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Abstract. The hyperarid Skeleton Coast of Namibia hosts a diverse suite of alluvial landforms, often shaped by varying degrees 

of lateral and distal confinement primarily through fan coalescence, the Atlantic Ocean, and the Skeleton Coast Erg. 

Considerable heterogeneity also characterises the source areas, as reflected in catchment morphometry, lithology, and coast-

perpendicular moisture gradients, where larger inland-draining catchments intercept more precipitation. On the regional scale, 

this heterogeneity blurs (hydro-) morphometric source-sink relationships between alluvial landforms and catchments, despite 15 

overall geomorphic drainage maturity which could imply similar efficacy in source-sink communication. 

To disentangle these patterns, we mapped 67 drainage systems and obtained a dataset including (hydro-) morphometric, 

climatic, and geologic parameters for these systems. An exploratory data analysis framework combining cluster and partial 

correlation analyses was applied to these datasets after quality filtering and outlier removal, retaining 47 alluvial landforms. 

Three distinct clusters were identified for both alluvial landforms and catchments, with limited matching observed between 20 

alluvial landform and catchment clusters. The clearest source-sink coupling is attributed to a cluster of near-coastline fans, 

spanning much of the study area but with a spatial focus on its northern portion. By contrast, the majority of alluvial landforms 

form bajadas strongly influenced by the Skeleton Coast Erg, where distal confinement masks simple morphometric scaling. 

Our results highlight fan confinement as the main driver affecting source-sink relationships at the Skeleton Coast. Fan 

morphometry appears to be more decisive than catchment properties, with fan gradient (<1° on average) emerging as a reliable 25 

discriminator. No robust lithological or climatic (as inferred from modern climatological data) control on fan morphometry 

could be identified, although Sentinel-1 radar backscatter indicates more stable fan surfaces south of the Skeleton Coast Erg. 

Overall, the Skeleton Coast represents a low-dynamics dryland margin where fan gradient provides the most meaningful 

parameter for source–sink analysis. Least-confined fans show the strongest coupling and thus constitute promising targets for 

paleoenvironmental reconstruction, while environmental conditions in the southern portion of the study area may have so far 30 

provided the most favourable conditions for long-term archive preservation. 
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1 Introduction 

Alluvial deposits can store a variety of information on environmental factors and processes affecting these deposits before, 

during, and after deposition has occurred (e.g. Bowman, 2019a). As such, the sediments provide a window to infer time-

integrated information on environmental conditions controlling the detachment and conveyance of sediments in the source 35 

areas until deposition in the sink within a given fluvial routing system (see e.g. Fryirs and Brierley, 2012; Harvey, 2011). In 

addition to traditional field mapping, a wealth of methodologies is available to researchers for obtaining information about 

(paleo-)environmental processes from alluvial deposits at the sink and/or along the sediment routing pathways, including 

mineralogical and sedimentological (e.g. Krapf et al., 2005; Lustig, 1965; Harvey et al., 2003; D'arcy et al., 2016), (geo-

)chronological and/or morphostratigraphic (e.g. Bartz et al., 2020b; Bartz et al., 2020a; Harvey et al., 1999a; Harvey et al., 40 

1999b; Owen et al., 2002; Owen et al., 2006; Owen et al., 2011; Owen et al., 2014; Woor et al., 2023b; D'arcy et al., 2019; 

D'arcy et al., 2025), geophysical (e.g. Arboleda‐Zapata et al., 2023; Franke et al., 2014) and remote sensing-based methods 

(e.g. Harvey, 1996; Pipaud and Lehmkuhl, 2017; Woor et al., 2023a; Walk et al., 2020; D'arcy et al., 2018; Frankel and Dolan, 

2007). In general, there is a tendency toward an increase in the diversity of applied methodology at smaller spatial scales and 

number of systems studied (e.g. Walk et al., 2022; Walk et al., 2023), while in model space, landscape evolution modelling 45 

increasingly allows to identify factors influencing fan formation and source-sink coupling in fluvial systems (Wild et al., 

2025b, a; Wild et al., 2025c). From a morphological point of view, any sediment transport from clast-dominated debris flows 

to more water-dominated fluvial flows can result in the formation of gently sloping radial landforms termed alluvial fans, 

although a holistic definition of these landforms is still a matter of debate (see Lehmkuhl and Owen (2024), for a detailed 

review). The formation of such landforms requires sufficient accommodation space for the sediments to distribute in the sink, 50 

which is usually achieved in areas downstream of transition between high-relief and low-relief topography, a point in space 

marking the location of the initial fan apex (e.g. Bowman, 2019a). The tendency of alluvial deposition processes to form such 

distinct landforms – either as individual fans, coalescing fans, coalescing fans forming bajadas – or ultimately hardly 

delimitable deposits as part of pediments, has been exploited on regional to global scales to mathematically explain source-

sink dynamics, i.e. alluvial deposition vs. catchment morphometric and parametric coupling (e.g. Walk et al., 2020; Woor et 55 

al., 2023a; Harvey et al., 1999b; Bull, 1977; Bull, 1964; Crosta and Frattini, 2004; Bahrami, 2013a; Silva et al., 1992; Harvey, 

2005). This approach is explicitly reliant on the assumption that for a given spatial scale, environmental conditions in the 

source area are related to the alluvial landform formation in the sink area (e.g. Bull, 1977; Crosta and Frattini, 2004). As with 

many natural systems (e.g. Hack, 1957), regularly inferred allometric relationships between catchment and fan follow a power-

law relationship, i.e., 60 

 

𝐴 = 𝑥1 × 𝐵𝑦1,            (1) 
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where the variables A and B are placeholders for fan (index f) and catchment (index c) variables. The classic list of variables 

used in eqn. (1) often includes area (ac, af), gradient (gf), and Melton’s ruggedness number (Mc), the latter representing a 65 

steepness index for the catchment (Crosta and Frattini, 2004; Melton, 1965). For undisturbed source-sink systems at steady 

state, equation (1) as af(ac) and gf(ac) relationships (i.e., af = ƒ(ac) and gf = ƒ(ac); throughout this manuscript, the abbreviated 

form is used) usually predict that increasing catchment sizes result in non-linearly increasing fan areas and decreasing fan 

gradients, as larger catchments can release more sediments with a tendency toward higher water-sediment ratios as compared 

to smaller catchments (see Crosta and Frattini, 2004, and Woor et al., 2023a, for detailed reviews). The relationship gf(Mc) has 70 

been proposed to reflect fluvial vs. debris flow alluvial fan evolution (Jackson et al., 1987). 

Such morphometry-based research has been pushed during the past two decades by availability of high-resolution digital terrain 

model (DTM) data covering most parts of planet Earth (and other planets, e.g. Wilkinson et al., 2023), which has led to a 

growing database of morphometrical and parametrical information on both fans and catchments (e.g. Wilkinson and Currit, 

2023; Woor et al., 2023a; Walk et al., 2020). 75 

Research has focused on the coefficients x1 and exponents y1 of eqn. (1), in tandem with regression analyses to assess the 

quality of parametric source-sink coupling (e.g., Harvey et al., 1999b; Crosta and Frattini, 2004; Karymbalis et al., 2016; 

Harvey, 2005). The aim of such studies is to assess the importance of different environmental factors, predominantly tectonics, 

climate, lithology, and fan confinement including post-depositional alterations, to the overall fan formation (e.g., Bull, 1977). 

Few studies have interpreted such source-sink relationship patterns by linear regression (e.g. Bahrami, 2013a), i.e., 80 

 

𝐴 = 𝑥2 × 𝐵 + 𝑥3,            (2) 

 

where the coefficients x2 and x3 denote the slope of the regression and the intersection with the ordinate. Such attempts, 

however, can violate isometry by a non-origin intersection of the regression (Church and Mark, 1980), although datasets can 85 

still be interpreted by linear regression without considering the intercept, such that the relationship is only assessed for the data 

range (Montgomery et al., 2021). Given the power-law relationship expressed in eqn. (1), logarithmising yields a linear 

relationship of log-transformed variables. This transformation allows to straightforwardly determine the proportion of the 

variation in the dependent variable predictable from the independent variable (r2): 

 90 

ln(𝐴) = 𝑦1 × ln(𝐵) + ln(𝑥1).          (3) 

 

In a given natural setting, however, even strong and significant bivariate correlations may be strongly controlled by other 

variables, potentially diluting the bivariate relationship significance (Erb, 2020). Using a multivariate dataset, more robust, i.e. 

isolated, bivariate relationship estimates can be obtained from partial correlation analysis (e.g. Erb, 2020; Sepúlveda and 95 

Padilla, 2008). In addition, the analysis of very heterogenous study areas, e.g. characterised by non-uniform catchment 

lithologies (Silva et al., 1992), local tectonics (Bahrami, 2013a), or fan confinement (Stokes and Mather, 2015), may benefit 
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from efforts to homogenise such datasets. This step can be conducted manually, i.e., by subjectively separating groups of fans 

according to common fan and/or catchment properties, such as often conducted to aid the interpretation of regression analysis 

data (e.g. Harvey, 2005; Silva et al., 1992). Especially regarding post-depositional alterations, the fan age (and/or subsequent 100 

fan activities) can be crucial for the abovementioned analyses, as the probability in alterations of fan morphology (and/or in 

catchment metrics) increases with increasing post-progradation system lifetime, which is usually related to climate and/or 

base-level changes (e.g. Allen, 2008). Conversely, in settings of long-term environmental stability, alluvial systems may evolve 

into persistent geomorphic archives that register environmental change mainly through subtle variations in sediment routing. 

Assessing how faithfully such archives preserve evidence of source–sink coupling is thus essential for their interpretation. 105 

In this light, alluvial deposits situated along the Skeleton Coast of northern Namibia could be suspected to indicate weak 

source-sink coupling by their morphometrical properties: At least some of the deposits are believed to reflect Middle 

Pleistocene to Pliocene progradation (Lehmkuhl and Owen, 2024; Stollhofen et al., 2014; Miller et al., 2021), where fan 

confinement and post-depositional alteration is achieved by the coastal location and sea-level changes, as e.g. evident for the 

Horingbaai fan situated at the southern margin of the Skeleton Coast (Stollhofen et al., 2014). The predominant deposition 110 

mode has been shown to be somewhat heterogenous across the different systems, ranging from distributive fluvial systems 

(e.g. Krapf et al., 2005) to hyperconcentrated to sheet flow dominated alluvial fans or fan deltas (Lehmkuhl and Owen, 2024; 

Stollhofen et al., 2014). Furthermore, a coast-parallel dune belt, the Skeleton Coast Erg, has overridden alluvial deposits along 

the coast, blocking overland transport of alluvial sediments towards the coastline potentially around or after the Last Glacial 

Maximum (LGM; Miller et al., 2021; Blümel et al., 2000). The fact that deposits along the Skeleton Coast are not uniformly 115 

affected by post-depositional alterations increases the overall heterogeneity in alluvial landform properties, exemplified by 

different degrees of desert pavement formation and CaSO4 surface encrustation as observed in the field (Fig. 1). 
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Figure 1: Examples of different alluvial fans investigated in this study. From north to south: (a) Sechomib, IDs #11.1 and 11.2, 18.4 120 
°S, 12.6 °E; (b) Kharu-Gaiseb, #30, 19.9 °S, 13.2 °E; (c) Koigab, #44, 20.5 °S, 13.4 °E; (d) Messum (upper), #62.2, 21.4 °S, 14.0 °E; 

and (e) Horingbaai, #63, 21.6 °S, 13.9 °E. Note the different surface generations evident in (a), dunes of the Skeleton Coast Erg 

overlying alluvial deposits and blocking overland flow in (b), desert pavement, often on CaSO4-encrusted surfaces in (c) to (e). Images 

were taken during field campaigns in 2022 and 2023. 

However, the Skeleton Coast is situated on a passive continental margin characterised by minimal (neo-)tectonic activity and 125 

arid conditions presumed to have largely persisted since the early Cretaceous, preserving a Cretaceous to Miocene planation 

surface, i.e. the Namib Plains (see Goudie and Viles, 2015e, for a comprehensive review). This environment has contributed 

to widespread preservation of alluvial systems, such that pre-Holocene fan shapes can be still identified from satellite imagery. 

Furthermore, and as a result from the abovementioned planation, most catchments are confined to the hinterland by the Great 

Escarpment, providing a spatial frame for catchment extent and precipitation gradients, the latter which increase gradually 130 

towards the hinterland (Jacobsen et al., 1995). This setting presents a potential frame to accumulate and archive viable 
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information of (paleo-) environmental conditions in alluvial landforms over the long-term as in other dryland regions (e.g. 

Bartz et al., 2020a; Walk et al., 2022; Walk et al., 2023; Woor et al., 2023b). 

In this regard, the environmental conditions encountered along the Skeleton Coast pose an analogue to the setting of coastal 

alluvial fans found at the Atacama Desert in northern Chile (see Walk et al., 2020). However, the Skeleton Coast fans are much 135 

larger in size and of greater antiquity, thus categorised as large-scale type III’ fans in the recent global comparison of alluvial 

fan systems provided by Lehmkuhl and Owen (2024). The classification assigns the cratonic environment at the Skeleton Coast 

to provide conditions for alluvial deposition characterised by comparably low sediment production and flux, while alluvial 

landforms range at the upper end of global fan size (>103 km radius) and time (on million-years timescales). As such, the 

alluvial deposits may represent valuable climate archives for the Quaternary. 140 

However, available information on paleoenvironmental conditions along the Skeleton Coast has either temporal (see e.g. Stuut 

et al., 2002; Walsh et al., 2023) or spatial (see e.g. Stollhofen et al., 2014) limitations, which justifies a focus on a 

comprehensive analysis on alluvial landforms along the Skeleton Coast. A comprehensive regional interpretation of such 

archives would strongly benefit from knowledge on the characteristics of fluvio-alluvial source sink-relationships, allowing 

for a regional comparison of fan systems to identify drivers in transient fan evolution. Thus, we here take the unique setting as 145 

a challenge to investigate these relationships based on (hydro-)morphometric, geologic, and climatic datasets for the fluvio-

alluvial landforms located along the Skeleton Coast. We seek to resolve the heterogeneity of both fan and catchment 

characteristics not by subjective grouping but by using cluster analysis to semi-objectively group the studied systems by their 

variable manifestations, allowing for a more targeted interpretation of our datasets (cf. Crosta and Frattini, 2004; Saito, 1980; 

Karymbalis et al., 2016). This approach allows us to separate clusters of source-sink-systems and examine the contribution of 150 

individual factors to alluvial landform evolution. 

 

 

 

2 Study area 155 

Drainage along the Skeleton Coast of northern Namibia is characterised by broadly east-west (E-W) oriented catchments, 

achieving sediment conveyance from the hinterland towards the Atlantic Ocean (Fig. 2). Drainage north of the Huab River 

(ocean pour point at 20.9 °S) is mostly confined to the Namib Plains, i.e., the area between the ocean and the Great Escarpment 

less than 200 km inland, the latter forming the main watershed of Skeleton Coast drainage at ≈1000 m above sea level (a.s.l.). 

Exceptions include the Hoanib (19.5 °S) and Hoarusib (19.1 °S) drainages, which have significant portions of their catchments 160 

incising into the hinterland east of the Great Escarpment. A similar observation holds for the Huab and Ugab (21.2 °S) fluvial 

systems, which drain an area commonly referred to as The Escarpment Gap (Kempf, 2010), allowing the Ugab river to extend 

its catchment ≈400 km from the coastline. 
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 165 

Figure 2: Overview on the study area, spanning the Skeleton Coast of Namibia and its hinterland. Magnification of the different 

alluvial landforms as mapped in this study is provided in panels (a) to (d). 

 

The general eastward confinement of drainage has important implications for the rainfall the fluvial systems of the Skeleton 

Coast can collect. Modern mean annual rainfall gradually increases from the coastline (<50 mm yr-1) towards the hinterland, 170 

with about 100-200 mm yr-1 of rainfall received by the headwater areas close to the Great Escarpment (Jacobsen et al., 1995; 

Mendelsohn et al., 2003). Hyperaridity at the Skeleton Coast is predominantly governed by the cold Benguela Current and 

upwelling of cold water offshore, plus the latitudinal position, which lies within the descending limb of the Hadley Circulation 

(Blümel, 2013). The hyperarid conditions along the coast are somewhat modulated by advection of fog from the ocean, which 

can be traced even beyond the Great Escarpment (Andersen and Cermak, 2018; Olivier, 1995). For example, Li et al. (2018) 175 

measured a total fog water amount of about 90 mm within 80 rainless days (August to November) in 2015 at Kleinberg (23.0°S, 

180 m a.s.l.). At Gobabeb (23.6°S, 405 m a.s.l.) the authors measured the 80-days fog amount to exceed mean annual rainfall 
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by a factor of about 1.3. Closer to the coast, Lancaster (1984) measured about 34 mm of precipitation from fog at Swakopmund 

(1967-1975 with data gaps; 22.6°S, 20 m a.s.l.). Fog precipitation carries aerosols and salts (Na+, Cl-, Ca2+, and SO4
2-; Klopper 

et al., 2020) contributing to onshore gypsum crust (gypcrete; CaSO4 × 2H2O) formation (e.g. Eckardt and Spiro, 1999; Watson, 180 

1979) and driving salt weathering processes (Goudie and Viles, 2015c). In hyperarid environments, these mechanisms can 

enhance surface preservation of alluvial surfaces (e.g. Mohren et al., 2020; Rech et al., 2003), but can also promote sediment 

production as observed in the coastal Atacama Desert (Walk et al., 2022). 

Increasing rainfall towards the hinterland is concentrated in austral summer and predominantly related to the migration of 

tropical-temperate troughs originating from the South Indian Convergence Zone, with moisture sources mainly coming from 185 

the northwest (Geppert et al., 2022; Harrison, 1984; Todd and Washington, 1999; Hart et al., 2010; Macron et al., 2014). While 

the history of aridity in Namibia is generally a matter of debate in terms of both space and time, (hyper-)arid conditions can 

be assumed to have persisted at the Skeleton Coast during the Quaternary and beyond, punctuated by less arid episodes (Goudie 

and Viles, 2015b; Dupont et al., 2005). Regarding the latter, grain size analyses of drill-core sediments collected offshore and 

slightly south of our study area (≈ 20° S) indicate that over the past ≈300 kyr, less arid conditions and stronger winds were 190 

associated with glacial stages along the Namibian coast, whereas interglacials were characterised by more arid conditions and 

weaker winds (Stuut et al., 2002). 

Governed by this climate regime, long-term coastal plain bedrock erosion rates quantified from in situ 10Be are well below 2 

m Myr-1 along the Skeleton Coast spanning our study area (recalculated from Bierman and Caffee, 2001). However, 

luminescence and 14C ages of fluvio-alluvial deposits in major rivers and slack water-type deposits indicate several pulses of 195 

discharge in the region during the Late Pleistocene and Holocene (a review of such ages is provided by Walsh et al., 2023). A 

significant modulation of fan morphology and alluvial deposition is exerted by the deposition of aeolian sands, which has 

resulted in the formation of the Skeleton Coast Erg (e.g. Krapf et al., 2003; Fig. 2c). This dune belt is about 6-20 km wide and 

stretches parallel to the coast between ≈20.4 °S and 19.1 °S. The aeolian sands comprising the erg are sourced from local 

bedrock, beach deposits, and from fluvial systems such as the Koigab, whereby the sediments are redistributed northwards due 200 

to alongshore wind systems (Svendsen et al., 2003). The aeolian sediments have overridden alluvial deposits along the coast 

and provide barriers against overland flow from the hinterland, with the eastern and western rims of the erg potentially 

undergoing significant shifts over time (Blümel et al., 2000). While larger fluvial systems are frequently reported to break 

through the erg during high-discharge events, widespread slack-water deposits on its eastern rim are indicative of the barrier 

effect of the erg against overland flow (e.g. Eitel et al., 2005). The age of the present erg is not well constrained. A late 205 

Quaternary minimum age for the formation (Blümel et al., 2000), potentially after the LGM (Miller et al., 2021), appears to 

be likely. Aeolian sands along the Skeleton Coast have been shown to increase streamflow strength if sluiced e.g. by dune 

slope failure, favouring transitions to mass flows (Svendsen et al., 2003). However, the damming effect of the erg is likely to 

provoke significant flooding once the dunes become overspilled; the dissection of several alluvial deposits (e.g. Uniab and 

Hunkab fans) is attributed to such flooding (Blümel et al., 2000). 210 
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At present day, rainfall occurring between the coast and the Great Escarpment supplies ephemeral rivers (Jacobsen et al., 

1995), which have mostly incised into Precambrian metasedimentary rocks belonging to the Damara Supergroup 

(predominantly schists and limestone; see Mendelsohn et al., 2003). These rocks are typically exposed within the Central-

Western Plains, which is a low-relief landscape towered by inselbergs (Fig. 2d). The inselbergs are mainly composed of 

Cambrian Damaran granitoid rocks (exposed predominantly south of 20.5°S) and include the Brandberg as highest peak of 215 

Namibia (2579 m a.s.l.; Goudie and Viles, 2015e). In the far north, Damara rocks host a more rugged landscape, commonly 

termed Kunene Hills (Goudie and Viles, 2015e; Fig. 2a,c). In between the Kunene hills to the north and the Central-Western 

Plains to the south, exposed rocks tend to be younger and of magmatic origin, belonging to the Cretaceous Etendeka Group 

(predominantly basalts, latites, and quartz latites; Miller, 2008; fans and catchment outlets shown in Fig. 2b). Etendeka rocks 

are ubiquitously exposed within our study area but concentrate within the Koigab, Uniab, and adjacent catchments (19.4-220 

21.4°S). This landscape is generally referred to as Etendeka Plateau, characterised by mesa-like hills reaching relative heights 

of 700-800 m above the surrounding plains (Goudie and Viles, 2015a). 

Svendsen et al. (2003) suggested that basaltic bedrock may enhance flow viscosity (and strength) in these catchments due to 

the presence of smectite as a weathering product primarily produced from Etendeka basalts. As smectite is more swellable 

than other clay minerals, its presence can be important to initiate hyperconcentrated flows (Svendsen et al., 2003). In general, 225 

hyperconcentrated flow deposits appear to be dominating along the Skeleton Coast (cf. Krapf et al., 2005; Krapf et al., 2003; 

Svendsen et al., 2003; Miller et al., 2021; Stollhofen et al., 2014). 

