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ABSTRACT 

The Hydrogeological Landscape (HGL) Framework is a landscape-characterisation tool that is used to discern 

areas of similar physical, hydrogeological, hydrological, chemical and biological properties, referred to as HGL 

Units. The HGL Framework facilitates prioritisation of natural-resource management investment by identifying 

current and potential hazards in the landscape. Within prioritised regions, on-ground management actions are 

tailored for specific Management Areas within individual HGL Units. The HGL Unit boundaries are determined 

through expert interpretation of spatial and field based datasets, such as climate, landform, geology, regolith, 

soil, stream network, groundwater flow systems, water quality and vegetation assemblages. The resulting HGL 

Units are validated by an interdisciplinary team using field assessment and biophysical testing. The use of the 

HGL Framework for new applications creates opportunities for refinement of the existing methodology and 

products for end users. This paper uses an application in the Australian Capital Territory as a case study to 

illustrate two enhanced techniques for the landscape characterisation component of the HGL Framework: use 

of an unsupervised statistical learning algorithm, Self-Organising Maps (SOM), to further validate HGL Units; 

and landform modelling to assist in delineation of Management Areas. The combined use of SOM and 

landform modelling techniques provides statistical support to the existing expert and field-based techniques, 

ensuring greater rigour and confidence in determination of landscape patterns. This creates a more refined 

HGL Framework landscape-characterisation tool, facilitating more precise hazard assessment and strategic 

natural-resource management by end users. 

Introduction 

The Hydrogeological Landscape (HGL) Framework is a landscape-characterisation tool used to discern areas of 

similar physical, hydrogeological, hydrological, chemical and biological properties. These areas are referred to 

as HGL Units (Moore et al., 2017; Muller et al., 2015; Wooldridge et al., 2015). In this research the term 

Hydrogeological highlights the importance of geology to surface and groundwater systems and processes, and 

the term Landscape highlights the importance of regolith and landform processes (Wilford, Nicholson, & 

Summerell, 2010). The underlying principle of the HGL Framework is that water distribution and movement 

are controlled by climate, landform, geology, regolith, soil and vegetation properties. By understanding the 

patterns of variability in the setting and controls of atmospheric, surface and groundwater systems for a given 

landscape, the HGL Units can be used for hazard assessment and natural-resource management centred on 

water availability, quality, sustainability and associated ecological systems. 

 

As discussed by Moore et al. (2017), the conceptual basis for the HGL Framework was primarily provided by 

the Groundwater Flow System Framework (Coram, 1998; Coram, Dyson, Houlder, & Evans, 2000; Walker, 

Gilfedder, Evans, Dyson, & Stuaffacher, 2003) and Hydrologic Landscapes Framework (Winter, 2001; Wolock, 



Winter, & McMahon, 2004) to produce an integrated hydrogeological and hydrogeomorphological approach to 

assess and evaluate dryland salinity in New South Wales (NSW), Australia. The HGL Framework further 

considers earlier work from Western Australia and southeastern Australia (e.g. Christy et al., 2008; Johnston, 

1987; Peck & Williamson, 1987; Ruprecht & Schofield, 1989, 1991; Sharma, Barron, & Williamson, 1987; 

Turner, Macpherson, & Stokes, 1987), modelling techniques (Beverley, Roberts, Hocking, Pannell, & Dyson, 

2011; Gilfedder, Stenson, Walker, Dawes, & Evans, 2005; Stenson, Littleboy, Gilfedder, & Pickett, 2006), the 

National Action Plan for Salinity and Water Quality (AGNRMT, 2000) and National Land and Water Resources 

Audit (2008). 

 

Application of the HGL Framework is multi-staged (Moore et al., 2017). Initial HGL Unit boundaries are 

compiled from the selection and interpretation of existing data that detail variability in landscape character 

across a given study area. Datasets typically describe climate, landform pattern, geology, soil, stream 

networks, groundwater flow systems, water quality and vegetation assemblages from both spatial and non-

spatial sources and can include, where available, satellite imagery, aerial photography, radiometrics, 

electromagnetic induction surveys, modelling outputs and indices. Validation is undertaken to ensure that the 

boundaries represent HGL Units through field visits, localised biophysical testing and incorporation of local and 

expert knowledge. Boundaries for final HGL Units are refined and schematic conceptual models developed 

that detail the unique landscape properties of each. These include the configuration of surface and 

groundwater systems and the relationships between adjacent HGL Units. Hazard assessment and management 

components can then be considered (Wooldridge et al., 2015). 

