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Abstract: The morphological characteristics of catchments are key controls on how flow
is routed through catchments and the spatial and temporal dynamics of floods, therefore
influencing the shape of hydrographs at any location. Here, we developed a hydro-morphic
catchment classification to understand the extent to which various catchment character-
istics act as controls on flood behaviour. The catchment characteristics include: size (as
measured by gauge position in catchment and valley confinement at the gauge site), shape
(elongation ratio and form factor), topography (catchment relief and longitudinal slope),
and drainage network structure (drainage density). A total of 2452 high flow (near bankfull)
and overbank flood hydrographs from rivers in 17 coastal catchments of New South Wales
(NSW), Australia were used. Cluster analysis on hydrograph shape metrics of kurtosis,
skewness, and rate-of-rise was performed to identify classes of hydrographs and their
median shape. Three statistically distinct clusters were delineated for both high flows
and overbank floods, and categorised as flashy, intermediate, and broad. Topographic
characteristics of catchments (i.e., relief and longitudinal slope) were commonly among
the dominant controls for all high flow and overbank flood hydrographs, excluding broad
overbank floods. Drainage network structure (i.e., drainage density) also controlled flashy
and intermediate high flows, and intermediate and broad overbank floods, while catchment
size (i.e., gauge position in the network) influenced broad high flows. Catchment shape
(i.e., elongation ratio) influenced broad overbank floods, and is a dominant control on flashy
high flows, and intermediate and broad overbank floods. Overall, topographic controls
were more useful for differentiating the hydrological behaviour of high flows relative to
overbank floods. Understanding the relative control of different catchment morphometric
characteristics on flow and flood behaviour can be used to identify the aspects of flood
behaviour that are set by imposed controls and cannot therefore be realistically manipu-
lated in management. A hydro-morphic classification can also be used in the design and
calibration of hydrological models, tailoring their use to hydro-morphic catchment class.

Keywords: catchment morphometrics; imposed controls; flux controls; hydrograph shape;
flood management; river management; hydrological dynamics

1. Introduction

The hydrological characteristics of floods are controlled and governed by interactions
between geological, climatic, and anthropogenic controls that operate at the catchment
scale [1-4]. Early geomorphological research on the laws of drainage network compo-
sition and how they are influenced by relief, basin shape, tributary—trunk stream inter-
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actions, drainage pattern, and dissection set the foundations for analysing and under-
standing the internal dynamics of water flow through catchments, and by extension flood
behaviour [4-10]. In more recent studies, various geological, climatic, hydrologic and
land cover measures have been used to classify catchments [11-14]. To produce these
classifications, geological measures, such as drainage area, slope, elevation, and topog-
raphy, have been used [12,14-16]. In some studies, climatic and hydrological measures,
such as the frequency and magnitude of flow, rainfall-runoff coefficients, and stream
flow characteristics including rate-of-rise, time-to-peak, and catchment response time,
have been used [11,17-20]. In other studies, the influence of anthropogenic disturbance
on hydrological behaviour of catchments using measures such as land cover have been
used [21-23].

Many studies indicated that flood dynamics, such as travel time, celerity, stage height,
and rates of rise and fall, are all influenced by catchment morphometric characteristics,
such as drainage area and shape, relief, and drainage density [4,5,8-10,24-26]. For example,
catchments with steep slopes or high relief, high drainage density, and round shape are
more likely to experience flash floods than catchments with gentler slopes, low relief, low
drainage density, and elongated shape [27-30]. Other studies show that climatic (e.g., pre-
cipitation and storm properties) and geomorphic (e.g., soil properties) characteristics of
catchments also play a role in flood generation and transfer processes [31-34]. For example,
catchments with bare rocks soil and low infiltration may have a fast response compared to
catchments where well-developed soils and permeability is high [35]. Catchments with
considerable subsurface or near-surface flow contributions to streamflow may produce
flow hydrographs that are flatter with a longer lag time from upstream to downstream [31].
Such conditions may control flood dynamics through the effect of soil moisture and water
retention and storage on flood transmission behaviour [34]. Elsewhere, catchments that
occur in moist mid-latitude climate zones may accumulate snowpacks that create annual
melt and associated floods [33,34]. In some arid areas, a lack of precipitation and high
evaporation may lead to dry soils with a high infiltration rate and a low flood generating
potential [35]. In these catchments, geologic controls are less important than climatic or
geomorphic controls on the hydrology of these catchments [17].

Given the complexities with which geologic, climatic, and geomorphic controls inter-
act and influence flood behaviour, some previous studies have failed to find significant,
measurable correlations between morphometric, climatic, and hydrologic characteristics of
catchments [12,17,18,36]. However, from a management and flood mitigation perspective,
it remains important to understand the extent to which catchment morphometric charac-
teristics (called imposed controls) are deriving flood behaviour, and therefore cannot be
manipulated, and separate these from other controls and influences (called flux controls)
that can possibly be manipulated in-practice. Imposed controls are set by tectonic setting
and lithology and do not readily adjust over geomorphic timeframes, whereas flux controls
including water and sediment fluxes and interactions with vegetation can recurrently adjust
over geomorphic timeframes [37].

One of the main limitations of catchment classification based on morphometric charac-
teristics is that the measures are calculated at coarse scales, producing catchment-averaged
data [38,39] that cannot account for the internal complexity and variability of these char-
acteristics within a catchment [11,40]. Additionally, non-linear interactions between rain-
fall and runoff can have complex and unpredictable impacts on streamflow characteris-
tics, making it difficult to accurately characterise the hydrological behaviour of a catch-
ment [11,17,41,42].

A key method that serves to reduce variability and complexity is to cluster hydro-
graphs based on their quantifiable shape characteristics and analyse the morphometrics of



Geosciences 2025, 15, 141

3 0f27

the catchments in which these hydrographs are produced [12,20,23]. This method (hereafter
called hydro-morphic catchment classification) is a commonly used method of characteris-
ing and categorising catchments based on both hydrological and geomorphological features.
This method requires extensive data collection and analysis before choosing or develop-
ing appropriate hydrological models [39,40]. Also, it can be used to help explain flood
behaviour of catchments with similar morphometric and hydrologic characteristics, and to
infer the possible hydrological behaviour of a new catchment with similar morphometric
characteristics [12,41,43,44].

The appropriate selection of morphometrics is crucial for hydro-morphic classification.
The best explanatory morphometrics (hereafter called dominant) are those that can be used
to describe the shape, topography, size, and drainage network structure of a catchment, and
are simple to measure [23,39,45]. As such, the most commonly used catchment morpho-
metrics are elongation ratio (Er), form factor (Rf), catchment relief (Rh), drainage density
(Dd), valley confinement at the gauge site (Vc), gauge position in the catchment (Gp), and
average longitudinal slope upstream of the gauge site (S1) (e.g., [12,17,21,30]).

Both Er and Rf describe the shape of a catchment. Er measures how elongate a
catchment is, indicates the trunk stream-tributary configuration of a catchment, and can be
used as a proxy for sub-catchment size and flow contributions along the trunk stream. Rf
measures whether a catchment has a circular or elongate shape which influences the time-
to-peak and flatness of the hydrograph peak. Rh and Sl represent catchment topography.
Rh and Sl measure catchment average slope and channel bed slope, respectively, which
affect hydrological responses to rainfall, infiltration rate, and stream flow celerity along the
valley bottom.

Dd is a measure of drainage network structure. It is measured as the density of the
stream network per unit area with a high drainage density indicating a dense network of
streams. The Dd of the stream network in a catchment impacts surface flow generation,
infiltration rate, and flow distribution [46]. Dd depends on various factors, such as topog-
raphy, climate, vegetation cover, soil properties, and lithology [47,48]. The scale at which
Dd is measured is important factor in determining the dependant controlling factors of Dd.
The present study investigates Dd at the regional and catchment scales, where climatic,
vegetation cover and soil properties are relatively uniform.