The sediments detached from the basin bedrock can encounter vast accommodation space when reaching the low-relief coastal 

area via fluvial transport, providing favourable conditions for the formation of alluvial fans. Alluvial landforms mostly occur 

as individual fans, coalescent fans, or as part of bajadas. Krapf et al. (2003) provided a detailed description of the major 230 

Skeleton Coast ephemeral rivers, the corresponding alluvial deposits, and their post-depositional alterations. Individual fans 

were also studied in more detail (including sedimentological and/or geochronological work), such as the Koigab (Krapf et al., 

2005), Uniab (Miller et al., 2021; Scheepers and Rust, 1999), Hooringbai (Stollhofen et al., 2014), and Hoarusib (Vogel, 1989) 

fans. The picture emerging from these contributions is that the alluvial fan systems at the Skeleton Coast are considerably 

heterogeneous not only in terms of their catchments but also in the timing of major phases of alluvial deposition (e.g. 235 

Hooringbai progradation between 2.7-2.2 Ma, Stollhofen et al., 2014; Uniab aggradation after 180 ka, Scheepers and Rust, 

1999) and post-depositional alterations of the fan surfaces. The latter is predominantly achieved by braided river-dominated 

processes, dissecting and re-shaping fan surfaces (e.g. Krapf et al., 2003; Stollhofen et al., 2014; Krapf et al., 2005), and by 

marine (e.g. Stollhofen et al., 2014; Krapf et al., 2005; Miller et al., 2021) and wind erosion (Krapf et al., 2003). On surfaces 

that have been sufficiently stable over longer time periods, gypsum crusts may develop from coastal fog precipitation, 240 

armouring deflation surfaces (Stollhofen et al., 2014; Fig. 1). The proximity to the ocean does not only imply post-depositional 

marine erosion, but limits terrestrial fan progradation to the coastline (Krapf, 2003). 
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3 Methods 

3.1 Raw data acquisition and preparation 

As an inherent part of regional morphometric analyses, different freely available digital elevation models (DEMs) were tested 245 

to identify the most accurate digital representation of the Skeleton Coast. The accuracy assessments were conducted for the 

30-m products of the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER; Abrams et al., 2020), 

Shuttle Radar Topography Mission (SRTM; Farr et al., 2007), Advanced Land Observing Satellite (ALOS; Tadono et al., 

2014), and the Copernicus DEM (GLO-30; Rizzoli et al., 2017). For the assessment, an approach outlined by Kramm and 

Hoffmeister (2019) was followed, testing the vertical accuracy against laser altimetry ICESat-2 (Ice, Cloud, and Elevation 250 

Satellite 2; Neumann et al., 2019) data. The GLO-30 product showed the best vertical accuracies (RMSE ≈1 m) and was 

therefore selected as the elevation source for morphometric analyses and fan delineation (see Appendix and eqn. A1, A2 for 

details). As an additional morphometric parameter describing surface roughness, C-band Synthetic Aperture Radar (SAR) 

backscatter data was acquired for the fan areas using Google Earth Engine and Sentinel-1 (S1) time series data (see Ullmann 

and Stauch, 2020 for a detailed method description). Sentinel-1 backscatter data has, e.g., been investigated in the hyperarid 255 

Atacama Desert, linking surface cover and surface dynamics to alterations in the backscatter signal (Ullmann et al., 2019). The 

backscatter signal largely relates to surface roughness and conductivity on cm-scales (e.g. Gupta, 2018); Ullmann et al. (2019) 

generally found a very high signal stability of C-Band in vast parts of the desert. For our study region, the S1 data available at 

the time of processing in Google Earth Engine was limited to the years 2017-2021, ascending orbit, and narrow incidence 

angle range (31.1-39.5°; collection snippet: ee.ImageCollection("COPERNICUS/S1_GRD")).  260 

Co-polarised (VV) dry season (i.e., austral winter) data was averaged into a single raster at 10 m horizontal resolution, 

providing a noise-removed, radiometrically calibrated, and terrain-corrected product (based on SRTM DEM). Image coverage 

per year and pixel was consistent at 15 ± 5 images across all alluvial landforms. Such time-integrated averaging reduces speckle 

and minimises short-term moisture variability, producing a stable VV signal, with less alteration from individual events such 

as exceptional overland flow. From comparing the VV backscatter data with visual ground truthing conducted on site (e.g., 265 

Messum, Koigab; Fig. 1), we find that CaSO4-encrusted surfaces increase signal reflectivity as compared to the non-encrusted 

surroundings, providing a tool for relative comparison of surface abundances indicated by the degree of encrustation (cf. 

Stollhofen et al., 2014). 

Climate data used in this study was obtained from two sources. Firstly, satellite-derived fog and low cloud cover data for the 

time period 2015-2017 generated by Andersen and Cermak (2018) was provided in raw format by the authors of the original 270 

publication. The original point data (3.2 km spacing) was rasterised by ordinary Kriging using exponential semi-variogram 

model and variable search radius (cf. Earls and Dixon, 2007) producing a raster of 5 km horizontal resolution. To be able to 

calculate averaged fog occurrences over narrow landforms, the raster was resampled to 321 m resolution (nearest resampling; 

factor 15). Likewise, precipitation (mean annual and mean maximum) and wind speed (mean maximum) data as obtained from 
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the CHELSA-BIOCLIM+ dataset for the time period 1981-2010 (Brun et al., 2022b; Karger et al., 2017; Brun et al., 2022a) 275 

was resampled to a horizontal resolution of 303 m (factor 3). 

Finally, digital geological data (lithology and faults) at a scale of 1:250000 was provided by the Geological Survey of Namibia 

(GSN 1996, 1998, 2002b, a, 2006a, b, 2008, 2009, 2010b, a, 2011a, b), which we merged and broadly reclassified by rock type 

(sedimentary, metamorphic, and igneous subdivided into volcanic and plutonic). 

3.2 Fan mapping and catchment delineation 280 

Along the Skeleton Coast, alluvial deposits were mapped at the catchments’ outlets, assigning one alluvial landform to a source 

area. This mapping strategy constitutes an oversimplification, since morphologically well-defined single fans are uncommon 

along the Skeleton Coast. However, it also reflects the heterogeneous nature of alluvial deposition within the study area. In 

general, the maximum alluvial landform extent, which could – at a high confidence – be attributed to the landform, was 

mapped. Especially at the apex areas, some generalization was unavoidable since the modern catchment outlet does not 285 

necessarily reflect the true palaeoapex of the alluvial landform system. The mapping of the fans belonging to the IDs #43 and 

#44 (Koigab) was partially based on those by Krapf et al. (2005). Outcropping bedrock was excluded from the alluvial landform 

polygons. Only those fans were mapped with associated catchments draining a total area larger than 4 km2. Mapping was 

conducted using ESRI’s World Imagery (true colour composites) with a spatial resolution of <0.5 m and accuracies of <9 m. 

The date range and satellite types included in the composites spanned July 2018 to March 2023 and WorldView-2, WorldView-290 

3, and GeoEye-1 (all Maxar Technologies), respectively. Aided by GLO-30-derived hillshade data, mapping was conducted 

in ArcGIS Pro (ver. 3.0.0) at a scale range of 1:1000 to 1:5000. The dataset includes single alluvial fans, fans as part of a 

bajada, fan complexes, and polygenetic fans (see Table 1 for classification by type and location). The distinction between fan 

complexes and bajadas generally followed the approach used by Walk et al. (2020), using 5-7 neighbouring fans as the 

threshold between the two groups. Polygenetic alluvial landforms are characterised by more than one major feeder channel. 295 

Mapping included parts of the sedimentary Gui-uin flood basin of the Hoanib river (e.g. Eitel et al., 2005; Stanistreet and 

Stollhofen, 2002), reflecting the damming situation east of the Skeleton Coast Erg as evident for most of the other adjacent 

systems, where the ponding is however less permanent. Given this heterogeneity in mapped alluvial deposits, we generally use 

the term “alluvial landform” in the main text, but use the term “fan” interchangeably, e.g., in variable notation. We justify this 

inaccuracy with enhanced readability and the fact that the methodological approach we chose largely excludes non-fan type 300 

landforms (Sect. 4.2).  

 

Table 1: Classification of alluvial landforms according to type and location and number of landforms assigned to the individual 

groups. 

Prefix (landform type) n (of 52) Suffix (landform location) n (of 52) 

A Single alluvial fan 9 S 
Skeleton Coast, distal to 

coastline 
26 
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B Part of a bajada 30 A 

Atlantic Ocean (beach and 

lagunes included), proximal 

to coastline 

22 

C 

Fan complex (two to 

5-7 coalescing or 

neighbouring fans) 

12 I 

Fan as intermediate sink 

and part of larger fan 

system studied/considered 

downstream 

4 

P (combinable 

with others) 
Polygenetic fan  11     

  

T0 

(combinable 

with others) 

Exclusively 

constituting a (sub-

)recent T0 channel of 

an alluvial fan 

4     

  

 305 

A mapping quality assessment was performed using a four-grading system, subjectively evaluating mapping success by 

assigning alluvial landforms into distinct classes (Table A1). Single dunes or sand sheets covering clearly identifiable fan 

surfaces (i.e., not below the main body of the Skeleton Coast Erg) were not clipped out, as they represent temporary (on very 

short timescales as compared to the erg) morphodynamic features. 

Upstream of the apices, the corresponding catchments were identified by watershed delineation in ArcGIS Pro (ver. 3.0.0) 310 

using the GLO-30 DEM. In order to obtain an optimised delineation result ignoring effects of DEM artefacts, resolution-

dependent misrepresentation of narrow valleys, and shallow endorheic basins on surface flow routing, hydrographic model 

results based on both limited filling (z fill limit = 10 m) and unlimited filling (no z fill limit) were combined and reconciled, 

generating the final catchment extent. 

3.3 Morpho-parametrical data generation 315 

Based on the geodata available for this study, several morpho-parametric datasets could be obtained (Table 2). The list includes 

morphometric measures commonly applied in geomorphological studies (see e.g. Bowman, 2019b, for an overview) for both 

alluvial fans (index f) and catchments (index c), including planar area (af and ac), radius (rf), perimeter (pc), and length (lc). 

Variable rf (fan radius) is defined as the longest distance from the apex, and lc denotes the longest distance within a given 

catchment measured from the catchment outlet. 320 

 

Table 2: All variables obtained in this study (variables in bolt font were used for clustering). 

Variables   Unit Description References 

Alluvial landforms         

General         

Type see Table 1   
Classification by type and location 

environment 
- 

Quality see Table B1   Classification by delineation quality - 
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Morphometric         

Mean center Latf, Lonf °S, °E Mean geographical center - 

Area af km2 Planar area Bull (1964) 

Radius rf km Longest distance between apex and toe 
Bahrami 

(2013) 

Confinement Index COIf   COIf = af / (1/2 πrf
2) This study 

Elevation hf,min, hf,max m a.s.l. 
Swath 90th percentile minimum and 

maximum elevation 

Ryder 

(1971) 

Relief Rf m Rf = hf,min - hf,max 
Ryder 

(1971) 

Mean gradient gf m-1 Mean gradient of 90th percentile swath Bull (1964) 

Climatic         

Average FLC frequency of 

occurence 
FLCf   

Fan-wide averaged relative FLC cover for 

the time period 2015-2017 

Andersen 

and Cermak 

(2018) 

Average mean annual wind 

speed 
Wf,mean m s-1 

Fan-wide averaged annual near-surface (10 

m) wind speed for the time period 1981-

2010 

Karger et al. 

(2017), Brun 

et al. (2022a, 

2022b) 

Maximum monthly wind 

speed 
Wf,max m s-1 

Fan-wide averaged highest monthly near-

surface (10 m) wind speed during the time 

period 1981-2010 

Average mean annual 

precipitation 
Pf,mean mm 

Fan-wide averaged MAP for the time period 

1981-2010 

Average maximum 

precipitation 
Pf,max mm 

Fan-wide averaged maximum precipitation 

for the time period 1981-2010 

Precipitation peakedness Ppkf   Ppkf = Pmax,f / Pmean,f 
Leier et al. 

(2005) 

Backscatter         

Surface roughness S1f dB 
Averaged 2017-2021 summer season 

Sentinel 1 backscatter data (VV) 

Ullmann and 

Stauch 

(2020) 

Catchments         

Morphometric and 

hydrographic 
        

Mean center Latc, Lonc °S, °E Mean geographical center of catchment - 

Area ac km2 Planar catchment area 

Bull (1964), 

Ryder 

(1971) 

Perimeter pc km Catchment perimeter Smith (1950) 

Length lc km 
Longest distance within the catchment 

measured from outlet 

Schumm 

(1956) 

Elevation hc,min, hc,mean, hc,max m a.s.l. 
Minimum, mean, and 90th percentile 

maximum swath elevation 

Ryder 

(1971) 

Relief Rc m Rc = hc,min - hc,max 

Bull (1964), 

Ryder 

(1971) 
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Mean gradient gc m/m Mean gradient of 90th percentile swath 

Bull (1964), 

Ryder 

(1971) 

Basin relief ratio rrc   rrc = (hc,max - hc,min) / lc 

Patton and 

Baker 

(1976), 

Schumm 

(1956) 

Melton's basin ruggedness 

index 
Mc   Mc = (hc,max - hc,min) / √ac 

Melton 

(1965) 

Hypsometric index HIc   HIc = (hc,mean - hc,min) / (hc,max - hc,min) 

Pike and 

Wilson 

(1971) 

Circularity index CIc   CIc = 4π × ac / pc
2 

Miller 

(1953) 

Mean sediment 

connectivity 
ICc   

Sediment transfer efficiency as 

predominantly dependent on 

geomorphological factors 

Walling 

(1983), 

Crema and 

Cavalli 

(2018) 

Total stream length sc,tot km 

Sum of all streams. 3D length based on 

topography-weighted flow accumulation 

data  

Horton 

(1932), 

Molloy and 

Stepinski 

(2007), Gao 

et al. (2022) 

Drainage density ddc km-1 ddc = sc,tot / ac 

Horton 

(1932), 

Molloy and 

Stepinski 

(2007), Gao 

et al. (2022) 

Geological        GSN (1996, 

1998, 2002a, 

2002b, 

2006a, 

2006b, 2008, 

2009, 2010a, 

2010b, 

2011a, 

2011b) 

Total fault length fc,tot km Sum of all faults 

Fault density fdc km-1 fc,d = ac / fc,tot 

Volcanic rock G1c   Relative area covered by volcanic rock 

Plutonic rock G2c   Relative area covered by plutonic rock 

Metamorphic rock G3c   Relative area covered by metamorphic rock 

Sedimentary rock G4c   Relative area covered by sedimentary rock 

Isometric log ratio 1 G1c,ILR   
G1c,ILR = √3/4 × ln(G1c / 3√G2c × G3c  × 

G4c) Egozcue et 

al. (2003)  Isometric log ratio 2 G2c,ILR   G2c,ILR = √2/3 × ln(G2c / √G3c × G4c) 

Isometric log ratio 3 G3c,ILR   G3c,ILR = √1/2 × ln(G3c / G4c) 

Climatic         

Average FLC frequency of 

occurence 
FLCc   

Relative catchment-wide averaged FLC 

cover for the time period 2015-2017, 100 

km inland 

Andersen 

and Cermak 

(2018) 
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Average mean annual 

precipitation 
Pc,mean mm 

Catchment-wide averaged MAP for the time 

period 1981-2010 
Karger et a. 

(2017), Brun 

et al. (2022a, 

2022b) 
Average maximum 

precipitation 
Pc,max mm 

Catchment-wide averaged maximum 

precipitation for the time period 1981-2010 

Precipitation peakedness Ppkc   Ppkc = Pmax,c / Pmean,c 
Leier et al. 

(2005) 

 

Based on these fundamental variables, further data was derived, including mean center location (latf, lonf, latc, lonc), landform 

relief (Rf and Rc), elevation (hf and hc), and gradient (gf and gc). All elevation and gradient data were obtained from swath 325 

profiles, with maximum elevation defined by the 90th percentiles to reduce topographic noise. Using the 90th percentile we 

obtained the most plausible and comparable results across our study area, e.g., by alleviating the impact of individual inselbergs 

on catchment metrics. Gradients were calculated as mean from individual section gradients, as defined by each elevation point 

along the swath profiles. The swath profiles were obtained by using the focal statistics tool in ArcGIS Pro on E-W rotated 

landforms, the rotation angle being defined by the angle between apex/pour point and Lat and Lon. Large landforms that 330 

exceeded the input cell limit of the tool were processed in Matlab (ver. 2022b). Further indices were calculated for the 

watersheds: Basin-relief-ratio (rrc), i.e., relief per drainage length (Patton and Baker, 1976; Schumm, 1956), Melton’s basin 

ruggedness (Mc), the hypsometric integral (HIc) to assess the geomorphic development of the catchments (Pike and Wilson, 

1971; hypsometric curves were obtained using SAGA GIS ver. 9.7.1), and the circularity index (CIc; Miller, 1953). Similarly 

to CIc, previous studies used the fan length versus width to infer depositional environment characteristics (e.g. Bahrami, 2013a; 335 

Ghahraman and Nagy, 2024). In this study, we apply a similar approach, calculating the relationship between af and the 

theoretical area of a perfect half-circle defined by rf to approximate fan confinement (COIf). To complement the alluvial 

landforms parametric dataset, the Sentinel-1 mean backscatter data was obtained for the mapped fan areas (S1f). In a similar 

fashion, the CHELSA-BIOCLIM+ climate data (modern mean annual precipitation, Pc,mean, Pf,mean and maximum mean annual 

precipitation, Pc,max, Pf,max) was extracted for both the catchment and alluvial landform areas. For the catchments, the geological 340 

data from GSN (G1c to G4c) were extracted, and fault densities fdc were calculated from total fault length fc,tot. Fault densities 

usually relate to tectonic activity, which over longer timescales can cause drainage reorganization (e.g. Bahrami, 2013b). On 

shorter timescales, significant fault movement and associated tremor can trigger mass movements (e.g. Crosta et al., 2014); 

both pathways may affect alluvial landform morphodynamics. 

From the CHELSA-BIOCLIM+ precipitation data, precipitation peakedness (Ppkf, Ppkc) was calculated as the ratio between 345 

maximum precipitation and MAP, the former defined as the averaged maximum monthly precipitation (February or March in 

our study area), as outlined by Leier et al. (2005). Wind speeds were only obtained for the alluvial landforms (Wf,mean, Wf,max) 

to include potential effects of wind erosion on alluvial landform alteration. The dataset containing averaged relative frequencies 

of low cloud cover occurrence was clipped to both fan (FLCf) and catchments (FLCc). For the latter, a spatial limitation exists, 

as the accuracy of the data strongly declines at a distance exceeding about 100 km from the coastline (H. Andersen, pers. 350 

comm., 2023). We thus clipped the data to the 100-km range, implying that the largest catchments are not fully covered by 
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FLCc data. However, the generally strongly declining (advective) fog occurrence towards the hinterland (Olivier, 1995) 

indicate that low cloud cover frequencies beyond that boundary can be considered insignificant when compared to FLCc to the 

west. 

In hydromorphometric studies, common hydrographic parameters applied are related to the stream networks within the fluvial 355 

systems, with drainage density often used to assess the degree of landscape dissection (e.g. Howard, 1997; Collins and Bras, 

2010; Mohren et al., 2020). The classic GIS-based approach of stream path determination relies on a noise-removed DTM 

used to generate flow directions and flow accumulations based on a minimum inflow value per pixel. However, especially in 

heterogenous hyperarid landscapes, characterised by ephemeral streams, different types of relief (mountainous to level), 

lithology (hard bedrock to unconsolidated sediments), surface cover (bare bedrock to encrusted), and patterns of fluvial erosion 360 

(v-shaped valleys to gullies), this standard approach often fails to capture the (present-day) stream networks as observed on 

true-color remote sensing data or in the field. For the Skeleton Coast of Namibia, difficulties in sediment routing mostly 

focused on the coastal and southern low-relief areas, which required the abovementioned merging of filled and non-filled 

drainage areas. As for the stream networks, streams in the low-relief areas appeared over-represented compared to the higher-

relief areas, as commonly observed in similar studies (e.g. Mohren et al., 2020; Howard, 1997). To mitigate these issues, we 365 

applied a terrain morphology-based method to extract channel networks directly relying on valley detection by identifying and 

connecting concave-upward topography (Gao et al., 2022; Molloy and Stepinski, 2007). We calculated the tangential curvature 

for the GLO-30 DEM using a 5×5 moving window and kept all pixel values <-0.0002 m-1 to obtain a first representation of 

the drainage network. After vectorization, we filtered the individual patches of the drainage network by polygon circularity 

(CI, as defined in Table 3) and area a, using the threshold provided by Molloy and Stepinski (2007) to eliminate non-valley 370 

landforms (CI > 0.3, a > 20 pixels). The reconverted raster was then thinned and used to flag the stream network; all other 

areas were weighted by a value of -0.005 to allow flow accumulation fading when calculating the final topography-weighted 

stream network using the toolbox provided by Dilts (2015). As such, we obtained a stream network (representing the weighted 

flow accumulation <200 pixels, i.e., ≈0.2 km2) that resembles the classic approach but puts less weight on the flat areas. The 

final stream lengths sc,tot were calculated including elevation data to account for 2D shortenings in steep terrain (see Howard, 375 

1997). Since the stream networks include disconnected parts due to flow accumulation fading, no further hydromorphic metrics 

were obtained for this study. However, another parameter describing the sediment connectivity (ICc) within the catchments 

(Walling, 1983) was obtained using the SedInConnect toolbox (ver. 2.3; Crema and Cavalli, 2018), with the non-filled DEM 

used for surface roughness and weighting factor estimation. Although the toolbox was designed to obtain sediment connectivity 

measures for high-resolution DEMs, it is also applicable to medium-resolution digital elevation data in comparative studies 380 

(e.g. Zanandrea et al., 2019; Gay et al., 2015; Walk et al., 2020). 

3.4 Precursory statistical analyses and correlation tests 

The choice of parameters used in this study followed the rationale of compiling a pool of intuitive variables to describe the 

source-sink systems along the Skeleton Coast. To provide basic descriptive information, the data was first characterised by 
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value ranges and distributional properties. A standard power-law relationship analysis was conducted (equation 1). However, 385 

given the pronounced heterogeneity of landforms and environmental conditions at both drainage and sink locations, a simple 

statistical description of individual variables from the bulk dataset would risk being misleading – or, in some cases, statistically 

unsound. To address this, we focused on reducing dataset heterogeneity, which can be achieved by cluster analysis. 