 

The HGL Framework has been used for more than 15 years regarding dryland salinity hazard assessment in 

NSW. Projects are facilitated by a cross-agency State and Federal Government expert team from NSW Office of 

Environment and Heritage, NSW Department of Primary Industries, Geoscience Australia and academic staff of 

the University of Canberra. This enables strategic decision making and management based on identification of 

salinity risk and prioritisation. End users include the NSW State Government Local Land Services, and preceding 

Catchment Management Authorities, for regional Catchment Action Planning (e.g. Jenkins et al., 2012; Muller 

et al., 2012a, 2012b) and local-scale daily operations (e.g. Jenkins et al., 2010; Nicholson et al., 2011a, 2011b, 

2011c). More recently the HGL Framework has been applied to broader soil and land degradation and 

management issues such as erosion, structural decline, mass movement, acidity and water logging (Muller et 

al., 2016), as well as wetland characterisation and assessment (Cowood, 2016) and integration into the native 

vegetation regulation methodology (NSW OEH, 2013). 

 

The use of the HGL Framework for new applications created opportunities for refinement of the existing 

methodology and products for end users. This paper uses HGL Framework application in the Australian Capital 

Territory (ACT; Figure 1) as a case study to illustrate two enhanced techniques for the landscape 

characterisation component of the HGL Framework. First, complementary validation of initial HGL Units by 

statistical methods was conducted using available spatial data and pattern recognition analysis undertaken by 

Self-Organising Maps (Kohonen, 1982, 2001). Second, the spatial delineation and mapping of Management 

Areas, sub-areas within a HGL Unit that can be managed in a uniform way, were undertaken using landform 

modelling (Murphy et al., 2005; Summerell et al., 2005). The ACT is encompassed by NSW, so the HGL 

Framework methodologies developed in NSW are transferable. 

 

Self-Organising Maps (SOM; Kohonen, 1982, 2001) is an unsupervised statistical learning algorithm. It is a 

spatially constrained version of k-means clustering analysis (e.g. k-Nearest Neighbour; Atkeson, Moore, & 

Schaal, 1997), where samples are assigned to the nearest suitable cluster in multi-dimensional space. The 

distinction of the SOM algorithm is that it assigns topological structure to clusters (Hastie, Tibshirani, & 

Friedman, 2009), through vector quantisation and qualitative measures of vector similarity (e.g. Euclidean 



distance) and systematic quantitative comparison with individual inputs. Topological structure allows for two-

dimensional (2D) mapping to visualise relative cluster proximity and represent identified patterns within the 

data (Cracknell, 2015; Kohonen, 2001). The 2D map can be displayed spatially after analysis. When using 

spatial data inputs, individual SOM clusters can represent regions with similar characteristics, analogous in 

principle to HGL Units with unique landscape characteristics (Cracknell & Cowood, 2016). The case study 

presented here illustrates how the SOM can be used as a statistical validation technique to complement 

existing field-based techniques. 

 

The HGL Framework facilitates natural-resource management, where current and potential hazards can be 

identified within and between HGL Units. This is based on the understanding of variability in landscape 

character and the unique properties of individual HGL Units (Wooldridge et al., 2015). Specific on-ground 

management actions are tailored to landscape element-based Management Areas within individual HGL Units 

(NCST, 2009; Wooldridge et al., 2015). Comprehensive spatial delineation and mapping of Management Areas 

have not been undertaken in prior HGL Framework applications. Previously, Management Areas were 

described within HGL Unit conceptual models and end user training undertaken to enable on-ground 

identification of Management Areas. However, for one HGL project in the Central West Local Land Service 

region of NSW, Wooldridge et al. (2012) mapped simplistic Management Areas delineated from slope class 

using the thresholds for defining undulating, rolling and steep landform pattern classes as per the guidelines of 

the National Committee on Soil and Terrain (2009). Use of remote sensing and modelling techniques, such as 

landform modelling from state-wide digital elevation models (DEM) (Murphy et al., 2005; Summerell et al., 

2005), allows more precise identification of Management Areas. Mapping both HGL Unit and Management 

Areas assists end users in identifying suitable locations to undertake on-ground management actions. 