Vc is used here as a measure of the extent to which the gauge is located in a valley
expansion or contraction zone. It is used here to account for lateral valley scale/size as a key
morphometric control on flood characteristics (e.g., attenuation). Others have found that
Vc can be a more significant control than catchment size in determining flood hydrology
at any point in a catchment [49,50]. In this paper we are not considering the role of Vc on
finer-scale hydrological and geomorphological processes occurring on the valley bottom for
different types of river, nor for analysis of floodplain water storage or channel-floodplain
and slope—channel flow connectivity [51].

The position of a gauge (Gp) in a catchment, whether that is upstream, midstream,
or downstream, influences hydrograph peak flatness, timing, and base flow. Sl and Rf are
used to describe the longitudinal characteristics of catchments; for example, variations in
slope along longitudinal profiles and headwater steepness.

Analysis of hydrograph shape has been successfully used as a method for clustering
and hydrological classification of catchments [20,45,52-54]. The benefits of using hydro-
graphs for such analyses are; firstly, hydrographs integrate temporal and spatial variations
in water input, storage, and processes within a catchment [1,24,55], and secondly, they hold
quantifiable information [56-58] for statistical and cluster analysis [20,59-61]. These data
can be used to identify catchments with similar hydrological behaviour [20,23,42,62,63].
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A clustering method based on the shape characteristics of recorded flood hydro-
graphs [20,55] is considered to provide a more accurate classification because the hydro-
graph shape produced reflects the integration of processes occurring at different scales
in the catchment area upstream of the gauge over time [11,41,45]. Therefore, the shape
characteristics of flood hydrographs incorporate valuable information for classification
that can be quantified using dimensionless measures, such as kurtosis, skewness, and
rate-of-rise [45,64-66], and to make across-catchment comparisons. These measures capture
multiple flow characteristics including flood peak height, time-to-peak, the steepness of
the rising and recession limbs, and flatness of the peak which relates to flood duration.

In hydrological classification using cluster analysis, a median hydrograph of a cluster
is often produced and used in the analysis [20], recognising that the output hydrograph
may not be directly verifiable, as it is produced by metrics used in a cluster algorithm [67].
These median hydrographs can then be used for classification based on their shape charac-
teristics and classed as, for example, flashy (fast), intermediate, and broad (slow) (e.g., [20]).
Flashy hydrographs are more peaked and have steep rising and falling limbs; intermediate
hydrographs are characterised by similar peak shape, but less steep rising and falling limbs
compared to a flashy hydrograph, and broad hydrographs have elongated rising and falling
limbs and flatter peaks.

Our study uses 17 out of 20 coastal catchments of NSW, Australia, that occur in
three main regions: the Northern Rivers, Central Rivers, and Southern Rivers. The hydro-
morphic classification starts with cluster analysis on the hydrological characteristics (kurto-
sis, skewness, and rate-of-rise characteristics) of 2452 recorded high flow (near bankfull)
and overbank flood hydrographs with one-hour time-steps from 116 gauges on 44 study
rivers [61]. The hydrograph shape metrics presented in this study were successfully used
by Arash et al. [61]. They applied a method to extract these metrics for decadal time-series
flood hydrology analysis to detect whether changes in flood behaviour are occurring. Then,
PCA and supervised PCA (SPCA) analyses are performed to determine the mix of morpho-
metric controls operating on representative hydrographs of each cluster of high flows and
overbank floods with different shape characteristics. The chosen catchment morphometrics
used are Er, Rf, Rh, Dd, V¢, Gp, and SI.

The aims of this study were:

1.  To establish whether there are statistically distinct clusters of hydrograph shapes
produced during high flows and overbank floods based on kurtosis, skewness, and
rate-of-rise in coastal catchments of NSW.

2. To analyse the correlation between clusters of high flow and overbank flood hydro-
graphs and catchment morphometrics to determine if there is hydrological similarity
among catchments with similar morphometric characteristics.

3. To determine which catchment morphometrics are dominant controls on the hydro-
graph shapes produced during high flows and overbank floods.

2. Regional Setting

This study analyses 17 out of 20 rural catchments in coastal NSW, Australia where there
is over 80,000 km of stream length. These 17 rural catchments are unregulated, indicating
that the streamflow in these catchments is not altered by large dams and reservoirs. These
catchments cover three main regions: Northern Rivers, Central Rivers, and Southern Rivers
(Figure 1). All these catchments occur in the east of Great Diving Range (escarpment-
dominated) with an average elevation of 700 m above sea level. The smallest catchment
is the Brunswick (513 km?) and the largest the Clarence (22,333 km?). The number of
gauges used from confined sites is 27, partly-confined is 72, and laterally-unconfined
is 17 (Supplementary Table S1).
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Figure 1. Study catchments in coastal NSW. Red boundaries indicate NSW. n is the number of

gauges used in each catchment. Urbanised catchments indicated in grey are excluded from sub-
sequent analyses. For more information on the 116 study gauges, see Supplementary Table S1;
Supplementary Data.

These hydro-geomorphology of the study catchments represent an interaction between
geological, climatic, and anthropogenic controls that govern their hydrological characteris-
tics and responses [61,68,69]. The geology of the region is characterised by, in the north,
the New England Fold Belt that includes Devonian and Permian bedrocks, intruded by
granite and granodiorite, and Tertiary basalt eruptions. From the mid-coast to the south the
Sydney Basin geological unit includes near-horizontal sandstones and shales of Permian
to Triassic age. All of these catchments drain East from an escarpment into rounded and
rugged foothills that extend almost to the coast. Hence, over 80% of rivers in this setting
are confined (valley bottom confinement of 85% to 100%) or partly-confined (valley bottom
confinement between 10% and 85%) [70]. The lowland plans tend to be relatively short and
very few truly alluvial, laterally-unconfined rivers occur. Laterally-unconfined rivers with
valley bottom confinement of <10% are uncommon [70]. Where they do occur, they are
dominantly single-channel, meandering, or low sinuosity rivers that flow over fine-grained
and sand beds [70].



Geosciences 2025, 15, 141

6 of 27

Across the study catchments, a diverse range of climates occur due to their vast
geographical extent and varying topography [71]. Catchments in the north of the North-
ern Rivers Region experience a subtropical climate, whereas the remainder of the coastal
catchments are temperate. The climate in these catchment sis dominated by ENSO and
experiences extensive periods or drought or temperate conditions interspersed with intense
rain and flooding [72]. Most major flooding in this region occurs after intense rain induced
by east coast low pressure weather systems and rare tropical cyclones [73]. The escarpment
dominated topography and confined /partly confined rivers accentuate the conditions for
major flooding. In this region, interannual and interdecadal climatic and hydrological
variability in eastern Australia results in some of the highest flood variability in the world,
evidenced by high values of Flash Flood Magnitude Index (FFMI) and variations in an-
nual runoff [68]. The Northern Rivers Region experiences higher average annual rainfall,
more intense local storms, and greater seasonal variability [74]. Such conditions lead to
sudden, intense rainfall events that can produce sharp, high peaked hydrographs [61]. The
hydrological response in these catchments is often rapid due to both the intensity of the
rainfall and the relatively low antecedent soil moisture in some cases. Rainfall in Central
Rivers Region and Southern Rivers Region is generally lower in total amount, but more
evenly distributed over time, often associated with frontal systems that track from the
west [74]. The moderated rainfall and lower temperatures tend to produce less variable
base flows and broader hydrograph shapes with less pronounced peak heights [61]. Three
representative weather stations occur at Murwillumbah (Bray Park), Paterson (Tocal Auto-
matic Weather Station—AWS), and Bega (Newtown Road) stations, which are located at the
Northern Rivers, Central Rivers, and Southern Rivers regions, respectively. Mean annual
rainfall at the Murwillumbah, Paterson and Bega stations are 1595 mm a 1,948 mmal,
and 863 mm a~!, with mean minimum and maximum monthly temperatures ranging from
14.5t025.8 °C, 12.1 t0 24.2 °C, and 8.2 t0 22.3 °C [75].