Cluster analysis is an exploratory multivariate method that groups objects – in our case, alluvial landforms and catchments – 

in such a way that internal similarity within groups is maximised while dissimilarity between groups is increased (detailed 390 

descriptions of the method are provided by Backhaus et al., 2025b, and Cleff, 2019). Applied here, clustering provides a means 

to distinguish alluvial landform and drainage systems along the Skeleton Coast, with the potential to improve the robustness 

of subsequent statistical analysis and group-wise characterization. 

To optimise clustering results, input variables should be independent and standardised to avoid the influence of (metric) scaling 

when distances between different groups are calculated. To achieve a suitable dataset containing variables relevant for 395 

clustering, we conducted a pairwise correlation analysis and excluded variables showing a strong interdependence (cutoff 

value defined by Pearson’s correlation coefficient r > 0.7; cf. Backhaus et al., 2025a). In addition, the lithological data were 

transformed using the isometric log-ratio (ILR) method to achieve variable independency (Egozcue et al., 2003). Compared to 

other transformations (e.g., the centred log-ratio), ILR has been shown to yield more reliable results in exploratory multivariate 

analyses (Chen et al., 2019). Prior to transformation, zero values were replaced by a constant of 0.0001, and the relative 400 

contributions of the four lithology variables were adjusted accordingly. For clarity, we denote each IRL-transformed variable 

according to its numerator (G1c,ILR, G2c,ILR, G3c,ILR; see Table 2). 

Finally, the reduced variable set was tested for multivariate normality by calculating squared Mahalanobis distances and 

assessing variance with a chi-squared test (threshold value p = 0.001; calculated using SPSS ver. 29.0.2.0). While cluster 

analysis does not strictly require normally distributed input data (Cleff, 2019), the test can be used to flag potential multivariate 405 

outliers from the dataset. 

3.5 Cluster analyses 

Clustering was performed in Matlab (ver. R2024a) using the linkage function on z-transformed data. Given the comparably 

small size of the datasets we investigate, hierarchical clustering with subsequent k-means optimization was applied (e.g. 

Backhaus et al., 2025b). Both datasets – catchments and alluvial landforms – were clustered separately to identify possible 410 

correlation patterns between groups. 

To determine robust cluster solutions, different combinations of proximity measures (similarity and distance) and 

agglomerative fusion algorithms were tested. Following the recommendations of Backhaus et al. (2025b), outliers were first 

removed using the Single Linkage algorithm with Squared Euclidean Distance. This step aims to improve the stability of 

subsequent clustering. The cleaned datasets were then re-clustered with alternative proximity measures and fusion algorithms, 415 

and the resulting dendrograms were evaluated visually and using the cophenetic correlation coefficient, which quantifies how 

well the dendrogram preserves the pairwise distances of the original distance matrix (Sokal and Rohlf, 1962; Gere, 2023). 
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The optimal number of clusters was determined with the Caliński and Harabasz criterion (Caliński and Harabasz, 1974). 

Among the candidate solutions, dendrograms containing more than three objects per cluster and the highest cophenetic 

coefficients were visually compared to assess the separation performance. The final clustering choice was based on a balance 420 

between (i) agreement with the number of clusters determined by the Caliński and Harabasz criterion and (ii) a reasonable 

cophenetic distance. 

To objectively evaluate robustness, split-half test were performed: the datasets were randomly divided, clustered independently 

using the selected fusion algorithm and proximity measure, and then compared against the full-population cluster solution 

(Backhaus et al., 2025b). Only solutions that largely reproduced the population clusters were retained. Afterwards, k-means 425 

optimization was conducted using the kmeans function in Matlab. 

The interpretation of the resulting clusters relied on t- and F-statistics to evaluate how well variables were represented within 

each cluster relative to the total population and to assess within-cluster homogeneity (Backhaus et al., 2025b). In addition, 

boxplots were used for visualization, and the spatial distribution of clusters was examined for contextual interpretation. To 

further investigate linkages of clusters and variables (hereafter termed “supportive”), partial correlation analyses were 430 

performed on log-transformed data at the 95 % significance confidence level. Special attention was given to commonly 

(hereafter termed “classical”) investigated morphometric relationships defined by equation (1), namely. af(ac), gf(ac), and 

gf(Mc), to identify variables influencing theses correlations. 

4 Results 

4.1 Alluvial landform mapping, variable statistics and relationships 435 

From our mapping efforts a total number of n = 67 alluvial landforms could be identified along the Skeleton Coast of Namibia. 

Of these, n = 52 landforms could be delineated with sufficient confidence (mapping quality grades 1-3). For clustering, we 

considered both catchments and alluvial deposits separately to maximise comprehensiveness. Accordingly, we provide 

statistical analyses for both the full dataset (hereafter referred to as “catchment dataset”) and the quality-filtered dataset 

(hereafter referred to as “fan dataset”). An overview of the number of landforms retained after the different workflow steps we 440 

applied, and the counts used for display in our figures, is provided in Table B2 in addition to the information given in the main 

text and figure captions. 

Statistically, both Kolmogorov-Smirnoff and Shapiro-Wilk tests indicate that the majority of variables deviates from a normal 

distribution. At the p = 0.05 significance level, the null hypothesis of normality could only be accepted for gf, Wf,mean, Wf,max, 

HIc, ddc, G1c,ILR, and G2c,ILR (Table B3). Consultation of histograms, boxplots, and QQ-Plots generally confirm these test 445 

results, with the exception of hc,mean, Mc, and ICc, which appear to be reasonably normally distributed despite contrary test 

outcomes. However, caution is required when interpreting mean values and standard deviations for individual variables (Table 

B3). 



19 

 

The catchments analysed in this study are located between 17.6-21.6 °S and 12.1-15.6 °E, with areas ranging from ≈4 to 

≈29,000 km2, with other metrical variables (pc, lc) showing similar ranges on a relative scale (Figs. 1, 3a, Table B4). Likewise, 450 

catchment relief varies from 85 to 2380 m. These large ranges decrease for the derivates and indices obtained from the 

morphometrical data: Melton’s ruggedness index Mc averages at 0.04 ± 0.01. The maturity index HIc (0.44 ± 0.09) and the 

corresponding hypsometric curves (Fig. 3b) generally indicate mature to monadnock stages of drainage evolution (sensu 

Strahler, 1952a). The Messum catchment (alluvial landform IDs #62.1 and #62.2) is a notable outlier (HIc = 0.21), as its 

upstream drainage portion incises the Brandberg massif (hc,max ≈2500 m a.s.l.). The Brandberg is also drained by the Ugab 455 

river (#57) and catchment #66, but their larger lateral extents balance hc,min over surrounding level areas, preventing similar 

low HIc values. 

Regarding the alluvial landforms, elevation-based grouping is evident from hf,max (Fig. 3c). Deposits located in the northern 

parts of the Skeleton Coast tend to terminate distant from the coastline, whereas southern fans tend to reach the Atlantic. 

Central alluvial deposits group as they are blocked by the Skeleton Coast erg. Approximately half of the landforms terminate 460 

proximally, i.e. at a distance ≈4-37 km from the coastline (suffix type S in Table 1, Table B5). The other half reaches the beach 

area (suffix type A). Only a fraction occurs as single alluvial fan (n = 9, prefix type A), with more than 80 % of the landforms 

being confined. A minority are classified as polygenetic (n = 11, prefix type P) or constituting exclusively a (sub-) recent 

channel of an alluvial fan (n = 4, prefix type T0). The strong confinement of alluvial landforms is also reflected by COIf, 

ranging between values of 0.08 and 0.64 (median 0.24). 465 

The largest fan in our dataset is the Koigab fan (#44, 20.5 °S; 133 km2), which is comparatively weakly confined (COIf = 

0.43). The smallest mapped alluvial landform covers an area of 0.3 km2 (#33, rf = 0.8 km). Several landforms exhibit dataset 

extremes: the upper Sechomib fan (#11.1; 18.3 °S) has the largest fan radius (18.5 km) and receives the highest amount of 

annual precipitation (90 mm, excluding fog). A minimum amount of annual precipitation of about 20 mm at fan #67 (21.9 °S) 

illustrates the hyperarid conditions at the Skeleton Coast. This finding is underscored by the lowest Pf,max value of the dataset 470 

(49.1 mm) and lowest precipitation peakedness (2.5) found at the location of fan #67. The largest values for fan-wide averaged 

maximum precipitation (471 mm) and Ppkf (5.2) are found in the opposite (i.e., northern) direction, at fan #2 (17.8 °S). Nearby, 

the lower Sechomib fan (#11.2, 18.5 °S) has the highest relief (333 m). The highest backscatter value (-11.8) from the Sentinel-

1 data is recorded for the Gui-uin basin (#17.2, 19.4 °S; lowest: -19.92, #11). Likewise, the lowest relief (4 m) is recorded 

there (#17.1, 19.4 °S). 475 

Overall, alluvial landforms along the Skeleton Coast show a mean gradient of 0.014 ± 0.06 m-1 (1.4 % or 0.8°). Wind speeds 

average at 4.2 ± 0.6 m s-1 annually, with maximum annual wind speeds being statistically similar (4.6 ± 0.7 m s-1). 
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Figure 3: Catchment swath profiles (a), hypsometric curves (b), alluvial deposit swath profiles (c), and power-law relationships 480 
between fan and catchment morphometrics (d). Data in (a) and (b) is shown for n = 62 catchments, with nested subcatchments not 

being shown for clarity. In panel (c), all alluvial deposits featuring a mapping quality that deemed sufficient (quality class <4, cf. 

Table B1) are shown (n = 52). Likewise, data from this fraction of the population is used to derive the power correlations as shown 

in (d), with the remaining data shown as greyed-out symbols. 
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Fan dataset relation of af, ac, and gf, by means of equation (1) reveal af(ac) and gf(ac) power-law relationships significant at the 485 

95 % confidence level (r2 = 0.14 and 0.49), with x1 = 3.79 and y1 = 0.24 for af(ac), and x1 = 0.03 and y1 = -0.17 for gf(ac), 

respectively (Fig. 3d). The gf(Mc) relationship is also significant (r2 = 0.36), with x1 = 0.11 and y1 = 0.66.  

Following the scheme of Backhaus et al. (2025b) for cluster analysis, highly pairwise-correlated variables (r > 0.70) of the fan 

and catchment datasets were eliminated. This approach left n = 22 variables, with n = 8 variables describing the mapped 

alluvial deposits, and n = 14 variables describing the catchments (Table B6). Most reduction is caused by strong correlations 490 

between climate variables, geographical location, and elevation. Apart from precipitation peakedness (Ppk) and the excluded 

geographic/elevation variables, no linear bivariate relationships between alluvial landform and catchment variables were 

identified. Both fan and catchment datasets approximate multivariate normality, although systems #3, #27, #44 (Koigab), and 

#57 (Ugab) could be flagged as potential outliers (Table B7 and B8). 

4.2 Data clustering 495 

4.2.1 Catchment dataset 

Single linkage hierarchical clustering revealed two groups of catchment outliers. A distinct group of five catchments (#13 - 

Hoarusib, #17.1, #17.2, #53 - Huab, and #57 - Ugab, with #17.1 and #17.2 representing nested subcatchments of the Gui-uin 

basin) showed properties that clearly separated them from the main population. In addition, up to n = 14 catchments appeared 

individually or in pairs as disconnected cases (Fig. C1).  500 

Testing different fusion algorithms and proximity measures on the data cleaned at different levels showed that retaining the 

tightly clustered outlier group did not improve subsequent clustering, while its removal generally resulted in cluster structures 

with lower quality as indicated by the split-half tests and F-values (see below). Consequently, we removed n = 7 outliers, 

which were separated from the bulk dendrogram by >5 % cophenetic distance: #3, #10, #27, #43, #57, #62.1, and #62.2, the 

latter two representing nested Messum subcatchments. 505 

The comparison of different clustering approaches resulted in the choice of Ward’s method with squared Euclidean distances, 

which achieved a cophenetic correlation of 0.65 (Fig. 4; B9). The Caliński and Harabasz criterion suggested an optimal solution 

of four clusters (Fig. C2). Subsequent k-means cluster optimization reassigned #35 from cluster 1 to cluster 3. Robustness of 

the solution was confirmed by split-half evaluation (Fig. C3 and C4). 

 510 
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Figure 4: Cluster assignments based on Ward’s fusion algorithm (squared Euclidean distance) for n = 60 catchments (outliers 

removed). 

4.2.2 Fan dataset 

For the fan dataset, there was a potential to remove up to n = 14 cases, shrinking the dataset to n = 38 (Fig. C5). To avoid such 515 

excessive data loss, we removed only the most distant cases, defined as being separated by more than ≈33 % of the total 

cophenetic distance across the single linkage dendrogram: #11.1, #11.2, #17.1, #17.2, and #62.2 (n = 47). 

The Caliński and Harabasz criterion suggested three clusters (Fig. C6). Among the highest-ranked fusion algorithms, both 

Complete Linkage with Euclidean distance (cophenetic correlation 0.72) and Ward’s method with squared Euclidean distance 

(0.64) produced very similar cluster assignments. However, the Ward solution performed better in split-half testing compared 520 

to the alternatives, including similarity-based measures (Fig. 5 C7 and C8, Table B10). Despite these results, some 

inconsistencies remained for the chosen algorithm. Clusters 2 and 3 contained nearly all cases previously flagged as potential 

outliers (#5, 9, 10, 44, 56, 57, 62.1, 63), with the exception of #2. This group did show few falsified cluster assignments during 

the split half test (Fig. C8). K-means optimization did not alter any cluster assignments. 

 525 
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Figure 5: Cluster assignments based on Ward’s fusion algorithm (squared Euclidean distance) for n = 47 alluvial landforms (outliers 

removed). 

4.3 Cluster properties 

4.3.1 Cluster structures and geographic patterns 530 

Excluding the tight outlier cluster of catchments identified by single linkage clustering (C4c), both clustering of catchments 

(C1c, C2c, C3c) and fans (C1f, C2f, C3f) yielded three main clusters. From visual inspection of the geographical distribution of 

the different clusters it becomes evident that C4c is indeed grouping those catchments that reach beyond the Great Escarpment 

(ac = 15000-16300 km2), while C2c tends to include the next-smaller catchments (250-880 km2; Fig. 6). C1c catchments, similar 

to alluvial deposits clustered in C1f, are absent north of ≈20° S. C3c catchments are mostly located near the Skeleton Coast 535 

Erg, similar to alluvial deposits clustering in C3f. Cluster C2f is distributed along the Skeleton Coast except in the immediate 

hinterland of the erg. 
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Figure 6: Geological map of the Skeleton Coast of Namibia, including catchment and alluvial landform clusters. 540 

These spatial patterns align well with the manual classification used to differentiate the different alluvial landforms (Table 1). 

For instance, C1f and C2f predominantly debouch near the Atlantic (90 % and 100 % of the cluster cases, respectively), while 

C3f fans are mostly hinterland-terminating (89 % of the cases in that cluster). Fan types also differ, as C3f fans are strongly 

associated with bajadas (89 %; i.e., dominant fan type is B-S; Table B11). C1f fans are more frequently parts of coalescing fan 

systems (60 %), while C2f landforms show a balanced distribution across types. In the cleaned dataset, intermediate sink 545 

deposits (n = 0), polygenetic fans (n = 8), and fluvial channel deposits (n = 2) play no major role, suggesting that the outlier 

removal homogenised the datasets toward fan-like landforms. In the catchment dataset, the majority of alluvial landforms 

classified as part of bajadas (n = 13) and being situated distal from the coastline (n = 14) are combined in Cc3, while Cc2 

presents the most heterogenous combination of alluvial landform types. 
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4.3.2 Cluster homogeneity and statistical characterizations 550 

F-values indicate that all fan clusters are sufficiently homogeneous relative to population variance (Table 3). Notable 

exceptions are found in cluster C2f, where af and FLCf scatter widely (F > 2). Here, a prominent t-value of -0.85 for FLCf is 

thus uninformative, but overrepresentation in Wf,mean (t = 1.21) and underrepresentation in hf,min (t = -0.75, similar to C1f) remain 

diagnostic. C1f generally shows underrepresented variables, most strongly gf (t = -1.20), but is overrepresented in FLCf (t = 

1.12). C3f is characterised by higher values in gf (t = 0.66) and lower values in COIf (t = -0.41). 555 

 

Table 3: t- and F-values calculated for the fan dataset after clustering. 

  t-values F-values 

  Cf1 Cf2 Cf3 Cf1 Cf2 Cf3 

Variable (n = 10) (n = 10) (n = 27) (n = 10) (n = 10) (n = 27) 

af -0.10 1.07 -0.36 0.48 2.51 0.16 

COIf -0.10 1.20 -0.41 0.65 1.24 0.38 

hf,min -0.75 -0.76 0.56 0.00 0.00 1.00 

Rf -0.91 0.06 0.32 0.53 0.92 0.85 

gf -1.20 -0.58 0.66 0.16 0.38 0.44 

FLCf 1.12 -0.85 -0.10 0.18 2.08 0.21 

Wf,mean -0.48 1.21 -0.27 1.00 0.66 0.47 

S1f 0.52 0.24 -0.28 0.79 0.74 1.03 

 

Regarding the catchments, C4c stands out by extreme t-values and strong internal consistency, reflecting its outlying nature 

but also small case number (n = 4; Table 4). Across all clusters, variable ac stands out as showing very homogenous values; 560 

the area ranking indicates that Cc1 and Cc3 are very similar in ac. Cluster C1c, is further defined by lower values in hc,mean (t = 

-0.93) but is overrepresented in G1c,ILR (t = 1.06), G2c,ILR (t = 1.21), and ICc (t = 1.10). C2c is, generally at less extreme t-values 

as C1c, characterised by overrepresentation in Rc (t = 0.66), underrepresentation in HIc (t = -0.65), and a scattered Ppkc (F = 

1.41). The third catchment cluster, C3c, has lower values in Rc (t = -0.83), but high values in G3c,ILR (t = 0.85). In terms of 

clustering significance, CIc appears to play a minor role, as indicated by two elevated F-values and minor differences in t-565 

values. 

 

Table 4: t- and F-values calculated for the catchment dataset after clustering. 

  t-values F-values 

  Cc1 Cc2 Cc3 Cc4 Cc1 Cc2 Cc3 Cc4 

Variable (n = 12) (n = 22) (n = 22) (n = 4) (n = 12) (n = 22) (n = 22) (n = 4) 

ac -0.32 -0.16 -0.33 3.66 0.00 0.06 0.00 0.02 

hc,mean -0.93 0.48 -0.32 1.91 0.12 0.84 0.36 0.09 
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Rc -0.36 0.66 -0.83 2.01 0.23 0.62 0.03 0.05 

rrc 0.49 0.51 -0.49 -1.60 0.64 1.24 0.07 0.03 

Mc 0.28 0.33 -0.09 -2.12 0.83 0.95 0.41 0.00 

HIc -0.36 -0.65 0.63 1.20 0.91 0.64 0.47 0.10 

CIc 0.46 -0.15 -0.03 -0.40 1.54 1.20 0.62 0.04 

ICc 1.10 -0.33 0.11 -2.08 0.25 0.80 0.24 0.08 

ddc 0.73 0.30 -0.78 0.44 0.56 0.29 1.13 0.18 

fdc 0.17 -0.58 0.54 -0.28 0.53 0.06 1.77 0.04 

G1c,ILR 1.06 -0.28 -0.24 -0.30 0.44 1.05 0.72 0.02 

G2c,ILR 1.21 -0.22 -0.41 -0.21 0.40 0.39 1.14 0.08 

G3c,ILR -0.78 -0.39 0.85 -0.17 0.51 0.39 0.88 0.02 

Ppkc -0.70 0.82 -0.33 -0.63 0.08 1.41 0.18 0.01 

 

Box-and-whisker plots confirm these tendencies (Fig. 7a, b). Fan cluster separation is largely driven by gf, while in catchments, 570 

clusters are distinguished best by relief (Rc), with a general trend of Cc3 < Cc1 < Cc3 (Fig. 8). 

No clear separation variable can be identified from the catchments associated to the Cf1 to Cf3 clusters (Fig. C9). 

 

 

Figure 7: Boxplots showing the median, 25 and 75 % quartiles, 1.5× interquartile range and outliers (indicated by crosses) for the 575 
alluvial landform variables used to cluster the fan dataset, applied to the alluvial landform (a) and catchment clusters (b). Z-

transformed data as used for the clustering is shown to account for the different scales of the individual variables. 

The catchment dataset box-and-whisker plots indicate a more pronounced cluster separation as for the fan dataset. In addition 

to the overrepresentation in igneous lithology (G1c,IRL and G2c,IRL) and ICc, comparably high values in ddc and low values in 
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Ppkc are evident in cluster C1c (Fig. 8). The metamorphic rock-dominated cluster Cc3 further appears to be characterised by 580 

low values in ddc and rrc. When alluvial landform variables are considered in the catchment clusters, a separation between Cc1 

and Cc3 becomes evident in COIf, S1f, and hf,min, while Cc2 does generally show high value ranges (Fig. 7b). Alluvial landform 

values in Cc3 are, however, often considered outliers with respect to the box-and-whisker 1.5× interquartile range. 

 

 585 

Figure 8: Boxplots showing the median, 25 and 75 % quartiles, 1.5× interquartile range and outliers (indicated by crosses) for the 

catchment variables used to cluster the catchment dataset. Z-transformed data as used for the clustering is shown to account for the 

different scales of the individual variables. 

4.3.3 Cross-dataset cluster matching 

Excluding those cases where both alluvial landform and catchment of a given drainage system were filtered out during the 590 

data cleaning process, a total of n = 41 drainage system pairs could be matched between catchment and fan clusters. Notable 

is the finding that no connection exists between clusters C3c and C2f, the latter having the smallest number of pairable cases 

(n = 7). However, about one third (n = 13) of all pairs link clusters C3c and C3f (Fig. 9 and Table B12). C3f also pairs frequently 

with C1c (n = 6). C2c shows the broadest distribution across fan cluster matches (n = 14 in total). From the sink perspective, 

C1f is the only cluster linked to all catchment clusters, while C2f and C3f are more frequently combined with C2c and C3c, 595 

respectively. 
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Figure 9: Schematic combination diagram of the catchment (Cc) and fan (Cf) dataset clusters. The thickness of the individual 

connection lines corresponds to the number of cluster pairs. Note that for several cases no combination could be achieved as alluvial 600 
landforms or catchments were classified as outliers, reducing the number of pairable cluster objects to n = 41. 