 

Methods 

Study area 

The ACT covers an area of 2358 km2 (Figure 1) and is split into two distinct physiographic regions: the 

Canberra Plains and Australian Alps (Pain, Gregory, Wilson, & McKenzie, 2011). In the northeast are the 

Canberra Plains, an upland tableland area containing closed lake basins and bounded by north–south 

orientated ranges, within which Canberra city and suburbs lie. In the southwest are the Australian Alps, higher 

elevation dissected uplands surrounded by dissected high relief hill country showing minor periglacial features, 

predominantly in the Namadgi National Park. These landforms are controlled by the distribution of the 

Paleozoic Lachlan Fold Belt lithologies and subsequent deformation in this region. Structural landforms in the 

area include: the Canberra, Captains Flat and Goodradigbee rifts, Cullarin and Cotter uplifts and dominant 

north–south regional faults (Best, D'Addario, Walpole, & Rose, 1964; Finlayson, 2008; Strusz, 1971). While 

both physiographic regions are within the temperate climate zone, the Canberra Plains region experiences 

warmer summers with annual mean temperatures ranging from 6°C to 21°C and a mean annual rainfall of 

approximately 800–1000 mm, compared with 3°C to 12°C and approximately 1000–1600 mm for the 

Australian Alps (BOM, 2005a, 2005b, 2010). 

 

HGL Unit development 

A spatial base layer of geology, soil landscapes or soil classification units is utilised for HGL Unit development, 

dependent on data availability, confidence and the scale of application. For this application of the HGL 

Framework 1:100 000 km soil landscape mapping was chosen as the base layer. Existing data and mapping 

products were available for the Canberra and Michelago map sheets (Jenkins, 1993, 2000), and soil landscape 

mapping occurred in parallel for the Brindabella and Tantangara map sheets (Cook et al., 2016; Figure 1). Soil 

landscapes show the relationship between soil units (Isbell, 2002; Stace et al., 1968), the underlying geology 

and landform pattern (NCST, 2009) as well as features that indicate residual, transportational and depositional 



soil development processes (Charman & Murphy, 2007; Paton, 1978). The development of soil landscapes 

involves rigorous field sampling and laboratory testing to characterise physical, hydrological and chemical 

properties of soils and associated biological relationships (Jenkins, 1993, 2000). Further datasets considered 

for initial HGL Unit development and characterisation included climate subzones, precipitation and 

temperature (BOM, 2005a, 2005b, 2010; Xu & Hutchinson, 2011), land use (ABARES, 2011), subcatchment 

location and health indicators (O'Reilly et al., 2015), groundwater flow systems (Coram et al., 2000; Evans, 

1987; Skelt, Ife, Woolley, & Evans, 2004; Van der Lely, 2001) and geological weathering intensity (Wilford, 

2012). Stream network, stream and borehole water quality, vegetation structure and community mapping and 

aerial photography were supplied by the ACT Government Environment and Planning Directorate. Initial HGL 

Units represented individual large soil landscapes or groups of smaller adjacent and relatable soil landscapes, 

such as those equating to a topographic sequence. 

 

The HGL Framework methodology relies upon an expert team of personnel from a number of different 

disciplines with skills in geology, hydrology, hydrogeology, geomorphology, pedology, botany, freshwater 

ecology and natural-resource planning, where each specialist's expertise and understanding complement and 

balance other disciplines. Initial HGL Units were presented to the NSW Office of Environment and Heritage and 

Department of Primary Industries led Landscape Management Technical Group for expert evaluation and 

modification recommendations. Incorporation of further expert and local knowledge from the ACT 

Environment and Planning Directorate and Territory and Municipal Services Directorate staff, Catchment, 

Waterwatch and Landcare groups and land managers was undertaken through several field days. HGL Unit 

boundaries were refined and conceptual models developed to capture the understanding and unique 

properties of each HGL Unit. 