The coastal catchments of NSW are predominantly covered by native vegetation on
hillslopes and contain vegetation associations including eucalyptus forests, temperate
rainforests, and some rainforest [76,77]. Almost all valley bottoms and riparian zones
were cleared of vegetation and wood within a few decades of European colonisation in
the late 18th and early 19th centuries [69,78]. In many catchments, river geomorphology
changed dramatically and soil erosion and sediment yields were high [79]. In recent
decades geomorphic and vegetative recovery has been occurring and this is, in places,
producing dramatic changes in flood hydrology and transmission times [61,73].

3. Materials and Methods

Flow and flood hydrograph records with one-hour time-steps of 116 gauges were
used spanning a timeframe of 1908 to March 2022 (Supplementary Table S1). Streamflow
time-series that are sourced from BoM [80] and WaterNSW [81] are high-quality with
less than 5% uncertainty [82] and undergo QA /QC checks before release to the public.
For example, gauge movements are calibrated to ensure consistency of data. Hence, the
verification of input data quality is important before undertaking statistical analysis. Only
in the Hunter catchment, some gauges have streamflow data extending back to the 1910s,
while most of the gauges in this study have records beginning from the 1950s onward.
Hence, the period of records in this study starts from the 1910s and covers several decades,
a time during which there has been a concurrent processes of river ‘re-greening’ and
geomorphic (structural) recovery [73,78]. A two-tier morphologically-defined flow and
flood stage classification method was used to identify high flows and overbank floods using
the method of Arash et al. [61] (Supplementary Figure S1). In this method, morphological
thresholds for high flows and overbank floods were initially identified at each gauge
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station site using the surveyed cross-sections, then flow stage records were matched to
the cross-sections at each gauge site. This study uses stage height hydrographs instead of
discharge due to their broader availability, ease of comparison across streams, improved
visualisation, alignment with stakeholder experiences, facilitation of rapid assessments,
and practicality for communication and decision-making during flood events [83,84]. A
high flow is defined as any flow that reaches a stage height that is between 50% lower and
5% higher than bankfull (hereafter termed near bankfull). These flows will inundate all
instream geomorphic units and fill a considerable proportion of the channel. An overbank
flood is any flow that exceeds a stage height of greater than 5% above bankfull. These flows
are out-of-channel floods that inundate floodplains and surrounding areas. High flow is
confined to the channel, whereas overbank floods exceed the bankfull level and spread onto
the floodplain and are therefore influenced by both channel and valley morphology. In total,
2452 stage height hydrographs were extracted from the free access databases of BoM [80]
and WaterNSW [81] [61]. The number of high flow and overbank flood hydrographs are
1584 and 868, respectively.

3.1. Hydrological Indicators

In this analysis, we use three hydrograph shape metrics as hydrological indicators
(i.e., kurtosis—K (Equation (1)), skewness—S (Equation (2)), and rate-of-rise—RoR (Equa-
tion (3)) (See Table 1).

ey M
Kurtosis(K) = o 1)
_ K3
Skewness(S) = s (2)
H
Rate — of — rise(RoR) = t—p 3)
P

where p refers to the arithmetic mean; p3 corresponds to the third moment about the mean;
g corresponds to the fourth moment about the mean; 6 refers to the standard deviation;
RoR refers to rate-of-rise (m h™1); Hp refers to the peak hydrograph stage (m); t, refers to
the peak arrival time (h).

Table 1. Definition of the hydrograph shape metrics measures used in the present study.

Metric Equation Definition

Kurtosis (K) Equation (1) Measures the ‘tailedness of a }'lydljograph, indicating how peaked or flat the hydrograph
is compared to a normal distribution.

Skewness (S) Equation (2) Indlcate's the degree 'of asymmetry in a hydrograph, measuring how much it deviates
from being symmetrical.

Rate-of-rise (RoR) Equation (3) Describes the speed at which water stage rises in a hydrograph.

In hydrology, the kurtosis (K) of a stage hydrograph is often used to assess the degree
of concentration or dispersion of flow stages around the average stage and whether the hy-
drograph has a more peaked or flat shape compared to a normal distribution. Leptokurtic
(sharp peak and thick tails—kurtosis >3), mesokurtic (normal distribution—kurtosis of 3),
and platykurtic (flat peak and thin tails—kurtosis <3) are several types of kurtosis. Skew-
ness (S) measures the asymmetry of the distribution of stage values in a flow hydrograph.
It quantifies the degree and direction of departure from symmetry or a normal distribution.
Symmetrical distributions have a skewness of zero (no skew), right skew distributions
have negative skewness, and left skew distributions have positive skewness. The RoR
measures how quickly water stage rises during a flow or flood. RoR (m h~1) is calculated
by dividing the peak hydrograph stage (m) by peak arrival time (h). In this study, the start
time of a hydrograph is considered to be the onset of the precipitation event, which causes
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a rise in stage height above base flow. The end time is marked by the point when the peak
hydrograph stage returns to base flow level. RoR (m h™!) is calculated by dividing the peak
hydrograph stage (m) by peak arrival time (h). In this study, the start time of a hydrograph
is considered to be the onset of the precipitation event, which causes a rise in stage height
above baseflow. The end time is marked by the point when the peak hydrograph stage
returns to baseflow level.

3.2. Catchment Morphometric Measures

Catchment morphometrics were calculated using watershed shapefiles, and a 30-m
resolution digital elevation model (DEM) of Australia sourced from Geoscience Australia
(GA) in the zonal statistics tool in ArcGIS Pro 3.2 [85]. The detailed processes are in
Supplementary Figure 52. A database of the morphometric measures for each study
catchment is published as S1 Data.

In regional-scale and catchment-scale studies, coarse resolution Digital Elevation
Models (DEMs) (e.g., SRTM, ASTER, and ALOS) are commonly used because they pro-
vide sufficient resolution for the calculation and mapping of valley and catchment-scale
morphology [86]. Such datasets are readily available and of broad coverage, allowing for
wide-scale analysis for cross-comparative purposes. Of course, there will be limitations
imposed for the measurement of some metrics in some situations. For example, Dd is
difficult to measure in small, flat catchments with complex drainage features like ponds and
lakes, and particularly in arid and semi-arid landscapes where low-order channels are often
underestimated [38,87,88]. In other places, a DEM will force the integration of channel net-
works and, therefore, the integration of flow transmissions by drafting connected channels
where they are not indeed present or functional. Elsewhere, the measurement of Vc may be
limited by pixel size, particularly in first-order streams. If analyses are being undertaken in
such areas, a user should make sensible decisions and carry out sufficient testing of DEMs
before using them. In some cases, higher-resolution elevation models, GIS/RS techniques
(e.g., hydrographic feature data models, stream burning), accompanied by field verification
and measurement will be needed to accurately capture the river network [88-91]. Our
study is undertaken in relatively larger, steeper catchments at catchment-to-regional scales,
so a 30-m DEM is suitable for use.