4.3.4 Correlation and scaling relationships 

Partial correlation analysis identified 66 significant power-law correlations (p < 0.05, r > 0.70), with strong variations in 

calculated partial coefficient of determination values in each of the correlations (up to 0.5 in r2; Table 5, Table B13). However, 

nearly half of the correlations appear to be strongly outlier-driven or lack clear causality (e.g., Wf,mean & fdc). Furthermore, ten 605 

valid relationships reflect direct fan or catchment area-relief scaling. These functional relationships (i.e., Rc(ac) and Rf(af)) 

show that in many clusters, relief increases with area (Table 5). For other relief-related variables, linear correlations (i.e., y1 = 

≈1) appear in clusters Cf1 and Cf2 (Rc(hc,mean) and Mc(rrc)). Both clusters and cluster Cc1 calculated for the fan dataset show 

several inner-catchment relief-related morphometric relationships, involving Rc, hc,mean, rrc, HIc, Mc, and ICc. Notable are the 

ICc(ac) and ICc(Rc) inverse relationships in cluster Cf2, while in cluster Cf1, rrc and Mc scale with HIc. 610 

Power-law correlations between hc,mean and Ppkc occur in clusters Cc1, Cc3 (exponent y1 = 0.14 in both), and matching pairs of 

clusters Cf3 and Cc3 but not in Cc2. However, a statistically significant linear regression (eqn. 2) strengthens these (positive) 

relationships (r2 = 0.93 in Cc1; r2 = 0.91 in Cc3) and reflects the variable relationship better than by power-law. Geological 

variables tend to be influenced by hc,mean in cluster Cf1 (G2c,ILR) and Cc1 (fdc), indicating that mean elevation tends to increase 

with the relative amount of plutonic rocks in cluster Cf1 and with fault density in cluster Cc1. In Cc1, inverse relationships 615 

between lithology (G1c,ILR and G3c,IRL) and fdc are evident, i.e. fault density decreases with the relative amount of volcanic and 

metamorphic rocks. 

The group of supportive variable pairs includes two links between fans and catchments, both in cluster Cf2: af(hc,mean) and 

gf(rrc). The power-law relationships imply that fan areas in this cluster are extremely sensitive to elevation gain in the 

catchments (y1 = 1.64), while fan gradient scales with linear catchment relief gradient (rrc, ratio of relief and catchment length) 620 

by y1 = 0.73. Thus, steeper fan gradients are associated with a higher rrc in Cf2. 
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Table 5: Supportive strong (partial r > 0.70) power correlations between parameters within the obtained clusters (excluding outlier-

driven and causality-lacking relationships, and cluster Cf4. Cc clusters were tested for both catchment and fan datasets, significant 

at the 95 % confidence level. 625 

Dataset Cluster Variable pair Relationship x1 x unit (scale) y1 r2 

Fan (fan 

and 

catchment 

variables) 

Cf1 (n = 10) Rc & hc,mean Rc(hc,mean) 1.28 - 1.09 0.74 - 0.98 

  Rc & G2c,ILR G2c,ILR(Rc) -27.13 m-1 (log) 8.88 0.52 - 0.76 

  Rc & Ppkc Ppkc(Rc) 2.10 m-0.08 0.08 0.50 - 0.73 

  hc,mean & G2c,ILR G2c,ILR(hc,mean) -27.13 m-10.05 (log) 10.05 0.52 - 0.76 

  rrc & HIc HIc(rrc) 0.04 - -0.50 0.57 - 0.67 

  Mc & HIc HIc(Mc) 0.10 - -0.40 0.49 - 0.69 

Cf2 (n = 10) af & hc,mean af(hc,mean) 119.27 km0.36 1.64 0.57 - 0.89 

  gf & rrc gf(rrc) 0.19 - 0.73 0.57 - 0.82 

  ac & ICc ICc(ac) -3.50 km-2 (log) -0.81 0.58 - 0.96 

  Rc & ICc ICc(Rc) -0.03 m (log) -1.91 0.50 - 0.84 

  rrc & Mc Mc(rrc) 1.96 - 0.99 0.65 - 0.96 

Cf3 (n = 27) af & Rf Rf(af) 822.56 km0.11 1.89 0.60 - 0.86 

Cc1 (n = 9) af & Rf Rf(af) 0.13 (×10-2) km-0.06 2.06 0.93 - 0.59 

  ac & Rc Rc(ac) 246.15 km0.73 1.27 0.51 - 1.00 

  Rc & hc,mean Rc(hc,mean) 0.09 m-0.52 1.52 0.57 - 0.86 

  Rc & HIc HIc(Rc) 112.56 m1.56 -1.56 0.55 - 0.77 

  hc,mean & fdc fdc(hc,mean) 0.28 (×10-3) km-5.58 -4.58 0.51 - 0.82 

  hc,mean & Ppkc Ppkc(hc,mean) 1.56 m-0.14 0.14 0.65 - 0.92 

  rrc & HIc HIc(rrc) 0.02 - -0.75 0.51 - 0.86 

  fdc & G1c,ILR fdc(G1c,ILR) 0.10 km-1 (log) -0.26 0.57 - 0.78 

  fdc & G3c,ILR fdc(G3c,ILR) 1.59 km-1 (log) -0.20 0.56 - 0.68 

Cc2 (n = 

16) 
ac & Rc Rc(ac) 634.06 km-0.40 2.40 0.64 - 1.00 

Cc3 (n = 

17) 
ac & Rc Rc(ac) 510.27 km0.24 1.76 0.52 - 1.00 

  hc,mean & Ppkc Ppkc(hc,mean) 1.55 m0.14 0.14 0.50 - 0.91 

Cf3 & Cc3 

(n = 13) 
af & Rf Rf(af) 976.86 km-0.12 2.12 0.73 - 0.96 

  ac & Rc Rc(ac) 502.07 km0.13 1.87 0.61 - 1.00 

  hc,mean & Ppkc Ppkc(hc,mean) 0.60 m-0.30 0.30 0.60 - 0.90 

  ICc & Ppkc ICc(Ppkc) 1.38 - -12.30 0.59 - 0.88 

Catchment 

(catchment 

variables) 

All (n = 67) ac & Rc Rc(ac) 858.97 km-0.25 2.25 0.74 - 1.00 

Cc1 (n = 

12) 
hc,mean & Ppkc Ppkc(hc,mean) 1.57 m0.14 0.14 0.89 - 0.94 
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Cc2 (n = 

22) 
ac & Rc Rc(ac) 616.57 km-0.58 2.58 0.62 - 1.00 

Cc3 (n = 

22) 
ac & Rc Rc(ac) 525.03 km0.19 1.81 0.60 - 1.00 

  hc,mean & Ppkc Ppkc(hc,mean) 1.55 m0.14 0.14 0.73 - 0.90 

 

Regarding classical fan power functions, most catchment clusters yield non-significant results. An exception is the gf(Mc) 

relationship, which is significant in the Cf1 cluster and the Cf3-Cc3 cluster combination (Fig. 10, Table 6). 

 

 630 

Figure 10: Power-law relationships between fan gradient (gf) and Melton’s number (Mc) for the fan dataset population and clusters 

Cf1, Cf2, Cf3, and Cc3 (framed squares). 

The power-law relationship gf(Mc) obtained for the cases clustered in Cf1 and Cf2 is very similar to that calculated for the non-

clustered dataset (x1 = 0.07-0.11, y1 = 0.66-0.70), although the correlation appears to be much stronger for the clustered data 

(r2 = 0.74). Cf2 shows especially strong correlations for all three variable relationships af(ac), gf(ac), and gf(Mc). 635 

 

Table 6: Classical power-law relationships significant at the 95 % confidence level between the variables af, gf, ac, and Mc in different 

clusters (population based on the fan dataset). 

    af(ac) gf(ac) gf(Mc) 

Dataset   x1 y1 r2 x1 y1 r2 x1 y1 r2 

Fans (n = 52) 3.79 0.24 0.14 0.03 -0.17 0.49 0.11 0.66 0.36 

Cf1 (n = 10) - - - - - - 0.07 0.66 0.74 
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Cf2 (n = 10) 2.40 0.42 0.69 0.04 -0.20 0.85 0.10 0.70 0.74 

Cf3 (n = 27) 1.41 0.45 0.25 0.02 -0.08 0.20 0.05 0.31 0.17 

Cc1 (n = 9) - - - - - - - - - 

Cc2 (n = 16) - - - 0.04 -0.18 0.52 - - - 

Cc3 (n = 17) 0.55 0.69 0.31 - - - 0.92 1.25 0.47 

Cf3 & Cc3 (n = 13) - - - - - - 0.06 0.37 0.18 

 

The robustness of the power correlations in Cf2 is underscored by the results of partial analysis, as all coefficients of 640 

determination remain above r2 = 0.5 in this cluster (Table 7). In the other clusters, only the gf(Mc) relationship remains in a 

similar correlation range in Cf1. In more than two thirds of all relationships, catchment variables (hc,mean, rrc, ICc, ddc, fdc) cause 

the minimum partial correlation, while COIf, hf,min, gf, and Rf appear to represent major influencing fan variables.  

 

Table 7: Partial correlation analysis data for the classical relationships shown in Table 6: minimum and maximum correlation 645 
coefficients significant at the 95 % confidence level, and associated control variables (var.). 

    af(ac) gf(ac) gf(Mc) 

    Min. Max. Min. Max. Min. Max. 

Cluster   r2 var. r2 var. r2 var. r2 var. r2 var. r2 var. 

Unclustered (n = 52) 0.08 hc,mean 0.58 Rf 0.26 ICc 0.64 hc,mean 0.11 ac 0.57 HIc 

Cf1 (n = 10) - - - - - - - - 0.52 COIf 0.82 CIc 

Cf2 (n = 10) 0.61 gf 0.89 Rf 0.58 rrc 0.96 hc,mean 0.51 ddc 0.82 Rc 

Cf3 (n = 27) 0.18 ICc 0.35 CIc 0.17 fdc 0.26 ddc 0.16 COIf 0.28 Wf,mean 

Cc2 (n = 16) - - - - 0.32 hf,min 0.65 hc,mean - - - - 

Cc3 (n = 17) 0.25 ddc 0.36 Rf - - - - 0.26 rrc 0.71 CIc 

Cf3 & Cc3 (n = 13) - - - - - - - - 0.34 Rf 0.57 COIf 

 

5 Discussion 

5.1 Cluster analysis performance 

Before discussing patterns of alluvial deposition along the Skeleton Coast of Namibia, we briefly evaluate the performance 650 

and reasonability of our methodological approach. This evaluation rests on (1) the choice of input data and (2) the cluster 

reasonability and robustness (e.g. Backhaus et al., 2025b). 

A central source of uncertainty lies in the different spatial and temporal integration scales of the datasets. More specifically, 

catchment morphometrics and geological parameters integrate over topography-building timescales, whereas climate variables 

and, to some extent, alluvial landform morphometrics may reflect shorter-term conditions. The latter is amplified by post-655 

depositional alterations, as many deposits along the Skeleton Coast likely predate 100 ka (Scheepers and Rust, 1999; Stollhofen 
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et al., 2014) but have since been affected by other processes such as coastal erosion (e.g. Miller et al., 2021) and erg 

confinement (e.g. Krapf, 2003). However, such mismatches are not unique to our study but common in alluvial fan research, 

and despite them, fundamental scaling relationships – such as fan area and gradient versus catchment area or Melton’s 

ruggedness index (eqn. 1) – generally appear to remain robust (see the global review on dryland fans provided by Woor et al., 660 

2023a). Nevertheless, we acknowledge that the varying degrees of alluvial landform confinement in our study area impose a 

limitation when using planar fan area af as a key morphometric variable to interpret source-to-sink coupling. A potentially 

more meaningful metric could, in principle, be derived from fan thickness and/or volume. Unlike af, such measures may  

capture the influence of confinement on fan progradation and aggradation more sufficiently, and thus relate fan sediment 

storage more adequately to their drainage systems. However, owing to the diversity of depositional settings, irregular fan 665 

geometries, and uncertainties in the morphology of the underlying bedrock surface, we are unable to provide such a proxy with 

a level of accuracy comparable to that of af. We note, however, that the two-dimensional area of the individual swath profiles 

– bounded by their minimum and maximum elevation curves – shows a strong linear relationship with af (r = 0.92 for n = 67 

landforms; Fig. C10). It therefore seems likely that metrics incorporating fan thickness would also be strongly correlated with 

af, and thus fail the initial variable filter step described in Section 3.4. An implication would be that these metrics would not 670 

provide a significant gain in morphometric information for the approach we follow.  

Regarding climate, a certain variability in synoptic patterns during the Quaternary is evident for southern Africa (e.g., Stuut 

and Lamy, 2004; Stuut et al., 2002; Heine, 2004, 1998). Although past less arid phases promoted more active fan formation, 

relative gradients in moisture between coast and hinterland probably persisted throughout the Quaternary (see paleoclimate 

models for southern Africa of Heine, 1998, and Blümel, 2013). Despite model and downscaling-depended uncertainties, a 675 

glimpse in glacial climate conditions across our study area is provided by the CHELSA-TraCE21k dataset, which is based on 

the Community Climate System Model Version 3 and a reconstructed paleo-orography for that time, downscaled to a spatial 

resolution of 1 km (Karger et al., 2023, 2020). From here, dividing modern (Brun et al., 2022a) by LGM (Karger et al., 2023) 

precipitation model data (Pc,mean; LGM data prepared as described in section 3.3) yields relative catchment-wide change factors 

ranging from ≈0.6 (#55) to ≈1.2 (#2), with a mean value of 0.9 across the investigated drainage areas (Fig. C11). Values <1 680 

therefore indicate higher (modelled) precipitation during the LGM, suggesting slightly less arid conditions in our study area, 

with a spatial focus to the near-coast catchment areas. More importantly, the LGM precipitation gradient towards the hinterland 

generally mimics the gradient presented by modern precipitation data. 

Analogously, fog advection patterns may have followed broadly comparable gradients in the past. However, the modern 

climate dataset used in this study relies on gauge-corrected European Centre for Atmospheric Research (ECMWF) climatic 685 

reanalysis interim (ERA-Interim) data (Brun et al., 2022b, a; Karger et al., 2017), which does not account for precipitation 

from fog (Träger-Chatterjee et al., 2010). Large-scaled climate models tend to provide contradictive data at Namibia’s coastline 

(see Karger et al., 2017) and generally fail to capture low-intensity precipitation from fog in a sufficient manner (Hemp and 

Hemp, 2024). This is problematic in the Skeleton Coast setting, given that fog constitutes a major water input (e.g., Li et al., 

2018; Lancaster, 1984), contributing to the preservation of alluvial surfaces by cementation (Sect. 2). As an attempt to 690 
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overcome the missing information on fog input, we used the independent dataset provided by Andersen and Cermak (2018). 

Yet, its short observational record of approximately three years introduces substantial uncertainty when drawing conclusions 

from modern spatial patterns with respect to long-term topographic evolution, and it did not provide information of significant 

value for the catchment areas (Section 4.1, Table B6).  

As valid for the other modern climate parameters applied in this study, timescale-related uncertainties are inevitably attached 695 

to the wind data we used. There are indications that wind regimes may have varied  during the Quaternary (e.g., Stuut and 

Lamy, 2004; Gingele, 1996), providing arguments for a late Quaternary  formation of the Skeleton Coast Erg (Miller et al., 

2021; Krapf et al., 2005; Sect. 2). However, given the strong role of the erg in shaping fan morphology, wind must be 

considered a relevant driver for morphometric analysis, even on modern timescales. 

Evaluating the cluster analyses as conducted in this study, cluster performance depended strongly on outlier handling. Partial 700 

removal of outliers identified by single linkage fusion yielded cophenetic correlation coefficients of 0.64-0.65. While these 

coefficient values are moderate compared to other applications (e.g., >0.8 in Santi Malnis and Rothis, 2024), they are within 

the acceptable range for exploratory clustering (cf. Gere, 2023). Especially in the catchment dataset, complete removal of the 

Cc4 outlier cluster did not improve cluster recovery, as confirmed by split-half tests. 

The fan dataset showed similar behaviour: Ward’s linkage produced lower cophenetic correlation (0.64) than complete linkage 705 

(0.72) but yielded more reproducible cluster in split-half tests. This indicates that split-half evaluation is the more meaningful 

measure of clustering robustness in our context. Limitations are nevertheless evident in imperfect cluster recovery, elevated 

cluster F-values (Table 3 and 4), and wide within-cluster variable value ranges (Figs. 7 and 8). In this regard, especially Cf2 

and Cc2 can be considered as transitional clusters, while a clearer separation is achieved between Cf1 and Cf3 as well as Cc1 

and Cc3. This finding is supported by the strong heterogeneity in Cf2 alluvial landform types (Table 1). Given the substantial 710 

population share of cluster Cf2 and Cc2 (21 % and 37 %, respectively), more rigorous outlier removal could have been justified. 

At least for the catchment dataset, however, a thorough outlier removal would have resulted in two strongly heterogeneous 

clusters (as suggested by the Caliński and Harabasz criterion). Furthermore, the important metric capturing the fan gradient 

(gf) is distinctly separated between the catchment clusters (Fig. 7a). 

An interesting insight into the clustering procedure is illustrated by the separation of fans #62.1 and #62.2, and #11.1 and 715 

#11.2. Both #62 landforms belong to the Messum drainage (21.4 °S) and are characterised by very similar precipitation and 

wind conditions (<16 % difference in Wf,mean and Ppkf), gradient, and surface roughness (10 % difference in S1f and gf). On the 

(sub-)catchment scale, both systems were identified as outliers and removed from analysis, as only (sub-)catchment area and 

mean elevation differ by ≈16 %. Regarding the alluvial landforms, greater differences are evident for fan size af (17%), fan 

confinement COIf (37 %; #62.2 < #62.1), and fan relief Rf (56 %). The largest differences, however, are encountered for low 720 

cloud cover frequencies FLCf (90 %) and minimum elevation hf,min (100 %), both variables being dictated by the proximity to 

the Atlantic Ocean. Both variables represent strong cluster variables in Cf2, with hf,min indicating an extremely low scatter. 

While these differences explain why #62.1 was assigned to cluster Cf2 and highlight the discriminating power of individual 

variables, they provide to some extent justification for a separate treatment of these systems. 



34 

 

A contrasting scenario is evident for the Hoanib/Gui-uin subsytems (#17.1, 17.2). Here, differences of more than 30 % are 725 

evident for most variables (af, COIf, Rf, gf, FLCf), but both alluvial landforms were classified as outliers. This finding can be 

argued to reflect the unusual, wetland-like and strongly vegetated depositional setting in the basin (Stanistreet and Stollhofen 

(2002), highlighted by exceptionally high Sentinel-1 backscatter values from vegetation and elevated electric conductivity (see 

e.g. Gupta, 2018 for details on the method). At the catchment scale, the close similarity of the nested subcatchments (<4 % 

differences across all variables) explains their joint assignment to cluster Cc4. These examples demonstrate that despite the 730 

existence of transitional clusters, the applied clustering approach is robust and meaningful. In particular, the clear 

differentiation according to fan type supports the validity of the procedure. 

It should be noted that fan cluster Cf2 includes many of the fans that have been in focus of research at the Skeleton Coast 

(Koigab #44, Ugab #57, and lower Messum #62.1), but does not include the Salt (#49) and Horingbaai (#63) fans, which have 

been described as fans very similar to Koigab and Messum by means of size, gradients, deposits (gravels) and primary 735 

morphodynamic process type (braided-river dominated; Krapf et al., 2005). Our cluster approach, however, groups the Salt 

and Horingbaai fans in Cf1, which does not show any further notable correlations except for the gf(Mc) power-law correlation. 

The regression, however, is remarkably similar to the gf(Mc) relationship obtained for cluster Cf2 and the bulk fan dataset 

(Table 6), bridging the two clusters in this regard. 

5.2 Morphometrical characterization of alluvial landforms along the Skeleton Coast of Namibia 740 

5.2.1 The sink perspective 

The power-law correlation analysis performed for the initial (i.e., bulk fan and catchment) and clustered datasets indicate that 

despite alluvial landform confinement, correlations significant at the 95 % confidence level exist between source and sink 

metrics. The power-law correlation strengths for the classical variable pairs (r2 = 0.14, 0.49, and 0.36, respectively) are on the 

lower end of what has been reported for dryland mountain-front fan systems, were r2 often exceeds a value of 0.5 (see e.g. 745 

Bowman, 2019d). In the comprehensive review on global dryland fans provided by Woor et al. (2023a) only 15 % of the 

assessed fan system studies showed r2 values below 0.5 for the af(ac) power-law relationship, while the same statement applies 

to 37 % of the gf(ac) relationships. Low af(ac) correlations are usually encountered where fans are laterally – and especially 

distally – confined (cf. e.g. Silva et al., 1992; Walk et al., 2020; Stokes and Mather, 2015), although the relationship appears 

to be relatively robust even in confinement scenarios (e.g. Woor et al., 2023a; Karymbalis et al., 2022). 750 

In our study area, outlier systems in Cc4 highlight the evident mismatch in the af(ac) power-law relationships, with strongly 

above-median catchments linked to alluvial landforms at sizes all below the third quartile of fan area. All those systems 

represent outliers due to their catchment properties irrespective of their sinks. Additionally, the af(ac) coefficient x1 and the 

exponent y1 of the fan dataset regression function represent a combination of unusually high coefficient (x1 = 3.79) but low af 

increase per unit increase in ac (y1 = 0.24). This relationship is uncommon for global dryland fan systems which tend to show 755 

values in the range 0.25-1.22 for x1 and 0.66-0.97 for y1 (interquartile ranges of the datasets reviewed by Woor et al., 2023a). 
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In cluster Cf2, the exponent y1 is 0.42, but still remains below the usual source-sink relationship. Here, however, mean 

catchment elevation appears to have a strong impact on fan area. Apart from fan confinement, the pattern of lower increase in 

fan area per unit increase in catchment area may also point to differences in the rate of sediment transfer, either due to the 

availability of the material or of factors which are associated with the transport of the sediments within the catchment. This 760 

characterization of fan systems along the Skeleton Coast provides arguments for their exceptional classification as typical 

cratonic systems, as conducted by Lehmkuhl and Owen (2024). However, the general small fan sizes, generally below 10 km 

in radius even in the least-confined cluster Cf2, do not fit their generalised scheme. 