 

SOM validation 

Cracknell and Cowood (2016) have compiled SOM clusters for southeast NSW, including the ACT. Multivariable 

input data used to construct SOM clusters were obtained from datasets with state-wide coverage to allow 

consistency with future applications. Categorical data represented variation in geological stratigraphic units 

(Raymond & Retter, 2010), Australian Soil Classification units (Isbell, 2002), vegetation (Keith, 2004) and land-

use classes (ABARES, 2011). Numerical data represented landform pattern through the use of 1 second Shuttle 

Radar Topography Mission DEM and associated slope classification (Gallant, Wilson, Dowling, Read, & Inskeep, 

2011), BIOCLIM mean annual rainfall (Xu & Hutchinson, 2011) and surface water systems using the 

topographic wetness index (Gallant & Austin, 2012). Input datasets were resampled to a 500 m resolution 

sample grid and normalised to a range of 0–1 in order to prevent variables from contributing unequal 

importance to SOM cluster development (Kalteh, Hjorth, & Berndtsson, 2008). 

 

Once initial SOM cluster nodes were identified, an optimal number of clusters was defined by merging cluster 

nodes and assessing the resulting cluster similarities for all possible numbers of clusters. First, a hierarchical 

agglomerative dendrogram clustering approach (Boudaillier & Hebrail, 1998; Ripley, 1996) was used to 

recursively merge cluster nodes based on their similarity in variable space (Siponen, Vesanto, Simula, & Vasara, 

2001; Vesanto & Alhoniemi, 2000), using the Ward's minimum variance method (Ward, 1963). Second, an 

indication of merged cluster node similarity was determined using the Davies–Bouldin Index (DBI) (Davies & 

Bouldin, 1979), which measures the mean maximum pairwise ratio of dispersion within a given cluster and 

distance between cluster centroids. Hence, lower DBI values are obtained for clusters that are more internally 

compact and widely separated (Siponen et al., 2001), indicating increasingly optimal representations of the 

natural groups within data. 

 



Samples linked to a given SOM cluster were plotted as spatial polygons for visualisation and attributed with 

dominant input characteristics determined in the cluster analysis and summary data. These include: top 

ranked category, top ranked category proportion, second top ranked category, second top ranked category 

proportion and entropy. Entropy, in this case, is a measure of the relative distribution of input data 

proportions across a given SOM cluster and provides a measure of their internal heterogeneity (Goodchild, 

Chih-Chang, & Leung, 1994). Comparison of the spatial coincidence of initial HGL Units with SOM cluster 

boundaries and attributed summary data was undertaken to validate the distribution and extent of HGL Units 

and assess the efficiency at capturing landscape variability across the ACT. 

 

Management Area development 

To delineate landscape elements (NTSC, 2009), the landform modelling approach of Murphy et al. (2005) was 

used. This method is an expansion of the original approach of Summerell et al. (2005), which is based on the 

UPNESS index from the Fuzzy Landscape Analysis Geographic Information System model (FLAG) (Roberts, 

Dowling, & Walker, 1997). The UPNESS index is derived from a DEM and measures the accumulation of 

upslope area at any given point, in relation to all other points that are connected (contributing area) by a 

continuous monotonic uphill path. Summerell et al. (2005) converted the UPNESS index to a natural log and 

plotted it against the count of corresponding grid cells to produce a cumulative distribution function curve, 

where the shape of the curve indicates the dominance of major landforms within a catchment. A five-

parameter sigmoidal function is then fitted to the curve to identify points of inflections within the curve 

associated with the maximum concavity, maximum upward concavity and minimum downward concavity. 

Murphy et al. (2005) added further points of inflection through the integration of the Multi-resolution Valley 

Bottom Flatness index (MrVBF) (Gallant & Dowling, 2003). These points of inflection were used to subdivide 

the landscape into seven categories: ridge tops; upper slopes; mid-slopes; lower slopes; infilled valley; rises or 

long gentle foot slopes; and alluvial deposits. 

 

The UPNESS and MrVBF indices were developed for each subcatchment within the ACT (DLWC, 1998) (Figure 

1) using a 10 m DEM derived from contour data supplied by ACT Environment and Planning Directorate, and 

processed in ArcGIS 10.2.1 following the method of Hutchinson and Dowling (1991). The raster landform 

model outputs for each subcatchment were converted to polygons, merged to a single shapefile and clipped to 

the ACT border. Based on the landscape category and element character descriptions (Muller et al., 2015; 

Murphy et al., 2005), landform categories were default matched to landscape elements and HGL Framework 