The area draining into each gauge site ranges from 33 km? to 17,780 km?. The gauge
sites occur at elevations ranging from 83 m to 1348 m above sea level. Channel distance
was calculated using the major and minor streamline shapefiles contained in the NSW
River Styles database [70,92], together with the edit toolbox and calculate geometry tool in
ArcGIS Pro 3.2. The distance between paired gauges ranges from 7 km to 359 km. These
paired gauges refer to the subsequent gauging stations located along the same stream, from
upstream to downstream.

In this analysis, we use five numeric morphometric measures: Er (Equation (4)), Rf
(Equation (5)), Rh (Equation (6)), Dd (Equation (7)), and Sl (Equations (9) and (10)). We also
used two categorical morphometric measures: Vc (Equation (8)), and Gp (Equation (11))
(See Table 2).

0.5
A
H
Rh=— (6)
LLs

-
Q.
I
>
3



Geosciences 2025, 15, 141 9 of 27
_ L
Ve = L (8)
AH;
I, = !
AH;
Sl = % (10)

Upstream : if £ x 100 < 10 %
Gp = < Midstream : if 10 % < Aét x 100 <50 % (11)
Downstream : if 50 % < £ x 100

where Er refers to elongation ratio; A refers to the contributing catchment area (km?); A¢
refers to the total catchment area (km?); L refers to the catchment length along its axis (km);
Rf refers to the form factor; Rh refers to the relief ratio; H refers to the maximum catchment
relief, which is the difference in elevation between the catchment mouth and the highest
peak in the catchment (m); Dd refers to the drainage density (km km™2); XL refers to the
sum of channel lengths in a catchment (km); XL, refers to the sum of confined channel
lengths (km); L refers to total channel length (km); Sl; refers to the average longitudinal
slope in 30-m interval; AH; refers to the difference between the elevation at 30-m interval
(m); Ax; refers to reach length (m), which is assumed 30 m based on the DEM resolution;
and Sl refers to the average longitudinal slope of the stream from the drainage divide to
the gauge site.

Table 2. Definition of the catchment morphometric measures used in the present study.

Metric

Equation Definition

Catchment Characteristics

Described
Represents the shape of a catchment, calculated as the
Elongation ratio (Er) Equation (4) ratio of the diameter of a circle of the same area as the ~ Shape
catchment to the maximum catchment length.
Quantifies the shape of a catchment, calculated as the
. ratio of the catchment area to the square of the
Form factor (Rf) Equation (5) catchment length. It indicates how circular a Shape
catchment is.
. . The difference in elevation between the highest and
Catchment relief (Rh) Equation (6) lowest points in a catchment area. Topography
Drainage density (Dd) Equation (7) g/isiizz‘lels);ht;:zottgialf Zl;get? (())ff fﬁi}cc};?;;{:: a catchment Drainage network structure
Vallev confinement at the Describes how confined or unconfined a channel valley
Y Equation (8) is at the location of a gauge, usually influencing flow Size

gauge (Vc)
Longitudinal slope (SI)

Gauge position in the
catchment (Gp)

characteristics.
The slope or gradient of a channel, typically measured

Equations (9) and (10) along its longest course. Topography
Refers to the location of a gauging station within a
Equation (11) catchment, which can influence the observed Size

hydrograph shape.

Catchments with an Er ratio closer to 1.0 and a high Rf are round and catchments with
Er around 0.6 and a low Rf are elongate. A circular catchment means the distance from
any point on the catchment boundary to the outlet is relatively uniform compared to an
elongate catchment. Catchments with Rf close to 1 tend to have flashy flood regimes, while
catchments with Rf closer to 0 tend to have lower flood intensities [30,93]. Catchments with
high Sl and Rh tend to more accentuated topography and create flashy flow regimes [94].
Dd measures the potential of an area to generate discharge [95,96].

Gp can be positively correlated with Vc in some catchments. Vc is a straightforward,
GIS-compatible metric that offers a relative measure of lateral valley scale/size. The extent
to which flow is confined in a channel or on a valley bottom determines where flow
expansion and contraction zones occur [97]. Vc classes are defined as: confined (Vc > 90%),
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partly-confined (Vc = 10% to 90%) or laterally-unconfined (Vc < 10%) [98]. Confined valleys
are expected to produce flashier hydrographs than laterally-unconfined valleys. Similar to
Dd, Vc can be readily computed using GIS tools and widely available topographic datasets.

Gp is a categorical measure of whether the gauge is positioned in an upstream, mid-
stream, or downstream location. Using the method of Arash et al. [61], if total drainage area
to the total catchment area is less than 10% the gauge is classified as upstream; between
11% and 50% is classified as midstream, and more than 51% is classified as downstream. In
upstream locations, gauges tend to be found in confined, steep valleys where hydrograph
shape is expected to be more peaked (pointed shape), whereas gauges in downstream
locations tend to occur in laterally-unconfined valleys hydrograph shape is expected to
be more platykurtic. In this study, the number of gauges in upstream positions is 71, at
midstream is 33, and at downstream is 12.

3.3. Statistical Analyses

All statistical analyses were performed by using Minitab version 22, and Python
version 3. The first step in these analyses was the identification of median hydrograph
shapes for high flows and overbank floods on a catchment scale by using the hydrographs
in each catchment. The median hydrograph shape describes the variability of hydrograph
shapes in a catchment as an indication of hydrological processes [20]. The median high
flow and overbank flood hydrographs are the most closely matched the median values of
K, S, and RoR in each individual catchment. These median hydrographs were selected for
analysis. The total number of median high flow hydrographs is 99, and the total number of
median overbank flood hydrographs is 62.

The subsequent analyses (Principal Components Analysis—PCA and Supervised
Principal Components Analysis—SPCA) were conducted to determine correlations between
hydrological characteristics and catchment morphometrics (Supplementary Figure S3). PCA
was performed to determine the strength of correlation between hydrological characteristics
and catchment morphometrics for both high flow and overbank flood types and then
separately for each flood type. The PCA analysis employs the variance-based similarity
matrices to identify new principal components in the dataset, where the data variance is
maximised, thereby, PCA can reduce the number of indicators, while retaining most of the
information. Also, the dominant morphometric control that explains the most variability
in the hydrological data can be found. The number of selected principal components for
selected further analyses was based on explaining at least 80% of the total variance of the
original variables [23].

Before performing PCA, the data was standardised to prevent variables with larger
variances, having a disproportionate influence on the PCA results. In this regard, the values
of kurtosis, skewness, RoR, Er, Rf, Rh, Dd, and Sl were standardised using the Z-score
method. The Z-score procedure was used to transform the variable by subtracting its mean
and dividing by its standard deviation for each variable.

A K-means clustering method was used to define the number of clusters for high flow
and overbank flood median hydrographs. The K-means method is commonly used as
a partitional clustering technique that uses a clustering algorithm to define dissimilarity
(or distance) between a data point and a cluster centroid to partition a dataset into a
predetermined number of clusters. The common standard dissimilarity or distance metric
used in K-means clustering method is Euclidean Distance. This metric is used to calculate
the straight-line distance between each data point and each cluster centre in Euclidean
space to assign data points to clusters and to optimise the positions of the cluster centres.

Elbow analysis was used to determine the optimal number of clusters to use in K-
means clustering, with the aim of maintaining balance between compactness (within-cluster
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variance) and simplicity (number of clusters). All three hydrologic indicators (kurtosis,
skewness and RoR) were used for elbow and K-means clustering methods. To evaluate
the validity of the clustering method, three metrics of Silhoutte, Calinski-Harabasz and
Davies-Bouldin scores were calculated for each number of clusters (i.e., [21]). Also, for
each number of clusters, the K-means clustering algorithm was applied to the dataset.
The resulting clusters were then visualised to confirm that data points were appropriately
grouped. Once the clusters were identified for high flows and overbank floods, all median
hydrographs within each cluster were plotted as ‘rainbow graphs’ (e.g., [20]), and the
median and mean hydrograph of each cluster identified. The median hydrographs of
each cluster are subsequently used as the median hydrograph shape in each cluster for
further analyses.

