-
tals were slightly higher in certain regions during the Febru-
ary 2020 event (Fig. 5). Post event reviews have classified the
February 2020 event as a 1 in 5 event, but the March 2021
event as a 1 in 20 event (Infrastructure NSW, 2021). This is
also consistent with the inundation maps generated via the
HAND technique (Fig. 7) where the depth and probability of
inundation extent are larger for the 2021 flood event.

The impacts between the two events are outlined in Ta-
ble 2. Table 2 shows that in comparison, the impacts of the
March 2021 Flood Event are more severe in terms of affected
areas, damages and fatalities. This tallies with the event clas-
sifications (Infrastructure NSW, 2021) as well as the HAND
probabilistic inundation and depth maps (Fig. 7).

Upon examination of the antecedent soil moisture condi-
tions, the dam storages and rainfall totals (Figs. 4 and 5),
the major differences between the events are the antecedent
soil moisture and dam storages. This is an important find-
ing to note when considering that even though heavy rainfall

https://doi.org/10.5194/piahs-386-237-2024

events are projected to increase under climate change sce-
narios, the annual average rainfall is projected to decrease
in NSW (Matic et al., 2022). This means that soil moisture
conditions may be drier and affect flood maxima in much the
same way as for the February 2020 flood event. Several stud-
ies examining the relationship between flood maxima and an-
tecedent catchment conditions also agree with this study’s
findings — dry catchment conditions decrease flood maxima
and conversely wet catchment conditions increase flood max-
ima (Sharma et al., 2018; Wasko et al., 2020). Thus, fu-
ture work examining projected flooding in the Hawkesbury-
Nepean catchment would need to also consider dam outflows
and catchment antecedent conditions — a whole water cycle
approach, rather than solely projecting climate fields.

The limitations of this study include the assumptions and
shortcomings of the implementation of the HAND method-
ology employed, where according to our validation (see Ap-
pendix A), the number of cells inundated is overestimated.
Further tuning would be enhanced by using additional events

Proc. IAHS, 386, 237-249, 2024
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(a) Rainfall totals over the Feb 2020 flood

Daily Rainfall (mm)

<E_ T . >

0.0 200.0 400.0 600.0 800.0 1000.0
(c) Average daily rainfall over the Feb 2020 flood

Daily Rainfall (mm)

<

0.0 28.0 56.0 84.0 112.0 140.0

W. Sharples et al.: A tale of two floods

(b) Rainfall totals over the Mar 2021 flood
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Figure 5. Rainfall totals; summed over the flood events and daily averages. (a) Totals over the February 2020 flood, (b) Totals over the
March 2021 flood. (¢) Averaged daily totals for the February 2020 flood. (d) Averaged daily totals for the March 2021 flood.

Table 2. Flood impacts for the February 2020 and March 2021 floods in the Hawkesbury-Nepean valley (Infrastructure NSW, 2021; Insur-

ance Council of Australia, 2021).

February 2020 flood event

March 2021 flood event

Affected areas and communities:

Most impacts were constrained to low lying areas.
A few bridges closed, around 65 properties were
affected, less than 200 people were ordered to
evacuate.

Affected areas and communities:

All rural and urban fringe areas. About

600 dwellings and 300 commercial/industrial
buildings (most on rural land) were affected. Key
roads and bridges flooded. Over 2000 people were
subject to evacuation orders.

Damages estimates:

Estimated economic losses less than AUD 1 billion
across the East Coast. Approximately

10000 insurance claims across NSW.

Damages estimates:

Estimated economic losses over AUD?2 billion
across the East Coast. Approximately

110000 insurance claims across NSW.

Fatalities:
Zero lives lost.

Fatalities:
Two lives were lost during the flood event.

Proc. IAHS, 386, 237—-249, 2024
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(a) Hydrographs selected gauges Feb 2020 flood (b) Hydrographs selected gauges Mar 2021 flood
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Figure 6. Hydrographs for the 7 selected gauging stations for the February 2020 (a) and March 2021 (b) floods in Hawkesbury-Nepean
valley. Gaps in the data are due to the cessation of monitoring when flood levels decrease to back below minor.

(a) Probabilistic inundation extent for Feb 2020 flood (b) Probabilistic inundation extent for Mar 2021 flood
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Figure 7. Probabilistic inundation extents and depths. (a) Probabilistic inundation extent for the February 2020 flood. (b) Probabilistic
inundation extent for the March 2021 flood. (¢) Flood depth for the February 2020 flood. (d) Flood depth for the March 2021 flood.
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in the same region. In addition, the HAND methodology
could be improved by:

— Further hydrological conditioning of the DEM plus
blending with LiDAR.

— Routing the gridded runoff before ingesting.

— Using a more sophisticated routing and backwater
scheme.

There are many more fields we could have studied in terms
of antecedent conditions and flood characteristics, however
the soil moisture, dam storage, hydrographs from gauging
stations at high impact locations, and rainfall totals told the
full story.

5 Conclusions

Two flood events occurred in the Hawkesbury-Nepean val-
ley in 2020 and 2021, with near identical climate conditions
and thus rainfall patterns, however, the impacts from these
events were classed as 1 in 5 and 1 in 20 events respectively;
where the 2021 event resulted in 2 more lives lost, above
AUD 1 billion more in damages and approximately 10 times
more insurance claims. This study found that the antecedent
catchment conditions prior to the flood events played a sig-
nificant role in limiting the hazard footprint depth and extent
of the February 2020 event, and thus its impact. Where drier
conditions led to no dam outflows, filling of soil moisture and
ground water storage deficits, which in turn led to less ex-
cess streamflow generated, and therefore less area inundated
across the catchment.

Appendix A: Validation and verification

The validity of the HAND results over both events is ex-
amined by comparison with Sentinel 2 data across the
Sackville area of the catchment, on 10 February 2020 and
23 March 2021. The metrics used for validation are the: Crit-
ical Success Index (CSI), Youden’s Index (YI), and Cohens
Kappa (CK). The three metrics were used to get a more holis-
tic measure of performance where CSI penalizes false posi-
tives in comparison to the other metrics (Fig. Al top panels),
Y1 is the likelihood of an inundated cell in the model in cells
that are inundated versus those that are not inundated in the
observations, and CK is a statistic that is used to measure
inter-rater reliability (and intra-rater reliability) for qualita-
tive (categorical) items (Schaefer, 1990; Fluss et al., 2005;
Ben-David, 2008). The stringent validation metrics show
the HAND methodology is performant, with most metrics
greater than 0.5 in value across both events. It does however
show that the HAND methodology employed in this study
tends to overestimate the number of inundated cells.

Proc. IAHS, 386, 237—-249, 2024

W. Sharples et al.: A tale of two floods

https://doi.org/10.5194/piahs-386-237-2024



W. Sharples et al.: A tale of two floods

(a) Inundation extent Feb 2020 event

247

(b) Inundation extent Mar 2021 event
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Figure A1. Flood event validation for the February 2020 and March 2021 floods in Hawkesbury-Nepean valley. (a) Spatial plot of CSI
validation for the February 2020 flood. (b) Spatial plot of CSI validation for the March 2021 flood. (¢) All validation metrics calculated over

the validation area presented in a bar chart.
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