Management Areas (Table 1). After assignment of all other default matches, MA6 rises was assigned if there 

was an MA1 crest feature surrounded by MA5/9/10 with no adjoining upper or mid-slope component, or an 

MA5 feature surrounded by MA9/10. For MA1 features surrounded by MA5/9/10 with adjoining upper or mid-

slope component, manual interpretation was required to confirm MA6 assignment if the relief was less than 

30 m for the landscape element (NCST, 2009). Using ArcScene 10.2.1, a 3D perspective scene builder, the 

landform categories and Management Areas were draped over the DEM and visually inspected for validation 

and refinement, and the manual determination of ridge tops and rises to be placed in MA6 finalised. Field 

observations for further validation were undertaken with the assistance of the expert team. 

 

Results 

HGL Units 

A total of 25 HGL Units were recognised for the ACT (Figure 2), ranging in area from 1.75 km2 for the 

Murrumbidgee Gorge HGL to 513.60 km2 for the Namadgi HGL. Physical properties of HGL Units varied from 

tableland urban, peri-urban and rural settings to upland and alpine national park with differentiated soils, 

lithology and landform pattern (Table 2). Bimberi, Boboyan, Brindabella, Clear Range, Namadgi, Orroral and 

Picadilly HGLs are within the Namadgi National Park, with large conservation areas in the Bullen Range, 



Murrumbidgee Gorge, Reedy Creek, Royalla and Uriarra HGLs. Rural agriculture (grazing and minor cropping) is 

the predominant land use for Hall, Hoskinstown, Kambah Pools, Lanyon, Majura, Reedy Creek, Royalla, 

Symonston and Uriarra HGLs, with smaller areas of urban or peri-urban development. Forestry is the dominant 

land use for Kowen and Jeir Hill HGLs. Urban centres for Canberra are primarily spread across the Bruce, 

Gungahlin, Sullivans Creek and South Canberra HGLs. The rural and urban HGLs have experienced considerable 

clearing, with grazing occurring on a range of natural and modified pastures, and smaller conservation areas 

protecting remnant native vegetation. 

 

Hydrogeologically, local groundwater flow systems occur across alpine to upland HGLs of the Australian Alps 

physiographic region, with local and intermediate flow systems for the Canberra Plains HGLs (Table 3; Coram 

et al., 2000; Skelt et al., 2004). Alpine to upland HGL Units are typically characterised by high-relief granitic and 

metasedimentary rocky ridges with relatively shallow (<5 m) regolith cover on the crests, upper slopes and 

mid-slopes, typically increasing in thickness toward the valley floor (e.g. Orroral and Paddys River HGLs). In 

these HGLs, local groundwater flow systems have short flow paths with moderate to steep hydraulic gradients, 

low to moderate hydraulic conductivity, low to moderate specific yields and fast to medium response times 

(Table 3; Evans, 1987; Van der Lely, 2001). Conversely, upland and tableland HGL Units of the Canberra Plains 

are characterised by high- to moderate-relief metasedimentary and sedimentary volcanic ridges and low-relief 

valleys. Shallow to moderate (<10 m) regolith cover is present on ridges and slopes with deeper (<50 m) 

regolith in the valleys (e.g. Gungahlin, Majura, Sullivans Creek and Symonston HGLs). In these HGLs local and 

intermediate groundwater flow systems have short to intermediate flow paths with gentle to moderate 

hydraulic gradients and slow to medium response times. In the southwestern part of Canberra Plains, where 

landform pattern reflects proximity to the Australian Alps, steeper hydraulic gradients occur and local 

groundwater flow systems are dominant (e.g. Lanyon, Royalla and Uriarra HGLs). 

 

Hydrologically, the Australian Alps region is characterised by numerous small non-perennial low-order streams 

contributing to major perennial streams, such as the Cotter River, which flows through the Picadilly and 

Uriarra HGLs. Other examples include: the Gudgenby River in the Clear Range HGL; the Naas River in the Clear 

Range and Paddys River HGLs; and the Murrumbidgee River in the Murrumbidgee Gorge, Lanyon, Kambah 

Pools and Urriara HGLs. On the Canberra Plains, the Molonglo River flows through the broader valley bottoms 

of the Reedy Creek, Majura, Sullivans Creek and South Canberra HGLs before joining the Murrumbidgee River 

in the Uriarra HGL. Many of the drainage lines in the Canberra Plains HGLs have experienced minor to major 

infrastructure modification and flood-mitigation construction. 