One-way ANOVA analyses were independently conducted to test whether there is
a significant difference between the means of three variables—kurtosis, skewness and
RoR—across three clusters of high flow, and across three clusters of overbank flood. Each
set of clusters (high flow and overbank flood) was analysed separately to determine if there
were statistically distinct variations in these variables. The significance of the differences
was assessed at a 95% confidence level, with a threshold of p-values < 0.05. The labels for
median hydrographs of high flow clusters and overbank flood clusters were adopted from
Brunner et al. [20], as 1. flashy, 2. intermediate, and 3. broad.

To determine the mix of controls operating on each of the high flow and overbank
clusters, and to establish the dominance or percentage of contribution of each to the
relationship, SPCA was used. SPCA can be used on categorical data (in this case cluster
labels) and can be used to reduce the variables that describe the data and discriminate
between clusters [99,100]. This means that the principal components generated from SPCA
analysis are not just about capturing the maximum variance among features but also about
being relevant to the prediction of a response variable. This makes SPCA particularly
useful in this classification task where the response variable is categorical (cluster labels).
To capture over 50% of variance, both PC1 and PC2 were considered. Then, the PC1 weights
and PC2 weights for each cluster were used in the SPCA analysis, and the percentage of
contribution of each control in PC1 and PC2 was calculated. The weight for PC1 was
calculated by considering both the variance in the catchment controls, and the relationship
of these predictors with the cluster labels. PC2 was calculated in the same way as PC1
to make sure that the important variations in the data that are not visible in PC1 are also
captured. However, the PC1 and PC2 in standard PCA are calculated by achieving the
highest variance in the catchment controls, regardless of how strongly they are related to
the cluster labels.

In this study, dominant catchment morphometric controls for high flow and overbank
floods are those which explain the highest cumulative variance (more than 60%) explained
by both PC1 and PC2. Hence, the controls with the highest contribution scores and the
percentage of contribution (more than 60%), when considering both PC1 and PC2, are
considered dominant. The contribution score was calculated by summing the absolute
values of the loadings of catchment morphometric controls across both PC1 and PC2 [101].
The absolute value captures the size of the contribution regardless of whether it is positive
or negative, which is more essential in the interpretation of PCA analysis results than the
direction of its influence.
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4. Results

4.1. PCA and Standardisation Analysis Results
4.1.1. High Flows

In the eigen analysis of the correlation matrix, the eigenvalues of PC1 to PC7 for
high flow median hydrographs were calculated, and the PC1 to PC4 with eigenval-
ues greater than one were selected for further analyses (Supplementary Figure S4 and
Supplementary Tables S2 and S3). PC1 is strongly and positively correlated with S, K, Er,
Rf, and Rh with a loading of 0.4. Gp and RoR are negatively correlated to PC1, and Dd, Vc,
and Sl are positively correlated to PC1. PC2 is strongly and positively correlated with Er
and Rf with a loading of 0.45, and PC2 is strongly and negatively correlated with V¢, Sl
and K with a loading of —0.35. Dd, RoR and Gp are positively correlated with PC2, and S
and Rh are negatively correlated with PC2.

The PCA biplot for median high flow hydrographs indicates that Er and Rf are
positively correlated and each of them are positively correlated with Dd (Figure 2 and
Supplementary Table S4). The correlation matrix from PCA biplot analysis for median high
flow hydrographs shows Vc and Sl are strongly correlated, and they are each negatively
correlated with Dd, Er and Rf. In this PCA biplot, the small angle between RoR and Gp
suggests that they are positively correlated. Also, there is a strong positive correlation
between K, S, and Rh. PCA analysis results indicate that 99% of the variance can be cap-
tured by using only 8 components instead of 10 (Supplementary Table S2). Given that Er is
strongly correlated with Rf, and Sl with V¢, only two of these variables were for subsequent
statistical analyses (clustering): Er (in place of Rf) and Sl (instead of Vc).

3
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Figure 2. PCA biplot for representative high flow hydrographs (count: 99). In this figure, K refers
to kurtosis, S refers to skewness, RoR refers to rate-of-rise, Rf refers to form factor, Vc refers to
valley confinement at the gauge, Er refers to elongation ratio, Dd corresponds to drainage density, S1
refers to average longitudinal slope upstream of the gauge, Gp corresponds to gauge position in the
catchment, and Rh refers to catchment relief.

4.1.2. Overbank Floods

The PCA biplot for median overbank flood hydrographs is shown in Figure 3. In
the eigen analysis of the correlation matrix, the eigenvalues of PC1 to PC10 for over-
bank floods were calculated (Supplementary Figure S5 and Supplementary Table S5).
PC1 to PC5 with eigenvalues higher than one were retained (Supplementary Table S5).
PC1 is strongly and positively correlated with K, S, Er and Rf (loading of 0.4), and pos-
itively correlated with Rh, Dd, Vc and SI. Rh and RoR are negatively correlated with
PC1 (Supplementary Table S6 and S7). PC2 is strongly and positively correlated with S, K,
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Vc and SI, and strongly and negatively correlated with Er, Rf and RoR. Gp is positively
correlated with PC2, and Rh and Dd are negatively correlate with PC2.

Second Component
(=]

-3 -2 -1 0 1 2 3
First Component

Figure 3. PCA biplot for representative overbank flood hydrographs (count: 62). In this figure, K
refers to kurtosis, S refers to skewness, RoR refers to rate-of-rise, Rf refers to form factor, Vc refers to
valley confinement at the gauge, Er refers to elongation ratio, Dd corresponds to drainage density, S1
refers to average longitudinal slope upstream of the gauge, Gp corresponds to gauge position in the
catchment, and Rh refers to catchment relief.

The small angle between K-S, Er-Rf, and Vc-Sl pairs show that these variables are posi-
tively correlated (Figure 3 and Supplementary Table S6). The correlation matrix from PCA
biplot analysis for median overbank flood hydrographs shows Rh and Dd are positively
correlated and each of them is negatively correlated with Gp and RoR. Also, K, S, Rf, and
Er are negatively correlated with Gp and RoR. There is no correlation between the Vc-Sl
pair, and other variables. Similar to high flows, to prevent duplication of morphometrics
that measure similar characteristics, Er and Sl (instead of Rf and Vc) were selected for

further analysis.

4.2. Elbow Analysis and K-Mean Clustering Method for Representative High Flow and Overbank
Flood Hydrographs

The three hydrological indicators, K, S, and RoR of median high flow and over-
bank flood hydrographs were used as inputs to the clustering method. K-means
clustering method was used to test for 2 to 10 clusters. In the K-means cluster-
ing method, the mean-with cluster sum of squares of 2 to 10 clusters was calculated
(Supplementary Tables S8-510 and S11-513). The mean-within cluster sum of squares be-
tween 3 and 4 clusters has the lowest variability, and the calculated Silhoutte, Calinski-
Harabasz and Davies-Bouldin scores for 3 and 4 clusters were the same scores, which
indicates that either of them can be used. The K-means clustering algorithm was applied
independently to partition the data into 3 and 4 clusters, with the results of each plotted
for analysis. The results revealed that with 4 clusters, one group contained fewer than
5 data points, while the others each had more than 15 data points. In contrast, when
using 3 clusters, the distribution of data points across the groups was more balanced
and relatively equal compared to 4 clusters. Hence, for subsequent analysis, 3 clusters
were selected.