The supportive partial correlation analyses further reveal that fan confinement and post-depositional modification – particularly 

by the Skeleton Coast Erg – largely explain the weak af(ac) relationships. We identify fan confinement COIf – and not the 765 

related variable ac – as most influential variable for the gf(Mc) power-law relationship in fan clusters Cf1 and Cf3, together 

combining more than 70 % of all sufficiently mapped alluvial landforms. In cluster Cf2, confinement exerts little control (t = 

1.20), and both af(ac) and gf(ac) power-law relationships appear more robust compared to the other clusters. This finding is 

surprising, given the indications for a transitional characteristic of this cluster as detailed in Sect. 5.1. In fact, fan area shows 

a large variance in Cf2 (Fig. 7a, Table 3), highlighting both the transitional nature of the cluster and the limited significance of 770 

this variable for cluster definition. 

Regarding the association of fan gradient and catchment size in our study area, the normally distributed fan gradients and the 

x1 coefficients and y1 exponents from the gf(ac) relationship place the systems of the Skeleton Coast on the lower end of dryland 

fan systems investigated on Earth (see Woor et al. (2023a). This finding further indicates that fan gradient tends to characterise 

source-sink-coupling better than fan area along the Skeleton Coast of Namibia, supported by its importance as discriminant 775 

variable for the clustering. Based on a detailed examination of morphological and stratigraphic evidence, Krapf et al. (2005) 

characterised the Koigab and adjacent fans as rather steep braided river-dominated fans, also referred to as fluvial distributive 

systems (Stollhofen et al., 2014). Our analysis reproduces the fan gradients obtained by Krapf et al. (2005) for the Koigab, 

Sout, Salt, Horingbaai and lower Messum fans. We find that all these systems lie within one standard deviation from the mean 

value of 0.014 (±0.006), describing the typical fan gradient along the Skeleton Coast of Namibia. The normal distribution may 780 

also be deemed indicative for a limited influence of coastal basement surface gradient on fan gradient. Regarding the recently 

provided definition of alluvial fans by Lehmkuhl and Owen (2024), however, the alluvial landforms found along the Skeleton 

Coast of Namibia would not be classified as alluvial fans, given the low fan gradients falling below the 1°-20° range defined 

by the authors. Instead, a definition as fluvial distributive systems as applied by Stollhofen et al. (2014) appears more 

appropriate. 785 

5.2.2 The source perspective 

Focusing on the catchment properties, Melton’s Ruggedness Index values range far below those found elsewhere, i.e., 

approximately in the order of a magnitude as compared to other dryland fans (e.g. Karymbalis et al., 2016; Woor et al., 2023a; 

Church and Mark, 1980; Valkanou et al., 2013). Together with low fan gradients, Melton’s number indicates that alluvial 
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landform formation along the Skeleton Coast is generally governed by fluvial activity rather than debris flows (cf. Karymbalis 790 

et al., 2016; Valkanou et al., 2013; Woor et al., 2023a). This finding aligns with what has been previously reported for 

individual fans (Krapf et al., 2005; Krapf et al., 2003; Miller et al., 2021; Stollhofen et al., 2014; Svendsen et al., 2003; 

Stanistreet and Stollhofen, 2002). The gf(Mc) exponents y1 of 0.66-0.70 imply that fan gradient increases less rapidly than 

catchment ruggedness, which contradicts the general assumption that both variables should correlate linearly (i.e. y1 = 1.00; 

Church and Mark, 1980). However, different factors have been proposed to cause a deviation from a linear relationship, 795 

including strong differences in age, lithology, and sediment connectivity (Church and Mark, 1980). 

In this regard, the large number of strong correlations between catchment metrics in cluster Cf2 are indicative for the importance 

of relief in the source areas, implying that the amount of potential energy for runoff is a function of relief (e.g. Strahler, 1952b). 

This relationship is not directly reflected by the inverse relationship between sediment connectivity and catchment relief. 

Instead, catchment area appears to be a more indicative parameter for the abovementioned causality, as reflected by the inverse 800 

relationship between catchment area and sediment connectivity. Likewise, a positive relationship between relief per catchment 

length (rrc) and sediment connectivity can be identified. This relationship may be considered as outlier-driven (Table B13) but 

it retains its positive trend when the outlier case (#57, Ugab) is removed. This finding may further points to similar sediment 

routing environments in the Cf2 catchments, which may cause the strong power-law correlation between gf and ac, in addition 

to the more obvious gf(Mc) and gf(rrc) relationships (Table 6,7, and Table B13).  805 

Also related to catchment energetics, the catchments of cluster Cf1 and Cc1 (fan dataset) show a strong inverse association of 

relief indices with catchment maturity (HIc; Table 5) but not with sediment connectivity. Here, positive linear relationships 

between mean catchment elevation and relief are achieved by the fact that pour points are all within 85 m above sea level, 

implying that the relief roughly mimics the maximum (90th percentile as used in this study) catchment elevation. The high 

negative exponents (y1 ≈-1.5), and the moderate to high correlation coefficients of the relationship between catchment relief 810 

and hypsometric index (Table 5), are very similar to what has been constrained for very mature and monadnock basins in 

Southeastern India (e.g. Yammani and Nagabathula, 2024; recalculated from their Fig. 8f). The missing link to sediment 

connectivity in these cases could be explained by non-morphometrical factors, as discussed in Sect. 5.3. However, both 

abovementioned clusters – Cf1 and Cc1 – have their spatial focus on the southern part of the Skeleton Coast, with Cf1 

catchments often draining the low-relief and denuded coastal plains located within the Great Escarpment gap (Fig. 2). Hence, 815 

low-relief topography, rather than local high-relief features (e.g. Messum crater, Brandberg; other inselbergs), dominates fan 

formation in the cluster, although the significance of high-relief landforms such as the Brandberg massif might not be not 

captured in our data due to swath profile averaging (Sect. 4.1). 

As a whole, the generally mature and elongated (low and uniform circularity) but otherwise heterogenous drainage systems 

along the Skeleton Coast of Namibia can be divided into distinct groups: igneous rocks-dominated, highly connected and 820 

densely drained low-elevated catchments (Cc1) contrast a cluster of low-relief and low drainage density, less mature and non-

igneous rock type dominated catchments (Cc3). More than 75 % of the catchments belonging to the latter group drain the 

hinterland of the Skeleton Coast Erg and match the fans in cluster Cf3. Very limited correlation patterns for the combined cases 
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of Cf3 and Cc3, however, indicate that although both fan and catchments reflect considerable spatial coincidences, spatial 

confinement of the fans and a low relief of the catchments is mostly responsible for the cluster overlap. The finding that only 825 

the fans associated with Cc1 are somewhat sharply defined (Fig. 7b), but no notable correlations are obtained for catchment 

clusters in general, points to the hypothesis that geomorphic source-sink coupling identification is more successful when 

focusing on fan and not catchment properties. In other words, the form and morphometric properties of alluvial fans depend 

(partly) on the configuration of the present landforms in the sink area (e.g., pediments, abrasion surfaces, elevated dykes, and 

inherited landforms emerging from the pediments). As this landform configuration is independent of the characteristics of the 830 

catchments, the confinement imparted by these elements in the depositional sites tends to modify the association between the 

characteristics of catchments and alluvial fans and the source-sink relationships. While this finding highlights the considerable 

potential of accurately estimating fan thickness and/or volume to further refine source-to-sink coupling analyses in our study 

area, it may nevertheless appear counterintuitive, given that strong source-sink relationships using catchment metrics as 

predictor variables do exist at the Skeleton Coast. However, it again can be best explained by fan confinement, in combination 835 

with spatial foci of such confinement: while the northern alluvial fans do not debouch into the Atlantic Ocean, the southern 

fans have a tendency to do so. The central fan systems are similarly confined by the Skeleton Coast Erg. Especially for small-

scaled catchments, this spatial clustering achieves a certain homogenisation in terms of catchment lithology and morphometric 

gradients, hence the stricter spatial separation of alluvial fan clusters (Cf1 – south, Cf3 – central) might be more effective when 

being related to their catchments. 840 

In this regard, the gf(ac) power-law relationship in the transitional Cc2 cluster is likely to be controlled by the northernmost 

coastal fan systems. The catchments in Cc2 may be characterised as (comparably) high elevation and relief landforms which 

are least mature. As the gf(ac) relationship is most effectively influenced by elevation (hf,min and hc,mean; Table 7) and the 

regression coefficient x1 and exponent y1 are similar to those for the fan dataset and fan cluster Cf2, the relationship in Cc2 may 

be regarded as plausible despite low correlation coefficients. 845 

5.3 The role of climate and surface preservation 

5.3.1 Precipitation 

In a typical continental setting, the role of tectonics and climate in alluvial fan development may be assessed by considering 

the timescales these two factors typically act upon. In this regard, the general landscape setup favourable for alluvial fan 

development can be achieved by tectonics, and different phases of progradation, aggradation and incision can at least to some 850 

extent be controlled by (Quaternary) climate cyclicity (e.g. Silva et al., 1992; Whipple and Trayler, 1996; Bahrami, 2013a; 

Harvey, 2005; Walk et al., 2020; Bowman, 2019c). For example, in the hyperarid coastal environment of the Atacama Desert, 

Bartz et al. (2020a) and Walk et al. (2023) showed that even in a tectonically active setting such as found in the subduction 

zone of northern Chile, alluvial fans can be reasonably interpreted as climate archives, if the temporal integration timescales 

are kept sufficiently short in comparison to topography building by tectonics. For the Skeleton Coast of Namibia, situated at a 855 
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passive continental margin with limited tectonic activity reported (Goudie and Viles, 2015d), the timescales that allow alluvial 

deposits to be interpreted as climate archives may extent considerably beyond the Late Pleistocene. 

In general, modern climate data (Wf,mean and Ppkc) show strong internal correlations and also align with geological parameters 

and mean catchment elevation. In particular, precipitation peakedness is positively (and linearly) correlated with catchment 

elevation in the small Cc1 and Cc3 catchments, increasing by roughly one unit per 500 m gain in elevation. This finding may 860 

be driven by the generally E-W elongated shapes of the catchments which implies that more elongated catchments reach higher 

elevations. Further it implies that the eastern, less arid hinterlands are more likely to be affected by exceptional rainfall events. 

Such a spatial pattern could potentially shift sediment sourcing relevant for alluvial fan formation towards these areas over the 

long term, despite the observed downstream decrease in discharge in ephemeral river systems (Jacobsen et al., 1995). 

 865 

In our dataset, high low-cloud cover frequencies in Cf1 fans did not translate into significant fan clustering variables, suggesting 

that we are unable to link modern fog precipitation based on the FLCf dataset with alluvial landform morphometrics. Besides 

the general problem of temporal limitations inherent to the climate data (Sect. 5.1), a possible explanation is that low cloud 

cover does not necessarily imply that fog approaches coastal surfaces. In fact, inter-annual vertical shifts in low cloud cover 

elevation is evident (Andersen et al., 2019). Furthermore, precipitation from fog peaks several tens of kilometres behind the 870 

coastline (Lancaster, 1984). However, over timescales of topography formation, a spatial proximity of such inland fog 

precipitation and elevated precipitation peakedness may become relevant in terms of sediment production and transport 

capabilities. For instance, Walk et al. (2022) highlighted the importance of Quaternary fluctuations of sea surface temperature 

and sea level on the availability of fog and sea spray driving weathering under coastal hyperaridity. 

5.3.2 Wind 875 

Along the Skeleton Coast of Namibia, southwestern wind directions predominate (e.g. Lancaster, 1982). Deflected to 

alongshore winds, they have been shown to be mainly responsible for northward migration of sand north of the Koigab river, 

forming and shaping the dunes of the Skeleton Coast Erg (Lancaster, 1982; Krapf et al., 2005; Svendsen et al., 2003). Such 

sand accumulations are important agents in fluvio-aeolian interactions along the Skeleton Coast, affecting the fluvial 

conveyance of hinterland sediments towards the coastline by barrier effects (e.g. Krapf et al., 2005; Krapf et al., 2003; Miller 880 

et al., 2021) and flow strength modulation (Svendsen et al., 2003). 

Modern wind data identify Cf2 as the cluster most exposed to strong wind velocities. The Koigab fan, included in this cluster, 

has been shown to undergo aeolian winnowing under prevailing southwesterly winds (Krapf et al., 2005; Krapf et al., 2003). 

At the fan’s location, elevated wind speeds are modelled in the BIOCLIM+ dataset of Brun et al. (2022a). The tight range in 

elevated Cf2 mean annual wind speeds is, however, governed by the northernmost fan systems, where ≈6 m s-1 are reached. 885 

Here, the westward protruding landmasses of Cape Fria allow the alongshore winds to affect a vast corridor of the coastal 

plain, including the hinterland fans of Cf2. Despite this exposure, we are unable to capture alluvial landform modifications 

related to wind. Cluster Cf2 actually shows the strongest source–sink coupling, and we cannot link the Skeleton Coast Erg 
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wind regime to fan confinement. This finding may be related to the fact that the dunes affect the modelled wind data by their 

topography (see Karger et al., 2017) and to other factors that have been shown to be responsible for dune formation, such as 890 

roughness of the preexisting topography (Miller et al., 2021). 

5.3.3 Surface preservation 

Surface roughness, measured via Sentinel-1 backscatter, plays only a minor role in our clustering efforts. Nonetheless, spatial 

trends are apparent: Cf1 and Cc1 exhibit relatively high medians, and the latter a narrow value range (Fig. 7b). If low Sentinel-

1 backscatter values are interpreted to indicate the presence of gypsum-encrusted surfaces on alluvial fans along the Skeleton 895 

Coast of Namibia, those areas appear to be more frequently found south of the Skeleton Coast Erg. The presence of such 

encrusted surfaces implies both landform antiquity and preservation (Stollhofen et al., 2014; Mohren et al., 2020). Thus, the 

southern fans may be regarded as older and/or less prone to local (fluvial/aeolian) surface modification, and/or that incision 

and fan dissection sourced from the catchment is more important than fan aggradation, leaving behind isolated patches of 

stable surfaces. These morphometric patterns are indicative for significant environmental changes as captured by both on- 900 

(Walsh et al., 2023) and offshore (Stuut et al., 2002) sediment records, causing alluvial landform alterations during the 

Quaternary despite generally persisting hyperaridity. The Horingbaai fan delta exemplifies this, with dissected but heavily 

encrusted sediments dated to 2.2-2.7 Ma (Stollhofen et al., 2014). Its placement in cluster Cf1 highlights how low roughness 

can mark older fan surfaces in our study area. 

5.4 The role of catchment lithology and tectonics 905 

5.4.1 Fault density and tectonic activity 

Fault densities along the Skeleton Coast are comparably low. Median and mean values are roughly two-thirds and one-half, 

respectively, of those reported for the coastal Atacama Desert (Walk et al., 2020), and an order of magnitude below values in 

other tectonically active regions such as southern Egypt (see Theilen-Willige, 2024). Within our dataset, fault density appears 

meaningful only in cluster Cc2, which contains the largest catchments except for those grouped in Cc4. In cluster Cc2, however, 910 

fault density remains underrepresented relative to the Skeleton Coast fault abundances. 

Some relationships are evident in the fan dataset (Cc1), where fault density is inversely associated with the relative amount of 

igneous and metamorphic bedrock and mean catchment elevation. The trend between fault density and catchment mean 

elevation could indicate a likely concentration of tectonic activity near the coast. Another interpretation may be that fault 

density reduces mean elevation as rocks along faults are more fractured, thereby enhancing landscape lowering and reducing 915 

mean elevation. Given that Earthquakes have been reported in northwestern Namibia in modern times (Goudie and Viles, 

2015d), a certain relationship between neotectonics and alluvial fan formation may exist. However, independent evidences 

pointing on the influence of fault density on drainage and fan development is missing and it is also likely that the correlations 
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are governed by other factors. For example, mapping coverage affected by remoteness issues towards the hinterland likely 

play a significant role here. 920 

5.4.2 Catchment lithology 

Catchment lithology provides somewhat clearer contrasts. Cluster Cc1 is dominated by igneous rocks, whereas Cc3 comprises 

catchments with mostly Precambrian metasedimentary rocks of the Damara Supergroup reflecting long-term denudation 

without magmatic rejuvenation. However, the two largest catchments that predominantly drain Etendeka basalts – the Uniab 

and Koigab catchments (Geological Survey of Namibia (Gsn), 1998, 2010a; Miller, 2008) – are not included in the igneous 925 

rock cluster Cc1. This cluster assignment suggests that bedrock lithology is secondary to (often correlating) morphometric 

variables in shaping cluster patterns. 

The weak relationship between lithology and fan gradients (only outlier-driven correlations in the Cc1 fan dataset) provides 

another case point. While Krapf et al. (2003) proposed that higher fan gradients are linked to smectite-rich sediment loads 

derived from basaltic bedrock increasing flow strengths, our analysis does not confirm such dependency on the regional scale. 930 

Instead, the relationships between fan gradient and Melton’s number in clusters Cf1 and Cf2 are strong and very similar. This 

similarity holds despite the fact that both clusters are being differently characterised in terms of fan gradient and other 

parametric statistics such as catchment lithology. 

6 Conclusions 

Despite long-term hyperaridity and presumably persistent coastline-perpendicular climatic gradients, fluvio-alluvial source-935 

sink systems along the Skeleton Coast of Namibia present a strong (hydro-)morphometrical heterogeneity. By combining 

cluster and partial correlation analysis on a parametrical dataset, we reduced this heterogeneity and identified robust source-

sink relationships. As a key result, both alluvial landforms and catchments can be grouped into three distinct clusters. 

Regarding the sinks, the southern portion of the Skeleton Coast is dominated by coastal fans with comparably low fan gradients, 

which are closely associated with catchment ruggedness. Alluvial deposition in the central portion of the Skeleton Coast is 940 

strongly affected by the Skeleton Coast Erg, distally confining high-gradient – although still low on the global perspective – 

bajadas. A third cluster is more dispersed across the Skeleton Coast with a spatial concentration in the north. Under present-

day climatic conditions, the fans in this cluster face greater wind velocities but reflect the strongest source-sink coupling. Here, 

the sourcing catchments reflect robust linkages between sediment connectivity and relief. 

The, in general, geomorphologically mature catchments along the Skeleton Coast group strongly by area, relief, and lithology. 945 

The latter, however, is a weaker discrimination variable than the group of – often correlating – morphometrical variables in 

our methodological approach. A correspondence between low-relief, low-drainage-density metamorphic catchments and 

central bajadas east of the Skeleton Coast Erg appears geographically controlled rather than parametrically defined. Excluding 
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outliers, the largest and least mature catchments form the only drainage cluster with a robust, though weak, morphometric 

coupling between alluvial fans and catchments. 950 

The clustering results highlight the impact of spatial confinement on parametric source-sink coupling along the Skeleton Coast 

of Namibia. Among the morphometric variables we applied, fan gradient emerges as the most reliable indicator of coupling. 

On a global scale, the Skeleton Coast stands out for unusually weak responses of fan gradient to catchment morphometry, the 

latter which reflects a low-dynamics environment. 

Altogether, our approach provides fundamental knowledge on the characteristics of fluvio-alluvial source sink-relationships, 955 

which should be considered when alluvial deposits are investigated as (paleo-)environmental archives along the Skeleton 

Coast. The least-confined fans (cluster Cf2) offer the clearest source-sink signal and may be prioritised for such work, with 

fans located south of the Skeleton Coast Erg generally providing the most favourable conditions for related analyses, given 

their antiquity and stability. 

Appendix A: Digital elevation model quality assessment 960 

A quality assessment of the most common digital elevation models (DEMs) — ASTER, SRTM, ALOS, and GLO-30, was 

conducted in northwestern Namibia to identify the DEM with the lowest vertical error for morphometric analyses. Following 

the approach of Kramm and Hoffmeister (2019), ICESat-2 data were used as ground control points (GCPs). To quantify the 

vertical error, both the Root Mean Square Error (RMSE) and the Normalized Median Absolute Deviation (NMAD) were 

calculated. 965 

The RMSE is widely used to quantify the average deviation of predicted elevations of sample points within a given DEM 

(hDEM,i) from the elevations of the ICESat-2 data (hICESat,i) for a total of n = 35000 ICESat points: 

 

RMSE =   √
(∑ (ℎ𝐷𝐸𝑀,𝑖−ℎ𝐼𝐶𝐸𝑆𝑎𝑡,𝑖)2𝑛

𝑖=1

𝑛
          (A1) 

 970 

Squaring the differences prevents the cancellation of positive and negative errors. Due to the squaring of errors the RMSE is 

sensitive to outliers. The NMAD is a robust estimator based on the median of absolute height differences at sample points 

from the whole-product (hDEM, hICESat) median error: 

 

𝑁𝑀𝐴𝐷 = 1.4826 ∗ 𝑚𝑒𝑑𝑖𝑎𝑛 (|(ℎ𝐷𝐸𝑀,𝑖 − ℎ𝐼𝐶𝐸𝑆𝑎𝑡,𝑖)–  median(ℎ𝐷𝐸𝑀 − ℎ𝐼𝐶𝐸𝑆𝑎𝑡)|)     (A2) 975 

 

Multiplication by a constant of 1.4826 makes the calculation consistent with the standard deviation for normally distributed 

errors, making it less sensitive to outliers (Höhle and Höhle, 2009). Overall, the GLO-30 data achieved the highest accuracy 

(RMSE: 1.10 m, NMAD: 0.56 m). The next best results were obtained for ALOS (RMSE: 3.50 m, NMAD: 1.66 m). SRTM 
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showed slightly higher errors (RMSE: 4.65 m, NMAD: 2.47 m), while ASTER generally produced the largest errors (RMSE: 980 

11.26 m, NMAD: 8.40 m). The relationship of the errors with the underlying geology and landforms was tested, but no clear 

correlation could be observed across all datasets. 