 

SOM comparison and validation 

A total of 32 SOM clusters compiled by Cracknell and Cowood (2016) intersect the ACT (Figure 3), ranging in 

area from 0.18 km2 for SOM cluster 43 to 652.82 km2 for SOM cluster 68. Revised attribute summary data for 

each ACT intersecting SOM cluster show a strong correlation with categorical data, particularly geological 

stratigraphic units (Table 4). The geological unit top ranked category proportions were the highest of all input 

data (mean = 0.89). Furthermore, both geological unit second-ranked class proportions (mean = 0.08) and 

entropy (mean = 0.29) are lower than any other input dataset. 

 

On average, a HGL Unit was intersected by seven SOM clusters, with the single largest SOM cluster accounting 

for between 24.74% and 100% of the total area of the corresponding HGL Unit (Table 5). The number of 

dominant SOM clusters (greater than 10% of the total HGL Unit area) within an individual HGL Units ranged 

from 1 to 5, accounting for between 71.67% and 100% of total HGL area. Hall HGL was represented completely 

by SOM cluster 10, while Hoskinstown, Kowen, Murrumbidgee Gorge, Namadgi, Orroral, Picadilly and Royalla 

HGLs were also predominantly represented by a single dominant SOM cluster, ranging from 84.82% to 99.51% 



of the total HGL Units area. The spatial coincidence of HGL Units and corresponding SOM clusters is very 

similar (Figures 2 and 3), suggesting that the variability in landscape character was consistently captured by 

both approaches. 

 

The Gungahlin, Hall, Jeir Hill, Kambah Pools, Lanyon, Majura, Royalla, South Canberra, Sullivans Creek, 

Symonston and Uriarra HGLs were initially delineated as two large HGL Units north and south of the Molonglo 

River owing to the dominant Burra, Campbell and Williamsdale soil landscape relationship and extent across 

the Silurian felsic volcanics of the Canberra Plains region. These two large units were then split to form the 

current HGL Units based on ACT water-management units considering the variability in other contributing soil 

landscape relationships and landform pattern (Table 2). The SOM clusters 10 and 11 also show a broad 

coverage across the Canberra Plains (Figure 3). Attribute summary data for SOM cluster 10 show an above-

average (Table 4) correlation with soil type, felsic volcanic geological units and cleared vegetation (top ranked 

category proportions of 0.97, 0.93 and 0.90, respectively), with SOM cluster 11 showing the same trend for the 

same geological and vegetation units (top-ranked category proportions of 0.90 and 0.87, respectively). The 

extent of SOM clusters 10 and 11 does not cover the northeastern half of Gungahlin HGL, where SOM cluster 

71 is dominant and reflects the change in geological units to those associated with sedimentary siliciclastics. 

For the northern half of the Majura HGL, SOM cluster 12 is representative of the change from urban land use 

to grazing. In the southern sections of the Majura and Sullivans Creek HGLs, and northern section of the South 

Canberra HGL, the collection of small SOM clusters 1, 20, 31, 50, 54, 72 and 75 reflects the changes in soil units 

that are represented by the inclusion of Ginninderra Creek, Luxor and Pialligo soil landscapes within these 

HGLs (Table 2). There are close similarities between the landscape characteristics defining both the HGL Units 

and associated dominant SOM clusters. However, small areas of internal variation can be incorporated into the 

unique properties of HGL Units, but are distinct enough to be mapped as a separate SOM cluster. 

 

Management Areas 

Default matching (Table 1) of landform categories to landscape elements and HGL Framework Management 

Areas worked well for subcatchments of the Canberra Plains physiographic region of the ACT. Management 

Areas show a logical topographic sequence from the top of the catchment to the valley bottom when draped 

over the DEM using ArcScene (Figure 4a) and observed in the field. For the Australian Alps physiographic 

region default matching of Management Areas placed the MA4 mid-slope too high in the topographic 

sequence and overestimated the expanse of MA5 lower slopes (Figure 4b). Through field observation, and use 

of ArcScene, assignment of landform categories matched to landscape elements and Management Areas for 

the subcatchments of the Australian Alps region was modified (Table 6; Figure 4c). However, with modification 

there is still an over estimation of the MA4 mid-slope in some areas. In addition, more of the MA4 mid-slopes 

run directly into the MA9/10 alluvial deposits than with the default matching (Figure 4d). 