The K-means algorithm successfully segmented median high flow hydrographs into
three distinct clusters based on K, S, and RoR. Similarly, three clusters of K-means were
identified for median overbank flood hydrographs. Data visualisation was undertaken
to validate the accuracy of K-means clustering method in terms of the identification of
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overlaps or gaps between clusters, the examination of the size and balance of the clusters,
and the identification of outliers. In this regard, the K, S, and RoR for the three high flow
and overbank flood clusters are plotted in three-dimensional plots in (Figure 4a,b), and
the statistics of these analyses for median high flow and overbank flood hydrographs are
shown in Supplementary Tables S8-510 in for high flows, and in Supplementary Tables
511-513, for overbank flows. For ease of communication herein, Cluster 1 hydrographs are
classed as flashy, Cluster 2 as intermediate, and Cluster 3 as broad.

b

2
RoR
0
-2
® n (Cluster 1: flashy) = 17 ® n (Cluster 1: flashy) =7
n (Cluster 2: intermediate) = 54 n (Cluster 2: intermediate) = 26
® n (Cluster 3: broad) = 28 ® n (Cluster 3: broad) = 29

Figure 4. Three-dimensional plot showing the K, S, and RoR values of different clusters for
(a) representative high flow hydrographs (Cluster 1: flashy, Cluster 2: intermediate, and Clus-
ter 3: broad), and (b) overbank flood hydrographs (Cluster 1: flashy, Cluster 2: intermediate, and
Cluster 3: broad). The n values indicate the number of representative high flow hydrographs and
representative overbank flood hydrographs in each cluster. In this figure, K refers to kurtosis, S refers
to skewness, RoR refers to rate-of-rise.

For high flow hydrographs, the means of standardised K, standardised S, and standard-
ised RoR for median flashy (n = 17), intermediate 2 (n = 54), and broad 3 (n = 28) clusters
are shown in Figure 5a—c. A one-way ANOVA at a 95% confidence level (p-value < 0.05)
was used to test whether there is a significant difference in K, S, and RoR between the
three clusters (Supplementary Tables 514-525). The one-way ANOVA test shows there is
a significant difference in K, S, and RoR for the three different clusters (p-value < 0.05).
Furthermore, the values of R? across all clusters is higher than 68%, which indicates that
ANOVA model is appropriate in explaining variations in K, S, and RoR.

To display the differences in the median high flow hydrograph shape by cluster,
median hydrographs for all three clusters, their median, and mean shape are shown in
Figure 5d—f. The median hydrograph is the most closely matched the median values of K,
S, and RoR in each cluster. Similarly, the mean hydrograph corresponds most closely to
the mean values of K, S, and RoR in each cluster. Flashy hydrographs are characterised
by the highest K, and S, and a low RoR compared with other clusters. These hydrographs
have steep rising and falling limbs, a low peak stage height, and right-tailed skewed.
Broad hydrographs are characterised by the lowest K, and S, and the highest RoR. These
hydrographs exhibit steeper rising and falling limbs, are more peaked, and left-tailed
skewed. Broad hydrographs have more skew, have a faster rate of rise, followed by a
gradual decline, indicating slower drainage processes. Flashy hydrographs, on the other
hand, have less skew and a slower rise, with a sharp recession after the peak, reflecting
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rapid runoff. Intermediate hydrographs are charactered by a higher K and S and lower
RoR compared to broad hydrographs. This means that intermediate hydrographs have less
steep rising and falling limbs, are less peaked, and more right-tailed skewed compared
to flashy hydrographs. The median stage height value for broad high flow hydrographs
(~10 m) is higher than for flashy (~5 m) and intermediate (~5 m) hydrographs.
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Figure 5. (a) standardised K, (b) standardised S, and (c) standardised RoR characteristics for each
cluster of representative high flow hydrographs, with one-way ANOVA results. (d—f) Three clusters
of representative high flow hydrograph shapes for coastal catchments of NSW are shown in grey
scale (1. flashy, 2. intermediate and 3. broad). The median hydrograph shape per cluster is shown in
blue, and the mean hydrograph shape per cluster is shown in red. The n values indicate the number
of representative high flow hydrographs in each cluster. In this figure, K refers to kurtosis, S refers to
skewness, RoR refers to rate-of-rise.

For overbank flood hydrographs, the means of standardised K, standardised S, and
standardised RoR for median flashy (n = 7), intermediate (n = 26), and broad 3 (n = 29)
clusters are shown in Figure 6a—c. To test the significance in the means of K, S, and RoR
between three clusters, a one-way ANOVA at a 95% confidence level (p-value < 0.05) was
used (Supplementary Tables S26-S37). The values of R? for K and S are higher than 71%,
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which indicates that the ANOVA model is appropriate in explaining the variations in K, and
S. However, the R? for RoR is 39%, which shows that the ANOVA model is not explaining
all variations in RoR. RoR is important for differentiating between flashy and intermediate
relative to broad hydrographs, because RoR of broad hydrographs is much higher than
others. K and S help to differentiate between broad and intermediate hydrographs. Hence,
all these indicators (K, S and RoR) are required for clustering of the median hydrographs.
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Figure 6. (a) standardised K, (b) standardised S, and (c) standardised RoR characteristics for each
cluster for representative overbank flood hydrographs with one-way ANOVA results. (d—f) Three
clusters of representative overbank flood hydrographs shapes for coastal catchments of NSW (flashy,
intermediate and broad) are shown in grey scales. The median hydrograph shape per cluster is
shown in blue, and the mean hydrograph shape per cluster is shown in red. The n values indicate
the number of representative overbank flood hydrographs in each cluster. In this figure, K refers to
kurtosis, S refers to skewness, RoR refers to rate-of-rise.

Median overbank flood hydrographs for all three clusters, their median, and mean
shape are shown (Figure 6d—f). The median hydrograph is the most closely matched
the median values of K, S, and RoR in each cluster. Similarly, the mean hydrograph
corresponds most closely to the mean values of K, S, and RoR in each cluster. Flashy
hydrographs are characterised by the highest K, S, and low but highly variable RoR. Flashy
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hydrographs exhibit steep rising and falling limbs, are more peaked, and right-tailed
skewed. However, the peak stage height is variable and ranges between 1.5 and 15 m.
Intermediate hydrographs are characterised by a lower K, S, and RoR, having less steep
rising and falling limbs, being less peaked, and more left-tailed skewed compared to flashy
hydrographs. Broad hydrographs are charactered by a higher RoR, and the lowest K and S
compared to flashy and intermediate hydrographs. This means that broad hydrographs
have less steep rising and falling limbs, are more less and more left-handed skewed. The
median stage height value for broad overbank hydrographs (~10 m) is higher than for
flashy (~7.5 m) and intermediate (~5.5 m) hydrographs.

4.3. Regional- and Catchment-Scale Distribution of Different Types of Representative High Flow
and Overbank Flood Hydrographs

The results of the count of median high flow and overbank flood hydrographs at
catchment scale and regional scale are summarised in Figure 7 and Supplementary Tables
538 and S39. For high flows (Figure 7a), flashy hydrographs are most common in the
Northern Rivers (25%), followed by the Southern Rivers (17%), and Central Rivers (10%).
The Richmond, Macleay, and Hunter catchments have the highest number of flashy hydro-
graphs (count > 4). Intermediate high flow hydrographs make up the greatest proportion
across all regions, being highest in the Central Rivers (60%), followed by Southern Rivers
(58%) and Northern Rivers (45%). Intermediate high flow hydrographs are found in almost
all catchments, expect for Clyde and Towamba, with the Hunter having the highest count
(n = 10). Broad hydrographs are more common in the Northern Rivers (30%) and Central
Rivers (30%) than in the Southern Rivers (25%), with the highest number found in the
Hunter, Richmond, Clarence, and Manning catchments (count > 4).