While the GLO-30 DEM is a downsampled product primarily derived from TanDEM-X data, it was calibrated using only a 

small subset of ICESat-2 points, with 10 points per 50-kilometer segment. The majority of ICESat-2 points were used as 

validation ground control points to assess the accuracy of the final DEM heights (Rizzoli et al., 2017). 985 

Appendix B: Tables 

Table B1: Quality assignment levels for mapped alluvial landforms. 

Quality 

level Confidence on delineation 

n (of 

67) Definition 

1 Very high 4 The extent can be clearly delimited 

2 High 24 
The extent can be correctly delimited in the very 

most parts 

3 
Acceptable (some arbitrary 

limits) 
24 

The extent cannot correctly be delimited at 

several locations, which is due to coalescing 

neighbouring fans, bedrock, and/or beach 

environment; some limits arbitrarily chosen 

4 Insufficient 15 

The extent can only hardly be delimited from 

either neighbouring fans, bedrock, and/or the 

beach environment, the limit chosen is strongly 

arbitrary; subjectively bad and insufficient 

accuracy/quality 

 

Table B2: Overview of the number of landforms retained after the different workflow steps we applied, and the counts used for 

display in the figures throughout the main text. 990 

    Alluvial landforms Catchments Source to sink   

Content element Section (n) (n) (n) Comments 

Workflow step           

Fan mapping and 

catchment delineation 
3.2 67 67 - Initial work step 

Fan mapping quality 

assessment 
3.2 52 - - See Tab. A1 

Fan classification 3.2 52 - - See Tab. 1 

Morpho-parametrical 

data generation 
3.3 52, 67 67 - 

Statistical analyses provided 

for full and quality-filtered 

dataset ("catchment" and "fan" 

datasets; see Sect. 4.1). 

Cluster analyses 3.5 47 60   Outlier removal 
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Cross-dataset cluster 

matching 
4.3.3     41 

Pairs of fans and catchments 

after outlier removal (see Sect. 

3.5) 

Figure           

Fig. 2 (study area 

overview map) 
2 67 67   All landforms shown 

Fig. 3a,b (catchment 

morphology) 
4.1 - 62   

Nested catchments not shown 

for clarity  

Fig. 3c (alluvial 

landform swath profiles) 
4.1 52 - - 

Based on mapping quality 

assessment (see Sect. 3.2) 

Fig. 3d (power 

correlations) 
4.1     

52 (coloured), 

67 (grey) 

Power correlations calculated 

using n = 52 alluvial landforms 

(based on mapping quality 

assessment; see Sect. 3.2) 

Fig. 4 (catchment cluster 

assignments) 
4.1   60   

Outliers removed (see Sect. 

3.5) 

Fig. 5 (fan cluster 

assignments) 
4.2.2 47     

Outliers removed (see Sect. 

3.5) 

Fig. 6 (clusters 

locations) 
4.3.1 47 60   

Outliers removed (see Sect. 

3.5) 

Fig. 7a,b (boxplots of 

alluvial landform cluster 

variables) 

4.3.2 47 60   
Outliers removed (see Sect. 

3.5) 

Fig. 8 (boxplot of 

catchment cluster 

variables) 

4.3.2 - 60   
Outliers removed (see Sect. 

3.5) 

Fig. 9 (combination 

diagram of catchment 

and fan clusters) 

4.3.3     41 

Pairs of fans and catchments 

after outlier removal (see Sect. 

3.5) 

Fig. 10 (power-law 

relationships) 
4.3.4     

47 (coloured), 

52 (grey) 

Outliers-removed dataset (see 

Sect. 3.5) used for cluster 

population display 

 

 

Table B3: All catchment parametric data generated in this study. 

  Latc Lonc ac pc lc hc,min hc,mean hc,max Rc gc      sc,tot ddc fc,tot fdc G1c G2c G3c G4c    FLCc Pc,mean Pc,max  

ID Cluster (°S) (°E) (km2) (km) (km) (m a.s.l.) (m a.s.l.) (m a.s.l.) (m) (m-1) rrc Mc HIc CIc ICc (km) (km-1) (km) (km-1) (rel.) (rel.) (rel.) (rel.) G1c,ILR G2c,ILR G3c,ILR (rel.) (mm) (mm) Ppkc 

1 2 17.64 12.23 27.90 36.90 8.38 624.7 763.8 904.9 280.3 0.039 0.033 0.053 0.50 0.26 -5.03 13.57 0.49 0.000 0.000 
0.00 0.01 0.40 0.59 

-6.17 -3.34 -0.27 0.02 92.5 471.3 5.1 

2 2 17.79 12.37 784.88 205.14 34.35 627.4 852.4 1298.2 670.8 0.017 0.020 0.024 0.34 0.23 -6.47 448.15 0.57 3.598 0.005 
0.01 0.15 0.30 0.53 

-2.62 -0.81 -0.39 0.01 139.1 723.6 5.2 

3 - 17.87 12.17 9.39 20.65 3.95 578.2 680.1 790.6 212.4 0.073 0.054 0.069 0.48 0.28 -5.83 4.71 0.50 0.000 0.000 
0.00 0.01 0.97 0.02 

-5.42 -2.44 2.73 0.02 88.3 464.6 5.3 

4 2 17.90 12.20 50.82 49.55 11.67 589.1 733.0 921.1 332.1 0.035 0.028 0.047 0.43 0.26 -6.07 25.71 0.51 0.000 0.000 
0.00 0.02 0.90 0.07 

-6.10 -1.99 1.78 0.02 93.8 497.8 5.3 

5 2 17.87 12.23 1687.76 347.24 74.11 38.8 567.8 1182.9 1144.1 0.016 0.015 0.028 0.46 0.18 -6.19 995.32 0.59 3.598 0.002 
0.01 0.10 0.41 0.49 

-3.23 -1.23 -0.12 0.03 107.4 554.7 5.2 

6 2 18.11 12.10 124.45 116.60 25.51 70.4 417.2 726.0 655.6 0.027 0.026 0.059 0.53 0.12 -5.51 62.44 0.50 0.000 0.000 
0.00 0.10 0.73 0.17 

-6.71 -1.02 1.04 0.09 63.9 313.5 4.9 

7 2 18.16 12.11 183.70 125.99 27.48 36.2 356.6 733.0 696.8 0.024 0.025 0.051 0.46 0.15 -5.32 105.44 0.57 0.000 0.000 
0.00 0.06 0.68 0.26 

-6.65 -1.64 0.69 0.10 60.5 295.6 4.9 

8 2 18.08 12.30 777.19 249.18 64.49 93.4 660.7 1518.4 1425.1 0.027 0.022 0.051 0.40 0.16 -5.86 492.12 0.63 4.180 0.005 
0.03 0.10 0.35 0.52 

-1.75 -1.23 -0.27 0.02 103.5 541.0 5.2 
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9 2 18.19 12.35 693.86 253.31 58.92 85.8 594.2 1386.6 1300.7 0.022 0.022 0.049 0.39 0.14 -5.55 494.67 0.71 0.000 0.000 
0.07 0.04 0.38 0.50 

-0.91 -1.89 -0.20 0.04 95.1 485.0 5.1 

10 - 18.44 12.23 91.65 65.39 14.80 44.7 235.6 416.5 371.8 0.024 0.025 0.039 0.51 0.27 -5.16 44.41 0.48 115.644 1.262 
0.42 0.03 0.40 0.15 

1.02 -1.61 0.68 0.15 46.2 206.3 4.5 

11 2 18.41 12.47 1555.31 329.57 70.21 26.6 552.5 1223.7 1197.1 0.024 0.017 0.030 0.44 0.18 -5.79 887.05 0.57 142.412 0.092 
0.08 0.02 0.24 0.66 

-0.49 -2.59 -0.71 0.08 76.4 372.4 4.9 

13 4 18.34 13.27 15003.77 1062.07 200.36 43.0 914.5 1626.0 1583.0 0.017 0.008 0.013 0.55 0.17 -6.56 9871.11 0.66 513.118 0.034 
0.02 0.02 0.65 0.32 

-1.98 -2.74 0.51 0.02 212.7 750.3 3.5 

14 3 19.09 12.86 10.15 23.10 6.90 499.5 556.5 616.4 116.9 0.017 0.017 0.037 0.49 0.24 -6.07 2.91 0.29 0.783 0.077 
0.39 0.38 0.11 0.12 

0.71 0.96 -0.03 0.10 71.8 294.0 4.1 

15 3 19.10 12.93 154.56 88.52 18.04 463.9 604.0 730.3 266.4 0.013 0.015 0.021 0.53 0.25 -6.22 54.47 0.35 20.864 0.135 
0.10 0.09 0.73 0.09 

-0.50 -0.85 1.50 0.06 71.2 295.3 4.1 

18 3 19.56 13.07 38.76 53.33 20.04 261.6 428.8 573.9 312.2 0.015 0.016 0.050 0.54 0.17 -5.58 11.72 0.30 1.319 0.034 
0.00 0.11 0.88 0.00 

-2.19 2.03 6.43 0.10 54.9 203.7 3.7 

19 3 19.59 13.08 39.42 62.99 21.29 254.7 441.4 593.1 338.4 0.015 0.016 0.054 0.55 0.12 -5.50 15.10 0.38 3.025 0.077 
0.11 0.00 0.78 0.11 

1.48 -6.50 1.41 0.10 56.1 207.9 3.7 

20 3 19.62 13.09 16.34 32.86 11.01 340.6 429.6 510.2 169.6 0.014 0.015 0.042 0.52 0.19 -5.35 6.88 0.42 0.424 0.026 
0.00 0.00 0.90 0.10 

-4.61 -6.52 1.58 0.12 57.2 209.0 3.7 

21 3 19.60 13.13 44.82 54.04 19.07 327.7 475.7 608.1 280.3 0.014 0.015 0.042 0.53 0.19 -5.69 16.81 0.38 1.163 0.026 
0.00 0.00 1.00 0.00 

-3.64 -5.14 4.12 0.08 59.9 221.3 3.7 

22 3 19.61 13.20 106.38 90.91 28.63 334.3 537.4 749.5 415.1 0.014 0.015 0.040 0.49 0.16 -5.86 71.05 0.67 1.110 0.010 
0.00 0.03 0.96 0.01 

-5.52 -0.74 3.53 0.07 63.4 239.8 3.8 

23 3 19.67 13.17 45.88 61.04 20.31 335.7 475.6 604.3 268.5 0.012 0.013 0.040 0.52 0.15 -5.79 15.69 0.34 0.705 0.015 
0.06 0.00 0.93 0.01 

1.69 -5.49 3.41 0.10 62.7 234.7 3.7 

24 2 19.64 13.36 614.70 212.90 53.32 320.5 652.8 1263.6 943.1 0.018 0.018 0.038 0.35 0.17 -5.99 391.81 0.64 23.203 0.038 
0.34 0.13 0.31 0.21 

0.44 -0.53 0.26 0.03 84.8 323.5 3.8 

25 3 19.76 13.25 51.15 70.34 22.24 344.4 482.5 675.5 331.1 0.013 0.015 0.046 0.42 0.13 -5.80 25.60 0.50 6.776 0.132 
0.01 0.15 0.84 0.00 

-0.46 2.29 6.39 0.09 68.9 262.2 3.8 

26 3 19.79 13.23 45.17 63.74 21.18 313.0 463.2 587.5 274.5 0.012 0.013 0.041 0.55 0.14 -5.77 21.20 0.47 11.189 0.248 
0.00 0.10 0.90 0.00 

-5.66 0.47 3.91 0.10 67.0 253.1 3.8 

27 - 19.82 13.17 4.16 13.76 4.38 312.5 362.3 397.1 84.6 0.018 0.019 0.041 0.59 0.28 -5.06 1.54 0.37 8.415 2.025 
0.00 0.00 1.00 0.00 

-3.67 -5.20 4.02 0.17 56.9 201.1 3.5 

28 3 19.82 13.22 23.66 45.30 14.61 305.2 420.5 516.0 210.7 0.014 0.014 0.043 0.55 0.14 -5.49 7.42 0.31 11.647 0.492 
0.00 0.00 1.00 0.00 

-2.66 -3.76 6.51 0.12 63.1 233.9 3.7 

29 3 19.82 13.25 35.23 66.03 20.56 293.7 454.4 577.1 283.3 0.014 0.014 0.048 0.57 0.10 -5.77 24.45 0.69 8.466 0.240 
0.00 0.17 0.83 0.00 

-5.08 1.92 5.57 0.10 67.3 253.7 3.8 

30 2 19.76 13.38 277.44 163.10 47.88 273.6 619.6 1108.9 835.3 0.015 0.017 0.050 0.41 0.13 -6.05 173.43 0.63 29.302 0.106 
0.68 0.13 0.10 0.08 

1.63 0.31 0.18 0.04 88.2 341.7 3.9 

31 3 19.88 13.27 50.75 54.02 16.57 297.6 427.7 543.3 245.7 0.014 0.015 0.034 0.53 0.22 -5.62 15.45 0.30 14.748 0.291 
0.07 0.72 0.19 0.02 

-0.49 2.12 1.80 0.11 64.8 239.5 3.7 

32 3 19.91 13.25 10.84 34.53 11.57 302.2 395.2 470.5 168.3 0.014 0.015 0.051 0.55 0.11 -5.53 4.91 0.45 8.379 0.773 
0.00 0.88 0.12 0.00 

-4.67 4.52 5.01 0.14 60.9 220.2 3.6 

33 3 19.92 13.26 23.94 40.94 13.59 294.1 402.0 512.8 218.7 0.015 0.016 0.045 0.49 0.18 -5.61 8.22 0.34 13.281 0.555 
0.04 0.42 0.54 0.00 

0.29 3.30 6.08 0.13 61.8 224.1 3.6 

34 3 19.93 13.29 27.44 39.10 12.61 317.6 412.4 512.0 194.4 0.015 0.015 0.037 0.49 0.23 -5.69 10.81 0.39 3.232 0.118 
0.25 0.01 0.74 0.00 

2.95 -0.12 6.30 0.12 63.0 231.9 3.7 

35 3 19.96 13.29 16.02 29.53 9.41 316.8 391.4 470.4 153.6 0.015 0.016 0.038 0.49 0.23 -5.81 13.03 0.81 3.600 0.225 
0.28 0.00 0.72 0.00 

4.30 -3.63 6.28 0.13 60.7 221.3 3.6 

36 2 19.82 13.44 325.18 179.15 55.26 321.8 661.4 1296.4 974.5 0.017 0.018 0.054 0.35 0.13 -6.19 218.45 0.67 16.439 0.051 
0.93 0.00 0.00 0.07 

5.66 -3.19 -3.80 0.05 85.8 333.1 3.9 

37 3 19.98 13.37 79.15 79.80 26.24 299.1 452.0 612.3 313.1 0.011 0.012 0.035 0.49 0.16 -6.07 17.40 0.22 4.953 0.063 
0.77 0.00 0.00 0.23 

5.51 -3.16 -5.48 0.11 62.1 235.5 3.8 

38 2 19.92 13.72 3879.41 451.49 90.06 197.3 756.9 1640.3 1443.1 0.020 0.016 0.023 0.39 0.24 -6.14 2417.91 0.62 62.290 0.016 
0.92 0.04 0.00 0.04 

4.46 2.49 -4.20 0.04 136.4 503.4 3.7 

39 1 20.22 13.39 100.54 63.89 15.87 180.2 311.7 470.9 290.7 0.018 0.018 0.029 0.45 0.31 -5.48 67.70 0.67 0.000 0.000 
1.00 0.00 0.00 0.00 

7.98 0.00 0.00 0.16 51.3 180.7 3.5 

40 1 20.27 13.43 57.35 72.54 20.91 136.1 312.5 476.4 340.3 0.016 0.016 0.045 0.52 0.14 -5.34 51.44 0.90 0.579 0.010 
1.00 0.00 0.00 0.00 

7.98 0.00 0.00 0.14 53.1 187.7 3.5 

41 1 20.28 13.47 82.00 85.56 22.95 143.0 351.6 724.5 581.5 0.028 0.025 0.064 0.36 0.14 -5.20 53.85 0.66 1.353 0.017 
0.93 0.07 0.00 0.00 

6.04 5.31 0.00 0.12 58.4 210.9 3.6 

42 1 20.34 13.45 133.46 80.99 18.84 129.9 306.8 713.2 583.3 0.029 0.031 0.050 0.30 0.26 -5.24 77.34 0.58 12.263 0.092 
0.93 0.07 0.00 0.00 

6.02 5.34 0.00 0.14 52.5 185.3 3.5 

43 - 20.40 13.38 10.48 19.07 3.36 115.7 158.7 208.2 92.5 0.032 0.028 0.029 0.46 0.36 -4.96 1.62 0.15 3.177 0.303 
1.00 0.00 0.00 0.00 

7.98 0.00 0.00 0.17 34.9 120.1 3.4 

44 2 20.32 13.79 2304.96 390.55 84.05 401.4 833.8 1554.1 1152.7 0.042 0.014 0.024 0.38 0.19 -5.94 1399.62 0.61 72.680 0.032 
0.55 0.39 0.00 0.05 

3.27 4.20 -4.43 0.03 101.3 399.8 3.9 

45 1 20.49 13.43 45.63 42.93 9.18 97.7 199.7 296.4 198.7 0.028 0.022 0.029 0.51 0.31 -5.05 23.17 0.51 12.999 0.285 
0.57 0.22 0.00 0.21 

3.07 3.14 -5.42 0.19 39.5 133.7 3.4 

46 1 20.53 13.50 104.57 95.83 22.12 80.7 304.8 602.9 522.3 0.032 0.024 0.051 0.43 0.14 -5.06 61.70 0.59 24.157 0.231 
0.32 0.65 0.00 0.03 

2.81 4.84 -4.03 0.18 50.8 174.7 3.4 

47 1 20.56 13.48 53.02 65.42 19.49 79.4 242.8 529.5 450.1 0.026 0.023 0.062 0.36 0.16 -5.13 34.78 0.66 12.226 0.231 
0.57 0.41 0.00 0.01 

3.65 4.76 -3.53 0.20 47.7 160.9 3.4 

48 1 20.59 13.51 107.91 82.37 22.15 66.9 253.5 546.1 479.2 0.024 0.022 0.046 0.39 0.20 -5.16 82.83 0.77 32.757 0.304 
0.40 0.47 0.00 0.13 

2.68 3.99 -5.05 0.20 49.1 166.8 3.4 

49 1 20.61 13.61 334.28 151.38 39.92 84.0 379.2 885.9 801.9 0.024 0.020 0.044 0.37 0.18 -5.51 238.95 0.71 12.953 0.039 
0.50 0.47 0.00 0.03 

3.30 4.58 -4.02 0.14 55.2 201.2 3.6 
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52 1 20.78 13.59 59.59 84.66 22.95 33.1 216.7 376.0 343.0 0.015 0.015 0.044 0.54 0.10 -5.49 36.58 0.61 17.580 0.295 
0.63 0.34 0.00 0.03 

3.60 4.33 -3.99 0.23 34.5 113.7 3.3 

53 4 20.19 14.59 16339.76 1183.13 242.10 12.5 801.4 1377.5 1365.0 0.013 0.006 0.011 0.58 0.15 -6.82 8607.65 0.53 1387.629 0.085 
0.11 0.21 0.29 0.39 

-0.81 -0.39 -0.20 0.05 179.4 627.6 3.5 

54 3 20.97 13.70 89.72 99.67 22.29 29.1 151.1 333.8 304.7 0.017 0.014 0.032 0.40 0.11 -5.72 40.32 0.45 61.236 0.683 
0.18 0.00 0.69 0.13 

1.87 -6.53 1.21 0.21 28.8 89.9 3.1 

55 3 21.02 13.68 41.80 52.15 14.70 36.9 89.7 187.2 150.3 0.011 0.010 0.023 0.35 0.19 -5.71 24.78 0.59 16.332 0.391 
0.01 0.00 0.92 0.07 

-0.35 -6.38 1.86 0.23 25.2 77.4 3.1 

56 3 20.98 13.78 127.33 114.63 26.09 70.6 220.3 439.6 368.9 0.018 0.014 0.033 0.41 0.12 -5.64 77.86 0.61 35.691 0.280 
0.00 0.00 0.98 0.02 

-4.10 -5.80 2.96 0.19 31.5 99.7 3.2 

58 2 21.19 13.99 164.93 172.89 44.50 44.5 323.6 834.3 789.7 0.024 0.018 0.061 0.35 0.07 -5.62 123.40 0.75 4.472 0.027 
0.09 0.07 0.67 0.17 

-0.68 -1.31 0.95 0.13 42.9 143.0 3.3 

59 2 21.24 13.97 114.51 144.43 41.29 26.3 272.8 778.2 751.9 0.016 0.018 0.070 0.33 0.07 -5.84 85.23 0.74 18.197 0.159 
0.11 0.54 0.18 0.16 

-0.70 0.93 0.08 0.15 43.5 144.7 3.3 

60 1 21.28 13.84 34.86 49.16 13.06 29.6 96.1 179.9 150.3 0.013 0.012 0.025 0.44 0.18 -5.50 18.67 0.54 4.377 0.126 
0.01 0.99 0.00 0.00 

1.02 7.51 0.00 0.24 26.6 79.4 3.0 

61 1 21.29 13.98 398.76 137.52 37.77 12.9 248.9 760.6 747.7 0.019 0.020 0.037 0.32 0.26 -5.68 277.91 0.70 113.939 0.286 
0.16 0.66 0.09 0.09 

-0.04 1.64 0.03 0.15 44.4 148.0 3.3 

63 2 21.52 14.15 308.36 143.97 37.65 80.1 286.2 823.3 743.3 0.020 0.020 0.042 0.28 0.19 -5.77 171.13 0.55 14.068 0.046 
0.26 0.04 0.09 0.60 

0.60 -1.40 -1.35 0.18 39.3 148.9 3.8 

64 3 21.63 14.09 99.75 78.34 24.22 21.4 155.5 284.7 263.3 0.010 0.011 0.026 0.51 0.20 -5.83 46.36 0.46 0.000 0.000 
0.01 0.00 0.08 0.91 

-0.40 -6.44 -1.75 0.24 28.7 96.9 3.4 

65 2 21.59 14.18 193.46 155.10 45.18 19.8 245.8 813.6 793.7 0.010 0.018 0.057 0.28 0.10 -6.01 93.02 0.48 0.000 0.000 
0.03 0.00 0.06 0.91 