 

Distribution of Management Areas across the ACT (Figure 5) show the area of MA9/10 alluvial deposits is much 

larger in the Canberra Plains physiographic region compared with the Australian Alps. This reflects less 

confined, wider and flatter lowland valleys of the plains. The Australian Alps show considerably greater areas 

of crest, upper and mid slopes consistent with the higher relief, longer slopes and confined nature of the 

valleys. 

 

Discussion 

In this application, the aim of both the HGL Framework and SOM algorithm was to determine the extent and 

patterns of variability in landscape characteristics and ultimately group similar areas to form HGL Units or SOM 

clusters (Kohonen, 1982, 2001; Moore et al., 2017; Wooldridge et al., 2015). The spatial distribution and 



summary attribute data of SOM clusters were used as a statistical validation method in HGL Unit development, 

complementing the interpretation of landform character by the expert team. Spatial coincidence of SOM 

clusters and HGL Units was very similar (Figures 2 and 3), as were the attributed unique properties (Tables 2–

4). The spatial coincidence of HGL Units and dominant SOM clusters accounted for between 71.67% and 100% 

of total HGL area (Table 5). This suggests that the variability in landscape character was consistently captured 

by the expert development of HGL Units. 

 

The level of spatial coincidence of HGL Units and SOM clusters for the ACT is an improvement on the broader-

scale comparison by Cracknell and Cowood (2016). However, Cracknell and Cowood (2016) used HGL Units 

that were developed for regional and state-wide scale application of the HGL Framework (e.g. Nicholson, 

Cowood, Muller, Wooldridge, & Cook, 2014). In their comparison, the spatial coincidence of the dominant 

SOM clusters (also ranging from 1 to 5) accounted for between 29.64% and 100% of total HGL area. At the 

regional scale, it is expected that a greater level of internal variation is captured within individual HGL Units. 

 

The success of the local-scale ACT and broad-scale southeast NSW SOM validation of HGL Units suggests that 

the use of project specific SOM cluster analysis would enhance the development of future HGL Units. This 

allows for increased confidence levels for developed HGL Units, especially in study areas that may be less 

familiar to the expert team. A state-wide SOM cluster analysis would enhance consistency between HGL 

Framework applications. Unsupervised machine learning, such as SOM allow the algorithm unlimited scope to 

find natural groups or clusters in data, providing exploratory data analysis and confirmation of suitable pattern 

recognition from other methods (Ripley, 1996). Careful consideration must be given to the input data for 

project specific or state-wide SOM analysis to ensure that SOM clusters adequately represent the key physical, 

hydrological, chemical and biological landscape characteristics (Cracknell & Cowood, 2016), and may need to 

be run separately for coastal, upland and inland areas to appropriately capture properties and processes 

unique to these regions. The SOM analysis is well suited to complement initial HGL Unit validation, increasing 

reproducibility and statistical validity of products for end users. It is particularly useful when comprehensive 

biophysical testing is not feasible or logistically possible. 

 

The landform modelling outputs tended to map crests and slopes in valley bottoms, especially valley bottoms, 

which were expansively flat such as those in the Majura, South Canberra and Sullivans Creek HGLs. In this HGL 

Framework application, the study area is quite small and in an upland setting, allowing these features to be 

individually manually checked and modified to MA6 rises where appropriate. However, if undertaking 

applications across larger areas in lowland settings, this manual modification may become overly time-

consuming. The landform modelling approach of Murphy et al. (2005) and Summerell et al. (2005) has been 

used predominantly in upland and coastal settings, as extensive flat areas do not have enough vertical 

definition in the DEM for effective delineation. Further investigation of landform modelling techniques that 

may be more suitable in lowland areas will be undertaken to assess suitability for future applications (e.g. 

Fryirs, Wheaton, & Brierley, 2016; Wheaton et al., 2015). Alternative landform modelling techniques may also 

address the overestimation of MA4/5 mid- and lower slopes as experienced in the Australian Alps 

physiographic region. 