(a) Representative high flow hydrographs
Tweed i )

o Flashy
© Intermediate
© Broad

~
7 4
. L
Bellinger ,r
.
s
-
Macleay o/
oL
.
.

v

Northern Rivers

N

Hastings ™ _-*~
Cai P 4,10%

Manning-”~ .-~

-~

Hawkesbury --

Central Rivers
)
Q
el
[—4
g
3
.
()
x
o
w

\
\
‘I
\
\
\
\
\

Sydney Basin/Georges =~~~

‘Southern Rivers .
v . ¥

0 5 10 15 20
Count

Figure 7. Cont.



Geosciences 2025, 15, 141

18 of 27

(b) Representative overbank flood hydrographs
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Figure 7. Cluster count summarised for each catchment, and region (Northern Rivers, Central Rivers

and Southern Rivers) for (a) representative high flow hydrographs (flashy, intermediate and broad),
and (b) representative overbank flood hydrographs (flashy, intermediate and broad).

For overbank floods (Figure 7b), the number of flashy hydrographs is low in the North-
ern Rivers (15%), Central Rivers (10%), and Southern Rivers (absent; 0%). Intermediate
hydrographs are highest in the Southern Rivers (50%), followed by Central Rivers (43%)
and Northern Rivers (39%). There are at least two intermediate hydrographs in each of the
Hunter, Manning, Clarence, Richmond, and Bega catchments. Broad hydrographs make
up the greatest proportion across all regions, being highest in the Southern Rivers (50%),
followed by Central Rivers (47%) and Northern Rivers (46%), with the Karuah catchment
having the highest count (n = 10).

Based on the count of median high flow and overbank flood hydrographs in each
catchment (Supplementary Table S39), many catchments across the region experience in-
termediate high flow hydrographs, and intermediate overbank flood hydrographs. On
average, catchments that experience the highest number of intermediate high flow hydro-
graphs also experience the highest number of intermediate overbank flood hydrographs.
However, intermediate high flow hydrographs and broad overbank flood hydrographs
are the most frequent type of floods in the Shoalhaven Catchment. There are no available
recorded overbank flood hydrographs in some catchments in the Southern Rivers Region,
such as the Clyde, Moruya, and Towamba catchments.

4.4. SPCA Analysis to Identify the Mix and Dominance of Catchment Morphometric Controls on
Each Flood Type Cluster

SPCA was used to identify the dominant catchment morphometric controls on flood
hydrograph shape (Supplementary Figures S6 and S7, and Supplementary Tables 540-545.
For both high flow and overbank floods, PC1 explains 35% of variance and PC2 explains
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nearly 25% of variance, thereby both PC1 and PC2 eigenvalues were used to identify the
dominant controls for high flows and overbank floods.

Figure 8 shows the SPCA biplot for the median hydrographs of high flow clusters,
and overbank flood clusters. The distribution of datapoints (median hydrographs) are
not the same thereby the datapoints with each cluster are correlated with different vectors
(controls) for high flows and overbank floods. The distances between the cluster centroids
are distinct, and regardless of some overlaps between clusters, data points within the same
cluster are relatively close to each other. Hence, the clusters are statistically and visually
different to each other, which was also shown in Figure 4. Across all flood types and
clusters, Er and Rh are positively correlated, and each of them are negatively correlated
with Gp (Figure 8a,b). Dd and Sl are negatively correlated, and there is no correlation
among them with Er, Rh, and Gp.
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Figure 8. SPCA biplot for the median hydrographs of (a) high flow clusters, and (b) overbank flood
clusters. In this figure, Er refers to elongation ratio, Dd corresponds to drainage density, Sl refers to
average longitudinal slope upstream of the gauge, Gp corresponds to gauge position in the catchment,
and Rh refers to catchment relief.

Table 3 shows the PC1 weights, PC2 weights, and percentage of contribution of each
control in PC1 and PC2 based on the SPCA analyses, as indicators of relative dominance
for high flow and overbank floods. For high flow hydrographs, the mix of morphometric
controls that best explain variations across all clusters are Dd, Rh and Sl (cumulative
contributions more than 60%). For flashy hydrographs, the dominant controls are Er, SI
and Dd; broad, the dominant controls are Rh, Sl and Gp; and intermediate, the dominant
controls are Dd, Rh and SI, respectively. The contribution score of Er is only 15% for both
broad and intermediate hydrographs, and the contribution score of Gp is 18% for flashy
and intermediate hydrographs.

For overbank flood hydrographs, the dominant mix of morphometric controls that
explain variations across all clusters are Er, Dd, and Rh (or Gp) at 67%, followed by Gp
at 18% and Sl at 15%. Either Rh or Gp can be used as their scores is nearly the same. For
flashy hydrographs, Rh and SI with a cumulative contribution score of 57% is the best
mix of controls, and Er, Dd and Gp have minor impacts in explaining the variation in the
flood behaviour of flashy hydrographs. For intermediate and broad hydrographs, the mix
of Er and Dd controls each with a contribution of between 20% to 30% are the dominant
controls, and for intermediate, Rh is the third control with a contribution of nearly 20%.
The contribution score of Sl is less than 17% for both intermediate and broad hydrographs.
Based on the results, Gp has a minor impact on the variation in the flood behaviour across
all clusters of overbank flood hydrographs.
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Table 3. The PC1 and PC2 weights of Er, Rh, Dd, S], and Gp (percentage of contribution of each
control in PC1, as an indicator of percentage of dominance shown in parentheses) based on the SPCA
analyses for high flow clusters, and overbank flood clusters. In this table, Er refers to elongation ratio,
Dd corresponds to drainage density, Sl refers to average longitudinal slope upstream of the gauge,
Gp corresponds to gauge position in the catchment, and Rh refers to catchment relief.

Dominant
Flood Type Cluster PC Er Rh Dd Sl Gp Controls
1 0.55 (26% 0.57 (26% 0.41 (19% 0.25 (11% 0.38 (18%
flashy ( ) ( ) ( ) ( ) ( ) Er, Dd and S1
2 —0.4 (19%) 0.15 (7%) —0.45 (22%) 0.68 (33%) 0.4 (19%)
1 0.48 (23%) 0.59 (29%) 0.37 (18%) 0.09 (5%) —0.53 (26%)
High flow intermediate Rh, Dd and S1
2 0.14 (7%) 0.34 (17%) —0.6 (31%) 0.68 (35%) 0.2 (10%)
1 .57 (30% . % 12 (6% 0.06 (3%, —0.49 (26%,
broad 0.57 (30%) 0.65 (35%) 0.12 (6%) (3%) ( ) Rh, Sland Gp
2 —0.01 (0%) 0.22 (12%) —0.59 (33%) 0.74 (41%) 0.24 (13%)
1 0.52 (24% 0.53 (24% 0.46 (21% 0.31 (14% 0.37 (17%
flashy (24%) (24%) (21%) (14%) (17%) Rhand Sl
2 —0.27 (16%) —0.36 (21%) 0.13 (8%) 0.89 (53%) —0.03 (2%)
1 0.44 (20%) 0.47 (21%) 0.57 (26%) —0.34 (15%) —0.38 (17%)
Overbank flood intermediate Er,Rhand Dd
2 —0.55 (25%) —0.5(23%) 0.29 (13%) —0.39 (18%) —0.47 (21%)
1 0.41 (19%) 0.42 (19%) 0.36 (16%) —0.43 (20%) —0.59 (27%)
broad Erand Dd
2 —0.67 (40%) —0.11 (6%) 0.73 (44%) 0.03 (2%) —0.13 (8%)

Opverall, Rh and Dd are the dominant controls on hydrograph shape with contributions
more than 42% across all flood types and clusters. For high flow, Sl and for overbank floods,
Er are other dominant controls that together with Rh and Dd can explain more than
65% of variation in the flood behaviour across all clusters of high flow and overbank
flood hydrographs.