-0.41 -3.62 -1.93 0.21 34.3 122.9 3.6 

66 2 21.46 14.48 1246.28 379.75 98.88 47.9 502.0 1418.3 1370.4 0.012 0.014 0.039 0.33 0.11 -6.49 657.51 0.53 60.451 0.049 
0.01 0.27 0.28 0.44 

-3.09 -0.22 -0.31 0.08 68.1 242.1 3.6 

67 2 21.59 14.45 621.89 296.48 91.32 19.1 432.5 899.2 880.2 0.009 0.010 0.035 0.47 0.09 -6.49 376.73 0.61 30.278 0.049 
0.00 0.19 0.46 0.35 

-7.97 -0.60 0.19 0.11 60.5 218.5 3.6 

11.1 2 18.18 12.53 146.30 97.21 21.98 662.5 878.2 1253.7 591.2 0.039 0.027 0.049 0.36 0.19 -6.08 84.52 0.58 0.000 0.000 
0.26 0.00 0.13 0.60 

2.23 -6.49 -1.08 0.00 128.2 650.8 5.1 

11.2 2 18.43 12.62 146.79 81.63 13.91 622.2 834.8 1190.4 568.3 0.046 0.041 0.047 0.37 0.28 -5.66 85.81 0.58 0.000 0.000 
0.29 0.00 0.00 0.71 

4.34 -3.62 -6.27 0.01 95.5 475.5 5.0 

17.1 4 19.20 13.84 15353.06 1153.15 178.84 196.0 954.7 1626.0 1430.0 0.017 0.008 0.012 0.53 0.15 -6.60 9811.45 0.64 1631.471 0.106 
0.08 0.11 0.25 0.55 

-0.98 -0.97 -0.55 0.02 188.9 646.7 3.4 

17.2 4 19.20 13.83 15526.53 1172.37 188.76 165.0 922.7 1624.5 1459.5 0.017 0.008 0.012 0.52 0.14 -6.59 9932.84 0.64 1654.374 0.107 
0.08 0.11 0.26 0.55 

-0.99 -0.98 -0.53 0.02 187.2 641.1 3.4 

57 - 20.59 15.62 29191.10 1625.32 391.76 49.0 1054.8 2232.0 2183.0 0.009 0.006 0.013 0.46 0.14 -7.36 10546.51 0.36 2042.512 0.070 
0.03 0.11 0.39 0.47 

-1.95 -1.08 -0.12 0.04 246.6 815.1 3.3 

62.1 - 21.33 14.24 1249.62 325.70 74.94 80.6 592.4 2460.8 2380.1 0.025 0.032 0.067 0.22 0.15 -5.88 683.36 0.55 116.049 0.093 
0.19 0.34 0.05 0.42 

-0.04 0.66 -1.43 0.08 63.0 230.7 3.7 

62.2 - 21.30 14.29 1051.73 275.42 62.82 210.8 685.7 2476.4 2265.6 0.032 0.036 0.070 0.21 0.17 -5.91 556.68 0.53 101.721 0.097 
0.17 0.40 0.06 0.37 

-0.20 0.77 -1.24 0.06 68.5 253.0 3.7 

 

Table B4: All fan parametric data generated in this study. 995 

        Latf Lonf af rf   hf,min hf,max Rf gf FLCf Wf,mean Wf,max Pf,mean Pf,max Ppkf S1f 

ID Quality Type Cluster (°S) (°E) (km2) (km) COIf (m a.s.l.) (m a.s.l.) (m) (m-1) (rel.) (m s-1) (m s-1) (mm) (mm)   (dB) 

1 2 B_S 3 17.63 12.17 20.57 6.54 0.31 526.0 626.1 100.1 0.018 0.19 3.87 4.12 73.9 370.9 5.0 -15.7 

2 3 PB_S 3 17.81 12.18 55.21 16.01 0.14 515.5 683.6 168.0 0.013 0.21 4.07 4.37 90.4 471.2 5.2 -15.0 

3 2 B_S 3 17.87 12.14 5.37 4.28 0.19 508.8 582.7 73.8 0.017 0.21 4.41 4.79 87.6 456.5 5.2 -15.5 

4 2 B_S 3 17.89 12.13 16.39 5.72 0.32 490.5 601.6 111.1 0.020 0.18 4.55 4.96 87.1 451.1 5.2 -16.0 

5 3 A_A 2 18.17 11.93 33.88 5.82 0.64 4.3 43.3 39.0 0.008 0.18 5.91 6.63 24.5 102.5 4.2 -17.3 

6 3 C_S 3 18.17 11.99 8.83 4.86 0.24 10.8 77.0 66.2 0.020 0.22 5.27 5.90 31.8 139.7 4.4 -19.0 

7 3 A_A 2 18.26 12.01 10.08 3.70 0.47 4.0 45.1 41.1 0.014 0.22 5.31 5.94 28.1 120.4 4.3 -16.9 

8 2 C_A 2 18.31 12.05 32.78 7.14 0.41 0.7 91.2 90.5 0.013 0.20 5.19 5.80 29.2 125.2 4.3 -17.5 

9 2 PC_A 2 18.38 12.09 64.10 9.88 0.42 1.2 104.4 103.2 0.011 0.02 5.36 5.98 30.0 127.7 4.3 -17.6 

10 1 A_A 2 18.45 12.14 14.01 3.93 0.58 1.2 45.6 44.4 0.012 0.03 5.14 5.72 31.6 132.8 4.2 -18.2 

11 4 A_A - 18.69 12.30 2.07 2.07 0.31 3.3 27.9 24.6 0.016 0.19 4.36 4.83 27.7 102.2 3.7 -19.9 

13 4 A_A - 19.07 12.57 10.95 5.89 0.20 5.1 70.5 65.4 0.019 0.16 4.53 4.96 26.7 96.8 3.6 -19.5 

14 2 B_S 3 19.12 12.83 7.34 5.09 0.18 417.1 499.3 82.3 0.017 0.19 3.69 3.92 67.0 262.2 3.9 -18.9 
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15 2 PB_S 3 19.16 12.86 25.04 7.62 0.27 394.5 513.2 118.7 0.016 0.20 3.47 3.66 62.9 243.2 3.9 -18.7 

18 3 B_S 3 19.61 12.96 1.68 2.53 0.17 205.1 262.4 57.3 0.022 0.20 4.28 4.58 40.4 153.2 3.8 -19.5 

19 3 B_S 3 19.65 12.98 3.34 3.17 0.21 188.8 257.7 69.0 0.022 0.19 4.19 4.49 41.3 154.8 3.8 -18.6 

20 3 B_S 3 19.67 13.02 13.67 7.36 0.16 194.8 340.7 145.9 0.020 0.27 4.18 4.49 45.8 169.5 3.7 -19.2 

21 3 B_S 3 19.68 13.02 7.64 6.82 0.10 200.0 327.7 127.7 0.019 0.25 4.21 4.52 45.6 166.6 3.7 -18.6 

22 3 B_S 3 19.70 13.05 6.87 7.27 0.08 209.0 335.7 126.7 0.018 0.13 4.25 4.58 47.8 173.2 3.6 -17.5 

23 3 B_S 3 19.72 13.05 18.08 8.06 0.18 209.0 341.2 132.2 0.016 0.13 4.32 4.65 46.6 166.6 3.6 -18.7 

24 3 B_S 3 19.79 13.09 30.48 8.22 0.29 244.8 351.3 106.5 0.013 0.19 4.17 4.53 48.8 169.2 3.5 -17.2 

25 3 B_S 3 19.81 13.11 10.30 7.07 0.13 209.5 343.9 134.4 0.019 0.21 3.99 4.34 49.2 168.9 3.4 -19.0 

26 2 B_S 3 19.84 13.12 11.46 5.60 0.23 214.7 314.2 99.5 0.024 0.19 3.88 4.22 48.7 165.5 3.4 -18.0 

27 3 B_S 3 19.84 13.14 3.31 3.59 0.16 222.2 312.6 90.4 0.025 0.19 3.83 4.18 50.3 171.7 3.4 -16.4 

28 3 B_S 3 19.87 13.14 4.36 4.26 0.15 212.4 305.5 93.1 0.022 0.19 3.73 4.06 48.1 163.6 3.4 -17.9 

29 4 B_S - 19.88 13.16 1.82 3.81 0.08 225.8 293.4 67.6 0.018 0.19 3.66 4.00 49.5 168.7 3.4 -16.9 

30 4 B_S - 19.89 13.16 6.48 4.25 0.23 225.0 285.0 59.9 0.020 0.20 3.63 3.96 48.3 163.8 3.4 -18.4 

31 2 B_S 3 19.92 13.18 4.29 3.23 0.26 231.8 297.1 65.4 0.020 0.20 3.59 3.91 49.4 166.0 3.4 -18.7 

32 3 B_S 3 19.94 13.19 0.78 1.85 0.14 262.9 301.8 38.9 0.021 0.20 3.52 3.83 51.6 171.9 3.3 -17.2 

33 4 A_S - 19.95 13.21 0.03 0.45 0.10 287.9 293.6 5.7 0.012 0.21 3.41 3.81 54.5 180.0 3.3 -18.7 

34 4 A_S - 19.98 13.24 0.53 1.46 0.16 300.3 317.3 17.0 0.012 0.21 3.41 3.72 55.8 191.8 3.4 -18.2 

35 4 A_S - 19.99 13.24 0.22 1.26 0.09 301.3 316.4 15.1 0.012 0.20 3.44 3.76 56.1 191.7 3.4 -17.3 

36 4 A_S - 20.03 13.30 0.22 1.27 0.09 308.0 324.6 16.6 0.014 0.21 3.28 3.61 53.5 186.0 3.5 -17.3 

37 4 A_S - 20.07 13.30 0.50 1.62 0.12 278.2 300.4 22.2 0.014 0.20 3.32 3.64 49.0 167.6 3.4 -17.5 

38 4 A_A - 20.18 13.22 52.79 16.91 0.12 13.3 201.1 187.9 0.013 0.20 4.11 4.42 25.8 85.7 3.3 -16.7 

39 4 A_S - 20.27 13.33 0.32 1.45 0.10 158.8 180.4 21.5 0.017 0.17 3.69 3.98 36.1 131.0 3.6 -15.6 

40 3 A_S 3 20.33 13.34 0.47 1.17 0.22 113.4 136.5 23.1 0.029 0.16 3.81 4.10 31.7 111.6 3.5 -16.6 

41 3 B_A 3 20.36 13.32 17.27 8.48 0.15 0.2 145.2 145.0 0.015 0.16 4.05 4.34 26.5 90.1 3.4 -17.0 

42 2 PB_S 3 20.38 13.35 7.59 4.20 0.27 70.7 133.4 62.7 0.017 0.18 4.11 4.43 29.9 103.0 3.4 -16.2 

43 2 B_S 3 20.40 13.35 7.09 3.64 0.34 66.2 118.5 52.4 0.015 0.15 4.32 4.65 29.0 98.9 3.4 -17.3 

44 3 B_A 2 20.47 13.33 132.87 14.04 0.43 2.9 152.4 149.5 0.010 0.16 4.84 5.21 25.0 81.4 3.3 -15.7 

45 2 B_A 3 20.53 13.36 20.24 8.45 0.18 0.5 100.0 99.5 0.012 0.18 4.56 4.90 26.2 85.8 3.3 -15.6 

46 2 B_A 2 20.56 13.37 25.47 8.81 0.21 0.6 127.1 126.6 0.015 0.02 4.64 5.00 25.7 82.9 3.2 -16.4 

47 2 B_A 2 20.60 13.38 10.80 4.91 0.29 0.9 82.0 81.1 0.017 0.02 4.73 5.11 25.2 80.7 3.2 -17.5 

48 2 B_A 3 20.62 13.38 9.92 5.34 0.22 3.0 73.4 70.4 0.016 0.22 4.80 5.19 25.0 79.0 3.2 -18.0 

49 2 B_A 1 20.65 13.38 21.06 7.34 0.25 3.6 86.1 82.5 0.012 0.29 4.84 5.24 25.0 77.8 3.1 -17.3 

52 2 A_S 3 20.86 13.49 11.33 4.22 0.40 3.9 61.3 57.4 0.016 0.27 4.38 4.76 23.9 72.4 3.0 -19.0 

53 1 T0A_A 1 20.90 13.48 11.20 7.82 0.12 1.9 14.5 12.6 0.003 0.30 4.47 4.87 22.9 66.9 2.9 -15.8 

54 2 A_S 1 21.00 13.58 14.33 5.13 0.35 -2.1 31.7 33.8 0.007 0.28 4.30 4.74 21.8 64.0 2.9 -17.1 

55 2 C_A 1 21.10 13.61 7.17 6.79 0.10 11.2 37.4 26.2 0.006 0.33 4.58 5.05 20.7 58.8 2.8 -17.4 

56 3 PC_A 1 21.10 13.66 50.46 14.81 0.15 10.9 98.7 87.8 0.006 0.32 4.46 4.93 21.9 65.3 3.0 -16.2 
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58 4 A_A - 21.26 13.74 10.67 7.39 0.12 0.6 45.5 45.0 0.008 0.31 4.53 4.95 20.0 55.7 2.8 -16.3 

59 4 A_A - 21.32 13.76 2.16 3.76 0.10 0.7 26.9 26.2 0.008 0.30 4.49 4.87 19.8 53.4 2.7 -16.1 

60 4 A_A - 21.33 13.78 1.45 4.40 0.05 1.0 30.0 29.0 0.007 0.29 4.45 4.82 20.0 54.4 2.7 -16.2 

61 4 C_A - 21.39 13.80 2.35 2.39 0.26 0.8 13.2 12.4 0.006 0.27 4.44 4.78 19.9 53.2 2.7 -16.7 

63 3 C_A 1 21.61 13.93 62.17 10.60 0.35 1.9 84.7 82.8 0.008 0.28 3.86 4.08 20.8 59.1 2.8 -16.5 

64 3 PC_A 1 21.70 13.99 6.18 3.99 0.25 1.2 34.3 33.1 0.009 0.28 3.47 3.67 20.1 53.9 2.7 -14.6 

65 2 PC_A 1 21.72 13.99 4.78 3.05 0.33 2.0 27.7 25.7 0.009 0.28 3.46 3.65 19.7 51.2 2.6 -14.8 

66 2 A_A 1 21.80 14.05 17.37 5.51 0.36 1.4 48.2 46.8 0.009 0.26 3.38 3.63 19.7 49.6 2.5 -17.6 

67 3 C_A 1 21.86 14.08 4.10 3.18 0.26 1.8 22.1 20.2 0.008 0.22 3.27 3.58 19.7 49.1 2.5 -18.1 

11.1 2 PB_I - 18.34 12.47 81.81 18.15 0.16 443.3 683.4 240.0 0.015 0.05 3.70 3.95 90.4 460.1 5.1 -15.2 

11.2 2 PB_I - 18.50 12.54 101.82 16.53 0.24 342.7 676.2 333.5 0.014 0.17 3.57 3.78 73.1 352.1 4.8 -14.2 

17.1 1 T0P_I - 19.40 12.95 23.47 10.70 0.13 165.6 203.4 37.8 0.004 0.15 2.62 2.81 36.9 137.8 3.7 -13.4 

17.2 1 T0A_S - 19.42 12.90 0.33 0.84 0.29 165.2 169.2 4.0 0.015 0.20 2.98 3.17 34.9 131.5 3.8 -11.8 

57 2 T0C_A 2 21.17 13.69 114.01 17.69 0.23 2.2 60.1 57.9 0.004 0.26 4.53 4.99 20.3 57.3 2.8 -17.5 

62.1 3 PC_A 2 21.44 13.86 98.48 11.64 0.46 0.0 96.9 96.9 0.010 0.28 4.30 4.60 21.6 60.2 2.8 -14.4 

62.2 3 C_I - 21.41 13.96 82.03 13.43 0.29 88.0 239.0 151.0 0.011 0.03 4.19 4.52 32.2 104.2 3.2 -12.9 

 

 

Table B5: Variable statistics. 

Dataset Variable (unit) Minimum First quartile Median Third quartile Maximum Range Mean Std. dev. pK-Sa,b pS-Wc 

Normal 

distribution 

(QQ-plots, 

histogram, 

boxplot) 

Fans 

(n =52 ) 

Latf (°S) 17.63 19.13 19.86 20.81 21.86 4.23 19.89 1.19 0.17 0.04 - 

Lonf (°E) 11.93 12.83 13.14 13.46 14.08 2.14 13.08 0.61 0.04 <0.01 - 

af (km2) 0.3 6.9 12.6 29.2 132.9 132.5 26.0 31.9 <0.01 <0.01 N 

rf (km) 0.8 4.0 6.2 8.5 18.1 17.3 7.1 4.2 0.01 <0.01 N 

COIf   0.08 0.16 0.24 0.33 0.64 0.55 0.26 0.12 >0.20 <0.01 N 

hf,min (m a.s.l.) -2.1 1.9 68.4 214.1 526.0 528.09 138.13 165.0 <0.01 <0.01 N 

hf,max (m a.s.l.) 14.5 74.3 140.9 333.7 683.6 669.08 225.93 197.1 <0.01 <0.01 N 

Rf (m) 4.0 45.0 82.4 116.8 333.5 329.49 87.80 57.8 0.19 <0.01 N 

gf (m-1) 0.003 0.010 0.015 0.019 0.029 0.026 0.014 0.006 >0.20 0.91 Y 

FLCf (rel.) 0.02 0.16 0.20 0.26 0.33 0.32 0.19 0.08 <0.01 <0.01 N 

Wf,mean (m s-1) 2.62 3.75 4.20 4.55 5.91 3.29 4.20 0.64 >0.20 0.93 Y 

Wf,max (m s-1) 2.8 4.1 4.5 5.0 6.6 3.82 4.56 0.7 >0.20 0.58 Y 

Pf,mean (mm) 19.7 24.6 31.6 48.8 90.4 70.74 39.37 20.2 <0.01 <0.01 N 

Pf,max (mm) 49.1 78.1 126.4 169.1 471.2 422.12 152.86 112.4 <0.01 <0.01 N 

Ppkf   2.5 3.1 3.4 3.9 5.2 2.72 3.60 0.7 0.03 <0.01 N 

S1f (dB) -19.5 -18.1 -17.3 -15.7 -11.8 7.72 -16.86 1.7 0.06 0.03 N 
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Catchments 

(n = 67) 

Latc (°S) 17.64 19.20 19.91 20.59 21.63 3.99 19.85 1.12 <0.01 <0.01 - 

Lonc (°E) 12.10 13.08 13.37 13.78 15.62 3.52 13.35 0.69 0.02 0.02 - 

ac (km2) 4.2 44.8 106.4 614.7 29191.1 29186.9 1682.9 5021.9 <0.01 <0.01 N 

pc (km) 13.8 54.0 85.6 205.1 1625.3 1611.6 206.6 316.8 <0.01 <0.01 N 

lc (km) 3.4 14.8 22.3 53.3 391.8 388.4 46.8 63.7 <0.01 <0.01 N 

hc,min (m a.s.l.) 12.5 47.9 165.0 317.6 662.5 650.0 211.5 181.6 <0.01 <0.01 N 

hc,mean (m a.s.l.) 89.7 306.8 432.5 652.8 1054.8 965.1 481.4 230.5 0.04 0.06 Y 

hc,max (m a.s.l.) 179.9 512.8 726.0 1223.7 2476.4 2296.4 869.8 516.0 <0.01 <0.01 N 

Rc (m) 84.6 268.5 450.1 880.2 2380.1 2295.5 658.3 543.2 <0.01 <0.01 N 

gc (m-1) 0.009 0.014 0.017 0.024 0.073 0.064 0.020 0.011 <0.01 <0.01 N 

rrc   0.006 0.014 0.016 0.022 0.054 0.048 0.019 0.008 <0.01 <0.01 N 

Mc   0.01 0.03 0.04 0.05 0.07 0.06 0.04 0.01 0.02 0.01 Y 

HIc   0.210 0.368 0.461 0.521 0.588 0.378 0.443 0.090 >0.20 0.37 Y 

CIc   0.069 0.137 0.170 0.226 0.362 0.293 0.179 0.062 0.07 0.03 N 

ICc   -7.36 -6.05 -5.77 -5.50 -4.96 2.40 -5.77 0.47 0.18 0.03 Y 

sc,tot (km) 1.5 17.4 62.4 376.7 10546.5 10545.0 916.8 2562.9 <0.01 <0.01 N 

ddc (km-1) 0.15 0.45 0.57 0.64 0.90 0.74 0.54 0.15 >0.20 0.65 Y 

fc,tot (km) 0.0 1.2 11.2 30.3 2042.5 2042.5 127.4 403.9 <0.01 <0.01 N 

fdc (km-1) 0.00 0.02 0.08 0.23 2.02 2.02 0.17 0.31 <0.01 <0.01 N 

G1c (rel.) 
0.00 0.01 0.08 0.39 1.00 1.00 0.24 0.31 

<0.01 <0.01 N 

G2c (rel.) 
0.00 0.00 0.07 0.22 0.99 0.99 0.17 0.23 

<0.01 <0.01 N 

G3c (rel.) 
0.00 0.00 0.29 0.73 1.00 1.00 0.39 0.36 

<0.01 <0.01 N 

G4c (rel.) 
0.00 0.00 0.09 0.39 0.91 0.91 0.21 0.25 

<0.01 <0.01 N 

G1c,ILR   -7.97 -2.66 -0.40 2.81 7.98 15.94 -0.08 3.84 >0.20 0.46 Y 

G2c,ILR   -6.53 -3.16 -0.81 1.92 7.51 14.04 -0.61 3.44 >0.20 0.14 Y 

G3c,ILR   -6.27 -1.08 0.00 1.80 6.51 12.78 0.39 3.13 0.03 0.01 N 

FLCc (rel.) 0.00 0.04 0.10 0.15 0.24 0.24 0.11 0.07 >0.20 0.03 N 

Pc,mean (mm) 25.2 50.8 62.7 88.2 246.6 221.4 75.0 44.5 <0.01 <0.01 N 

Pc,max (mm) 77.4 180.7 233.9 372.4 815.1 737.7 296.2 179.6 <0.01 <0.01 N 

Ppkc   3.0 3.4 3.7 3.9 5.3 2.3 3.9 0.6 <0.01 <0.01 N 

aKolmogorov–Smirnov test p-value 

bLilliefors significance correction 1000 

cShapiro-Wilk test p-value 

 