 

In the Australian Alps region, the default (Table 1) landform modelling category to Management Area 

attribution results in occurrences of MA4 mid-slopes running directly into the MA9/10 alluvial deposits, which 

are more frequent when using the upland modified attribution (Table 6). The majority of these occurrences are 

on the Murrumbidgee Batholith and Cotter Uplift, subparallel to the regional structure of the Cotter and 

Murrumbidgee faults, with other occurrences subparallel to minor faults and along conjugate lineaments (Best 

et al., 1964; Finlayson, 2008; Strusz, 1971). Given the associated vertical offset, the MA4 mid-slope running 

directly into the MA9/10 alluvial deposits on the footwall side of the fault, and the more typical mid- to lower 



slope topographic sequence on the hanging-wall side, is representative of the topographic sequence observed 

in these areas (see also Figure 4b, d). The ability of the landform modelling approach of Murphy et al. (2005) 

and Summerell et al. (2005) to capture both typical and complex topographic sequences means that it is a very 

useful approach to delineate representative landscape elements (NCST, 2009) and Management Areas. 

 

Conclusion 

The use of SOM to complement HGL Unit development enhances the confidence levels for developed HGL 

Units, by providing statistical support for expert and field based landscape characterisation. Spatial mapping 

using landform modelling techniques allows precise development of Management Areas for end users. The 

combined use of SOM and landform modelling techniques ensures greater rigor in determination of landscape 

patterns. This creates a more refined HGL Framework landscape characterisation tool. Hazard assessments 

facilitated by the HGL Framework would therefore be more conceptually and spatially accurate, ensuring that 

associated natural-resource management by end users is more strategic. 
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Figure 1 ACT study area location within NSW, showing the extent of the Canberra Plains and Australian Alps 

physiographic regions, subcatchment and soil landscape 1:100 000 km map sheet boundaries (DLWC, 1998; 

Jenkins, 1993, 2000; Cook et al. 2016; Pain et al., 2011). 

Figure 2 Distribution of HGL Units across the ACT. 

Figure 3 Distribution of SOM clusters across the ACT, redrawn from Cracknell and Cowood (2016). 

Figure 4 Displays of assigned Management Areas draped over the DEM using ArcScene for: (a) an area of the 

Majura HGL with default Management Areas; (b) an area of the Bimberi and Picadilly HGLs with default 

Management Areas; (c) an area of the Orroral HGL with modified Management Areas; and (d) an area of the 

Bimberi and Picadilly HGLs with modified Management Areas. (b) Shows the high MA4 mid-slope and 

overestimated MA5 lowerslope on the western side and minor occurrence of MA4 running directly into the 

MA9/10 on the eastern side, while (d) shows the overestimated MA4 and increased occurrence of MA4 

running directly into the MA9/10 on the eastern side. 

Figure 5 Distribution of Management Areas within HGL Units across the ACT. 

 

Table 1 Management Area codes used in the HGL Framework, the landscape elements they are attributed to 

(Muller et al., 2015; NCST, 2009), linked to the default corresponding landform code and category derived 

from landform modelling (Murphy et al., 2005). 

Table 2 Summary of physical properties for ACT HGL Units, showing predominant soil landscapes (Jenkins, 

1993, 2000; Jenkins et al., 2016), lithology (Raymond & Retter, 2010) and landform pattern (NCST, 2009). 

Table 3 Summary of hydrogeological properties for ACT HGL Units, showing estimated hydraulic conductivity 

(m/day), hydraulic gradient (%), specific yield (%), bore yield (L/s), groundwater flow system scale and 

responsiveness to change (fast—months, medium—years, slow—decades) (Coram et al., 2000; Evans, 1987; 

Skelt et al., 2004; Van der Lely, 2001). 

Table 4 Attribute summary data for SOM clusters intersecting the ACT showing top ranked (1), second ranked 

(2) class proportions and entropy, revised from Cracknell and Cowood (2016) for the ACT study area. 

Table 5 Spatial coincidence of HGL Units and SOM clusters, showing the total number of SOM clusters 

intersecting each HGL Unit and predominant SOM clusters (>10% of HGL Unit area), as well as minimum and 

maximum percent area for a single SOM cluster and total percent area for dominant SOM clusters within each 

HGL Unit. 

Table 6 Modified links between HGL Framework Management Area codes (Muller et al., 2015) and 

corresponding landform code and categories derived by landform modelling (Murphy et al., 2005) used for the 

Australian Alps physiographic region. 

 



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 