5. Discussion
5.1. Identification of Different Hydrograph Shapes, and Hydrograph Types

In this study a hydro-morphic catchment classification was used to characterise
and categorise catchments based on both hydrological and geomorphological attributes.
When robust, hydro-morphic catchment classification has a wide range of applica-
tions, including land use planning, water resource management, and environmental
monitoring [11,102-105].

The results of K-means clustering approach based on kurtosis (K), skewness (S),
and rate-of-rise (RoR) of the catchment-specific sets of median (median) hydrographs
revealed three statistically distinct clusters of high flow hydrographs, and three clusters of
overbank flood hydrographs (Figures 4-6). The hydrographs belonging to these clusters
have flashy, intermediate and broad shapes (e.g., [20]). These clusters are distinctive in
terms of magnitude, time-to-peak and distribution. Also, the clustering results indicate the
hydrological diversity of catchments in the coastal NSW with median hydrograph shapes
occurring in each catchment (Figure 7).

Flashy high flow hydrographs and flashy overbank flood hydrographs have steep
rising and falling limbs, are more peaked and are right-tail skewed. Across high flow and
overbank flood clusters, flashy hydrographs mostly occur in catchments in the Northern
Rivers and Central Rivers Regions that have a very high slope, high drainage density and
are relatively round [27,28,106].

Broad high flow hydrographs and broad overbank flood hydrographs have a high
peak stage, have less steep rising and falling limbs, are less peaked, and are left-tail skewed.
These hydrographs occur in round catchments that are large in size, have steep slope and a
high drainage network density, such as Hunter, Richmond, Clarence, Manning and Karuah
catchments in the Central Rivers Region [28,107,108].
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Intermediate high flow hydrographs and intermediate overbank flood hydrographs
have a relatively similar high peak stage, but broader distribution compared to flashy
hydrographs. These hydrographs are the most frequent and they occur in catchments with
a relatively lower slope, lower drainage density, and more elongate shape, such as Hunter,
Manning, Hasting and Clarence catchments [20,28,30,108].

5.2. Identification of the Mix and Dominance of Catchment Morphometric Controls on
Flood Behaviour

Hydrological behaviour can vary considerably in catchments and regions with a
different mix of morphometric characteristics [9,10,49,109]. However, using the analysis
presented in this paper, it is possible to determine the dominant (i.e., the best explanatory)
controls on hydrograph shape in individual catchments and across a region based on a
refined suite of morphometric parameters. This approach can be used as one way to explain
the hydrological behaviour of catchments (i.e., See [12,23,39,45]).

Our results suggest that hydrological behaviours of high flows and overbank floods are
controlled by different mixes of catchment size, shape, topography and drainage network
characteristics [9,10,95,110]. The topographic characteristics of catchments (i.e., relief and
longitudinal slope, Rh and Sl in this study) are commonly among the dominant controls for
all high flow and overbank flood hydrographs, excluding broad overbank floods. Drainage
network structure (i.e., drainage density, Dd in this study) is also an important control
on flashy and intermediate high flows, and intermediate and broad overbank floods,
while catchment size (i.e., gauge position in the network, Gp in this study) influences
broad high flows. Catchment shape (i.e., elongation ratio, Er in this study) influences
broad overbank floods, and catchment shape characteristics are dominant for flashy high
flows, and intermediate and broad overbank floods. Generally, topographic controls
are more useful for differentiating the hydrological behaviour of high flows relative to
overbank floods.

Overall, across all clusters of high flow and overbank floods, topographic (Rh or
Sl) and drainage network structure (Dd) characteristics of catchments are commonly the
dominant controls, accounting for more than 42% of the variance measured (Figure 9).
Also, the behaviour of flows that reach to bankfull (high flows) is influenced more by some
local-scale controls, such as channel slope (S1) rather than catchment relief (Rh). There are
other local-scale controls operating on high flows, such as channel roughness, size, shape,
planform etc. that have not been tested here [18,25,111-113]. Future work to broaden the
range of local-scale controls operating on high flows would improve the interpretation of
regional-scale patterns (and clusters) of high flow behaviour [16,34,41,114,115].
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Figure 9. The representative (median) hydrograph shape of flashy, intermediate and broad hydro-
graphs for (a) high flows, and (b) overbank floods. The dominant controls based on the SPCA
analyses are noted in the box for each hydrograph type.
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5.3. The Potential Application of a Hydro-Morphic Classification of Catchments

We acknowledge that our method is best suited for use in medium sized catchments
where climatic and hydro-geomorphic characteristics are relatively uniform and where
there is a reasonable distribution and availability of gauge data. It will also work well in
landscapes and catchments that are slightly dissected, and where rivers are dominantly
confined or partly confined and do not contain a wide array of floodplain and alluvial river
types. In these situations, it can provide a relatively cost- and time-effective analysis that
can be used by hydrologists to do a high-level analysis of spatial patterns of flood behaviour
(See Figure 7, [44,116]), and identify drainage network configuration and structural land-
scape controls that may be having a significant effect on flood behaviour [93,117,118].
Given that hydrograph shape integrates different processes occurring in catchments at
different scales, a hydro-morphic classification of catchments can be used to identify “type
basins”. These “type basins” could then be correlated with neighbouring catchments with
like-for-like morphometric characteristics that may have scarce to null hydrological data as
a basis to infer the hydrological functioning of these systems during floods [21,41,45,55,62].
This “reverse mode use” could be particularly useful in areas of the world where there is a
lack of robust hydrological data. Additionally, such insights could be used to interpolate
and extrapolate input data for hydrological models in ungauged catchments with like-
morphometric characteristics and the development of cluster or class-specific hydrological
models [11,21,41,62,107,119].

For flood management, this hydro-morphic classification and method can be used
across catchments and regions (see Figure 7) to help managers understand flood behaviour
in their catchments and to identify the catchments and regions where flood management
is possible [19,60,61,120,121]. Such analysis identifies the landscape-imposed controls
(i.e., catchment size or slope) and core characteristics of flood behaviour that cannot readily
be manipulated. Therefore, for river managers, this understanding helps to determine what
can (and cannot) be realistically manipulated in flood risk management [102,122-124]. Fur-
ther work is required to determine the extent to which factors such as riparian revegetation
and changes in land cover can be manipulated in these systems to have some effect on
flood behaviour and mitigation [111,113].

6. Conclusions

This study presents a hydro-morphic catchment classification for coastal catchments of
NSW, Australia. It uses 1584 high flow (near bankfull) hydrographs, and 868 overbank flood
hydrographs to determine if there are statistically distinct clusters of hydrograph shapes in
these systems. Three clusters (flashy, intermediate and broad) for high flow hydrographs
and the same for overbank flood hydrographs were identified. These clusters are related to a
refined suite of catchment-scale morphometric controls to identify the dominant controls on
high flow and overbank flood behaviour. Topographic controls (i.e., relief and longitudinal
slope) were dominant for almost all high flow and overbank flood hydrographs, while
drainage network structure plays an important role for flashy and intermediate high flows,
and intermediate and broad overbank floods. Catchment shape is a key control for broad
overbank floods, although catchment shape characteristics influenced flashy high flows,
and intermediate and broad overbank floods. Overall, topographic controls were more
useful for differentiating the hydrological behaviour of high flows relative to overbank
floods. This hydro-morphic catchment classification and method can aid practitioners to
understand flow and flood behaviour in catchments, to select and develop class-specific
hydrological models and extrapolate them to ungauged catchments, and to aid prediction
of hydrological responses in catchments for use in flood risk analysis and management.
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