Table B6: Bivariate strong linear correlations among the variables (bold variables retained for cluster analysis). 

        r 
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Variable paira   Catchment dataset (n = 67)b Fan dataset (n = 52)c 

Latf & Lonf (ff) 0.98 0.98 

Latf & Pf,max (ff) -0.73 -0.75 

Latf & Ppkf (ff) -0.95 -0.95 

Latf & Latc (fc) 0.90 0.99 

Latf & Lonc (fc) 0.99 0.90 

Latf & Ppkc (fc) -0.85 -0.85 

Lonf & Ppkf (ff) -0.90 -0.91 

Lonf & Latc (fc) 0.90 0.98 

Lonf & Lonc (fc) 0.98 0.90 

Lonf & Ppkc (fc) -0.85 -0.86 

af & rf (ff) 0.86 0.86 

rf & Rf (ff) 0.74 - 

hf,min & hf,max (ff) 0.95 0.96 

hf,min & Pf,mean (ff) 0.97 0.97 

hf,min & Pf,max (ff) 0.91 0.93 

hf,min & Ppkf (ff) - 0.71 

hf,min & hc,min (fc) 0.94 0.94 

hf,max & Pf,mean (ff) 0.97 0.97 

hf,max & Pf,max (ff) 0.93 0.93 

hf,max & Ppkf (ff) 0.71 0.72 

hf,max & hc,min (fc) 0.98 0.98 

Wf,mean & Wf,max (ff) 1.00 1.00 

Pf,mean & Pf,max (ff) 0.97 0.98 

Pf,mean & Ppkf (ff) 0.76 0.79 

Pf,mean & hc,min (fc) 0.95 0.95 

Pf,max & Ppkf (ff) 0.85 0.87 

Pf,max & Latc (fc) - 0.73 

Pf,max & hc,min (fc) 0.91 0.91 

Ppkf & Latc (fc) -0.85 -0.94 

Ppkf & Lonc (fc) -0.92 -0.85 

Ppkf & Ppkc (fc) 0.86 0.88 

Latc & Lonc (cc) 0.86 0.86 

Latc & Ppkc (cc) -0.79 -0.86 

Lonc & Ppkc (cc) -0.85 -0.79 

ac & pc (cc) 0.97 0.97 

ac & lc (cc) 0.96 0.96 

ac & sc,tot (cc) 0.96 0.96 
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ac & fc,tot (cc) 0.95 0.98 

ac & Pc,mean (cc) 0.85 0.85 

pc & lc (cc) 0.98 0.98 

pc & Rc (cc) 0.72 - 

pc & lCc (cc) -0.74 -0.75 

pc & sc,tot (cc) 0.97 0.97 

pc & fc,tot (cc) 0.93 0.96 

pc & Pc,mean (cc) 0.87 0.86 

lc & Rc (cc) 0.74 0.72 

lc & lCc (cc) -0.76 -0.76 

lc & sc,tot (cc) 0.91 0.91 

lc & fc,tot (cc) 0.89 0.91 

lc & Pc,mean (cc) 0.83 0.82 

hc,mean & hc,max (cc) 0.78 0.76 

hc,mean & FLCc (cc) -0.92 -0.91 

hc,mean & Pc,mean (cc) 0.89 0.88 

hc,mean & Pc,max (cc) 0.92 0.91 

hc,max & Rc (cc) 0.94 0.94 

gc & rrc (cc) 0.86 0.86 

ICc & Pc,max (cc) -0.73 -0.73 

sc,tot & fc,tot (cc) 0.93 0.99 

sc,tot & Pc,mean (cc) 0.86 0.85 

fc,tot & Pc,mean (cc) 0.78 0.83 

FLCc & Pc,mean (cc) -0.72 -0.71 

FLCc & Pc,max (cc) -0.83 -0.83 

Pc,mean & Pc,max (cc) 0.94 0.93 
aLetters in brackets indicate variable belonging: c - catchment, f - fan 

bIncluding insufficiently mapped alluvial landforms 1005 

cSufficiently mapped alluvial landforms only 

 

Table B7: Multivariate normality test results for the catchment dataset (n = 67 cases). Cases representing possible outliers are 

highlighted (p < 0.001). 

  

Catchment dataset (fan and catchment 

variables)a Catchment dataset (catchment variables)b 

ID Mahalanobis Distance χ2 Mahalanobis Distance χ2 

1 37.22 0.0224 21.81 0.0827 

2 29.55 0.1298 17.86 0.2130 

3 48.37 0.0010 41.32 0.0002 
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4 19.18 0.6344 12.96 0.5296 

5 25.64 0.2675 13.92 0.4560 

6 20.22 0.5691 11.87 0.6165 

7 13.43 0.9206 12.11 0.5972 

8 16.71 0.7792 11.77 0.6249 

9 19.93 0.5875 12.86 0.5377 

10 29.04 0.1436 20.78 0.1075 

11 27.30 0.2002 10.75 0.7053 

11.1 19.91 0.5887 13.76 0.4675 

11.2 35.67 0.0329 19.50 0.1468 

13 25.50 0.2740 11.68 0.6321 

14 11.47 0.9674 10.07 0.7568 

15 14.34 0.8889 8.21 0.8783 

17.1 25.64 0.2673 11.50 0.6462 

17.2 32.96 0.0624 10.77 0.7041 

18 11.42 0.9682 10.26 0.7429 

19 13.64 0.9137 11.99 0.6068 

20 17.89 0.7125 14.08 0.4439 

21 10.96 0.9753 7.98 0.8905 

22 12.36 0.9494 7.18 0.9274 

23 13.73 0.9107 7.61 0.9085 

24 11.12 0.9730 4.67 0.9899 

25 15.15 0.8559 10.06 0.7575 

26 9.76 0.9883 4.67 0.9899 

27 45.88 0.0020 41.44 0.0002 

28 9.82 0.9879 8.01 0.8890 

29 12.59 0.9439 9.52 0.7964 

30 7.81 0.9976 4.12 0.9947 

31 6.84 0.9991 5.00 0.9859 

32 15.09 0.8584 12.00 0.6059 

33 16.64 0.7831 8.85 0.8402 

34 13.06 0.9315 8.58 0.8570 

35 25.58 0.2703 20.44 0.1167 

36 22.32 0.4409 13.47 0.4903 

37 27.23 0.2026 20.06 0.1284 

38 19.95 0.5863 10.31 0.7389 

39 18.80 0.6574 13.85 0.4609 

40 33.78 0.0517 17.88 0.2122 

41 19.78 0.5966 10.26 0.7428 
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42 16.74 0.7778 10.91 0.6930 

43 23.73 0.3614 21.89 0.0808 

44 56.92 0.0001 15.74 0.3292 

45 18.33 0.6861 14.89 0.3858 

46 18.20 0.6942 9.86 0.7720 

47 21.16 0.5109 10.12 0.7536 

48 13.49 0.9185 9.26 0.8143 

49 10.09 0.9855 4.47 0.9919 

52 26.84 0.2175 13.59 0.4803 

53 22.59 0.4253 11.66 0.6337 

54 23.84 0.3557 20.50 0.1153 

55 20.09 0.5772 16.01 0.3130 

56 20.16 0.5730 15.44 0.3485 

57 53.69 0.0002 41.00 0.0002 

58 11.89 0.9595 7.00 0.9347 

59 18.64 0.6671 13.48 0.4887 

60 21.18 0.5096 13.51 0.4867 

61 15.36 0.8462 12.67 0.5526 

62.1 35.32 0.0359 23.17 0.0576 

62.2 36.53 0.0266 24.41 0.0408 

63 16.55 0.7879 7.26 0.9240 

64 21.97 0.4617 13.91 0.4565 

65 22.13 0.4522 12.70 0.5505 

66 15.83 0.8242 9.42 0.8035 

67 27.44 0.1949 15.31 0.3570 
an = 22 variables 1010 

bn = 14 variables 

 

Table B8: Multivariate normality test results for the fan dataset (n = 52 cases). 

Alluvial fan dataset (fan and catchment variables)a Alluvial fan dataset (fan variables)b 

ID Mahalanobis Distance χ2 Mahalanobis Distance χ2 

1 32.84 0.0642 8.40 0.4946 

2 28.47 0.1606 9.38 0.4030 

3 39.68 0.0118 11.63 0.2348 

4 17.65 0.7264 9.14 0.4246 

5 21.54 0.4876 14.24 0.1142 

6 26.04 0.2501 6.08 0.7323 
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7 14.59 0.8793 6.64 0.6741 

8 17.50 0.7351 3.51 0.9407 

9 19.14 0.6367 9.58 0.3854 

10 26.43 0.2335 13.53 0.1399 

11.1 18.84 0.6554 10.57 0.3060 

11.2 32.96 0.0624 24.55 0.0035 

14 15.15 0.8559 7.01 0.6365 

15 14.40 0.8865 8.38 0.4967 

17.1 23.87 0.3540 15.25 0.0842 

17.2 29.29 0.1368 15.67 0.0742 

18 11.76 0.9622 4.53 0.8731 

19 17.23 0.7503 2.33 0.9850 

20 17.31 0.7460 5.97 0.7433 

21 10.16 0.9848 4.01 0.9108 

22 15.06 0.8595 4.15 0.9010 

23 11.83 0.9607 3.34 0.9491 

24 11.23 0.9712 1.47 0.9974 

25 14.83 0.8693 3.68 0.9310 

26 11.62 0.9648 3.76 0.9263 

27 37.40 0.0214 5.27 0.8097 

28 9.40 0.9910 2.66 0.9761 

31 7.83 0.9976 4.28 0.8922 

32 21.47 0.4917 4.81 0.8504 

40 38.75 0.0151 15.05 0.0896 

41 20.75 0.5361 6.42 0.6974 

42 15.90 0.8209 1.67 0.9957 

43 26.67 0.2239 1.57 0.9966 

44 45.50 0.0023 14.48 0.1064 

45 20.10 0.5768 4.63 0.8650 

46 19.63 0.6064 8.50 0.4851 

47 19.17 0.6350 7.61 0.5737 

48 14.56 0.8803 2.53 0.9799 

49 11.60 0.9650 4.25 0.8943 

52 23.20 0.3906 5.66 0.7735 

53 22.39 0.4367 10.51 0.3111 

54 21.56 0.4861 3.63 0.9341 

55 20.01 0.5823 9.57 0.3864 

56 20.97 0.5223 6.80 0.6576 

57 44.24 0.0033 22.69 0.0069 
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62.1 28.49 0.1599 12.66 0.1785 

62.2 29.10 0.1421 10.72 0.2952 

63 14.69 0.8753 4.92 0.8409 

64 22.50 0.4303 5.84 0.7562 

65 24.84 0.3050 6.77 0.6610 

66 17.53 0.7336 8.39 0.4950 

67 24.28 0.3325 9.29 0.4114 
an = 22 variables 

bn = 8 variables 1015 

 

Table B9: Cophenetic coefficients obtained for different combinations of fusion algorithms and distances (four cluster solution) for 

the catchment dataset. Underlined coefficients represent solutions where an outlier group could be identified and the minimum 

cluster sizes were reached. 

  Fusion algorithm 

Distance Average Complete Ward Weighed Median Centroid 

Euclidean 0.78 0.52 - 0.72 - - 

Squared Euclidian 0.77 0.43 0.65 0.69 0.72 0.70 

Cityblock 0.77 0.61 0.64 0.75 0.71 0.72 

Chebychev 0.76 0.42 0.60 0.76 0.73 0.75 

Cosine 0.69 0.60 - 0.67 - - 

Spearman 0.68 0.61 - 0.65 - - 

 1020 

Table B10: Cophenetic coefficients obtained for different combinations of fusion algorithms and distances (three cluster solution) 

for the fan dataset. Underlined coefficients represent solutions where the minimum cluster sizes were reached. 

  Fusion algorithm 

Distance Average Complete Ward Weighed Median Centroid 

Euclidean 0.76 0.72 - 0.74 - - 

Squared Euclidean 0.71 0.67 0.64 0.69 0.71 0.76 

Cityblock 0.75 0.66 0.56 0.61 0.65 0.75 

Chebychev 0.67 0.59 0.56 0.64 0.64 0.69 

Cosine 0.75 0.70 - 0.75 - - 

Spearman 0.76 0.72 - 0.73 - - 

 

Table B11: Cluster assignment of alluvial landform types. 

  Fan cluster Catchment cluster 

Type Cf1 Cf2 Cf3 Cc1 Cc2 Cc3 Cc4 

Prefix               
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A 3 3 2 2 3 1 1 

B 1 3 24 7 5 13 0 

C 6 4 1 0 6 4 0 

P 3 2 3 1 3 3 0 

T0 1 1 0 0 0 0 1 

Suffix               

A 9 10 3 6 8 3 1 

S 1 0 24 3 4 14 0 

I 0 0 0 0 0 0 0 

 1025 

Table B12: Matching cases across clusters. 

Catchment dataset 

cluster Fan dataset cluster Count 

C1c C1f 1 

C1c C2f 2 

C1c C3f 6 

C2c C1f 4 

C2c C2f 5 

C2c C3f 5 

C3c C1f 4 

C3c C2f 0 

C3c C3f 13 

C4c C1f 1 

C4c C2f 0 

C4c C3f 0 

 

Table B13: Supportive strong and significantly correlated variable relationships. 

Dataset Cluster Variable pair Relationship x1 
x unit 

(scale) 
y1 r2 

Fan (fan 

and 

catchment 

variables) 

Unclustered (n = 

52) 
ac & Rc ac(Rc) 787.37 km-0.18 2.18 0.75 - 

1.00
a 

Cf1 (n = 10) af & Rf af(Rf) 0.22 km0.87 1.13 0.59 - 
0.89
a 

  af & rrc af(rrc) 1465.63 km2 1.08 0.54 - 
0.70
a 

  ac & hc,mean ac(hc,mean) 7775.39 km-0.44 2.44 0.65 - 
0.96
a 

  Rc & hc,mean Rc(hc,mean) 1.28 - 1.09 0.74 - 0.98 
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  Rc & 
G2c,IL

R 
G2c,ILR(Rc) -27.13 m-1 (log) 8.88 0.52 - 0.76 

  Rc & Ppkc Ppkc(Rc) 2.10 m-0.08 0.08 0.50 - 0.73 

  hc,mean & 
G2c,IL

R 

G2c,ILR(hc,mean

) 
-27.13 m-10.05 (log) 10.05 0.52 - 0.76 

  rrc & HIc HIc(rrc) 0.04 - -0.50 0.57 - 0.67 

  Mc & HIc HIc(Mc) 0.10 - -0.40 0.49 - 0.69 

  
G2c,IL

R 
& Ppkc - - - - 0.54 - 0.76 

Cf2 (n = 10) af & hc,mean af(hc,mean) 119.27 km0.36 1.64 0.57 - 0.89 

  gf & rrc gf(rrc) 0.19 - 0.73 0.57 - 0.82 

  Wf,mean & Ppkc - - - - 0.60 - 0.80 

  S1f & HIc S1f(HIc) -20.40 dB (log) -8.72 0.52 - 
0.88
a 

  ac & hc,mean ac(hc,mean) 7546.06 km-1.48 3.48 0.61 - 
0.98
a 

  ac & ICc ICc(ac) -3.50 km-2 (log) -0.81 0.58 - 0.96 

  Rc & ICc ICc(Rc) -0.03 m (log) -1.91 0.50 - 0.84 

  rrc & Mc Mc(rrc) 1.96 - 0.99 0.65 - 0.96 

  rrc & ICc ICc(rrc) -1.02 (log) 2.75 0.56 - 
0.89
a 

  
G1c,IL

R 
& 

G2c,IL

R 
- - - - 0.52 - 0.71 

  
G2c,IL

R 
& 

G3c,IL

R 
- - - - 0.87 - 0.98 

Cf3 (n = 27) af & Rf af(Rf) 822.56 km0.11 1.89 0.60 - 0.86 

  ac & Rc ac(Rc) 450.73 km0.17 1.83 0.69 - 
1.00
a 

Cc1 (n = 9) af & gf af(gf) 0.25 km2 -0.20 0.74 - 
0.96
a 

  af & Rf af(Rf) 
0.13 (×10-

2) 
km-0.06 2.06 0.93 - 0.59 

  af & hf,min af(hf,min) 0.84 km2.42 -0.42 0.53 - 
0.73
a 

  gf & Rf gf(Rf)a 0.09 m0.39 -0.39 0.54 - 
0.83
a 

  gf & Wf,mean - - - - 0.51 - 0.59 

  Rf & hf,min Rf(hf,min) 93.61 m1.21 -0.21 0.55 - 
0.89
a 

  af & ddc af(ddc) 1.16 km-3.07 -5.07 0.50 - 
0.67
a 

  af & 
G1c,IL

R 
af(G1c,ILR) 1.94 km2 (log) -0.22 0.57 - 

0.78
a 

  af & 
G2c,IL

R 
af(G2c,ILR) -0.70 km2 (log) 0.26 0.55 - 

0.85
a 

  gf & 
G1c,IL

R 
gf(G1c,ILR) -1.99 (log) 0.05 0.51 - 

0.76
a 

  Rf & 
G2c,IL

R 
Rf(G2c,ILR) 1.43 m (log) 0.11 0.50 - 

0.82
a 
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  Wf,mean & 
G1c,IL

R 
- - - - 0.51 - 0.92 

  Wf,mean & 
G3c,IL

R 
- - - - 0.55 - 0.96 

  ac & Rc ac(Rc) 246.15 km0.73 1.27 0.51 - 1.00 

  ac & hc,mean ac(hc,mean) 1157.43 km-0.01 2.01 0.51 - 
0.76
a 

  Rc & hc,mean Rc(hc,mean) 0.09 m-0.52 1.52 0.57 - 0.86 

  Rc & HIc HIc(Rc) 112.56 m1.56 -1.56 0.55 - 0.77 

  hc,mean & fdc fdc(hc,mean) 
0.28 (×10-

3) 
km-5.58 -4.58 0.51 - 0.82 

  hc,mean & Ppkc Ppkc(hc,mean) 1.56 m-0.14 0.14 0.65 - 0.92 

  rrc & HIc HIc(rrc) 0.02 - -0.75 0.51 - 0.86 

  fdc & 
G1c,IL

R 
fdc(G1c,ILR) 0.10 km-1 (log) -0.26 0.57 - 0.78 

  fdc & 
G3c,IL

R 
fdc(G3c,ILR) 1.59 km-1 (log) -0.20 0.56 - 0.68 

  fdc & Ppkc - - - - 0.52 - 0.85 

  
G1c,IL

R 
& 

G3c,IL

R 
- - - - 0.68 - 0.99 

Cc2 (n = 16) ac & Rc ac(Rc) 634.06 km-0.40 2.40 0.64 - 1.00 

Cc3 (n = 17) ac & Rc ac(Rc) 510.27 km0.24 1.76 0.52 - 1.00 

  hc,mean & Ppkc Ppkc(hc,mean) 1.55 m0.14 0.14 0.50 - 0.91 

Cf3 & Cc3 (n = 13) af & Rf af(Rf) 976.86 km-0.12 2.12 0.73 - 0.96 

  Wf,mean & fdc - - - - 0.57 - 0.90 

  ac & Rc ac(Rc) 502.07 km0.13 1.87 0.61 - 1.00 

  hc,mean & Ppkc Ppkc(hc,mean) 0.60 m-0.30 0.30 0.60 - 0.90 

  ICc & Ppkc ICc(Ppkc) 1.38 - 
-

12.30 
0.59 - 0.88 

Catchment 

(catchmen

t 

variables) 

All (n = 67) ac & Rc ac(Rc) 858.97 km-0.25 2.25 0.74 - 1.00 

Cc1 (n = 12) hc,mean & Ppkc Ppkc(hc,mean) 1.57 m0.14 0.14 0.89 - 0.94 

Cc2 (n = 22) ac & Rc ac(Rc) 616.57 km-0.58 2.58 0.62 - 1.00 

  
G1c,IL

R 
& 

G3c,IL

R 
- - - - 0.54 - 0.65 

Cc3 (n = 22) ac & Rc ac(Rc) 525.03 km0.19 1.81 0.60 - 1.00 

  hc,mean & Ppkc Ppkc(hc,mean) 1.55 m0.14 0.14 0.73 - 0.90 

aStrongly outlier-driven 
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Appendix C: Figures 1030 

 

Figure C1. Single linkage cluster dendrogram of the catchment dataset. Outliers are highlighted in red colour. 
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Figure C2. Cluster number determination for the catchment dataset based on the Caliński and Harabasz criterion (Caliński and 1035 
Harabasz, 1974). 

 

 

Figure C3. Ward linkage cluster dendrogram of the catchment dataset, split 1. 

 1040 
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Figure C4. Ward linkage cluster dendrogram of the catchment dataset, split 2. 
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Figure C5. Single linkage cluster dendrogram of the fan dataset. Outliers are highlighted in red color. 1045 

 

 

Figure C6. Cluster number determination for the fan dataset based on the Caliński and Harabasz criterion (Caliński and Harabasz, 

1974). 
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Figure C7. Ward linkage cluster dendrogram of the fan dataset, split 1. 
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Figure C8. Ward linkage cluster dendrogram of the fan dataset, split 2. 1055 
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Figure C9. Boxplots showing the median, 25 and 75% quartiles, 1.5× interquartile range and outliers (indicated by crosses) for the 

catchment variables, grouped by fan variable clustering. Z-transformed data as used for the clustering is shown to account for the 

different scales of the individual variables. 1060 

 

 

Figure C10. Relationship between fan area af and the area between the minimum and maximum (90th percentile) swath profile line. 

The area represents the integral of the positive part of the elevation difference (calculated in Matlab ver. R2024a using the trapz 

function on densely gridded, interpolated data points). A similar linear relationship is obtained for the fan dataset (n = 52, r = 0.91). 1065 
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Figure C11. Comparison of modern (1981-2010) versus LGM model precipitation data (Brun et al., 2022b, a; Karger et al., 2017; 

Karger et al., 2023, 2020). Ratios calculated from the datasets indicate drier modern conditions close to the present-day coastline, 

while more humid present-day conditions are predominantly located in elevated and hinterland areas. The coast-parallel 1070 
precipitation gradient appears in both model datasets. The bundle of 21 ka 100 mm isohyet contours was thinned out by removing 

isolated and closed contours related to topographical noise. 
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