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Abstract 

Marginal snow environments are characterised by air temperatures close to 0 °C throughout 

winter and a highly variable snowpack. These areas frequently make important contributions to 

regional water supplies and ecosystems, and will become more widespread with continued 

global warming, yet are under-represented in the research literature. The Australian Alps, at the 

headwaters of the Murray-Darling Basin, are a key example of such an environment. 

A comprehensive range of field measurements were made in a small subalpine 

catchment (Pipers Creek—1.4 km
2
, elevation range 1668–1853 m ASL) in order to contribute to 

knowledge of the processes involved in the development of a marginal seasonal snowpack and 

its conversion to runoff. The high temporal variability, the relatively short season length and the 

importance of individual meteorological events were defining characteristics of this snowpack, 

and were expressed in multiple aspects of the observed dynamics and snowmelt behaviour. 

Snow surveys of the catchment revealed that ablation processes had a significant role 

throughout the snow season, leading to the characterisation of snowpack accumulation as an 

unstable dynamical state. It was shown that there are specific adverse implications for the 

representativeness of snowpack (snow depth and snow water equivalent) point measurements 

(e.g. those from the long-term snow course site at Spencers Creek) and for their use in 

forecasting seasonal snowmelt. 

Snowpack energy fluxes were measured over a season using the eddy covariance and 

bulk aerodynamic methods and incoming longwave radiation was observed to be the dominant 

energy source. The advected rain heat flux and the ground heat flux made small contributions to 

the total, despite the frequent occurrence of rain-on-snow and the warm ground temperatures. It 

is suggested that the variability of the energy fluxes and the rapid changes to the state of the 

snowpack potentially impede the use of temperature-index snowmelt models in this setting. 

Over a 12-year period, the spring snowmelt season was a consistent contributor to 

annual catchment inflows, and interannual variability was more a function of inflows received 

during the other seasons. While the snowpack was a significant factor in runoff processes, 

inflows were principally determined by total annual precipitation rather than phase (rain or 

snow). The existing marginality and variability in the snowpack leads to the conclusion that 

future water availability will be affected much more by synoptic variability and changes to 

precipitation amounts—including the impact of individual events—than by a shift towards 

proportionally less snowfall. 

This work extends the knowledge of warm snowpack behaviour and shows that the 

management of water resources in these marginal regions requires different approaches to those 

used in colder climates. 
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1.1 Foreword 

Mountainous areas across the globe make an important contribution to water resources. While 

population and water use tend to be concentrated at the lower elevations (Viviroli et al., 2007), 

mountains frequently receive higher precipitation than the surrounding lowlands and thus hold 

great importance to society as a whole. 

Snowfall and a seasonal snowpack are common features of mountain environments. The 

storage and later release of precipitation that fell as snow adds complexity to understanding the 

behaviour of the hydrometeorology of these regions. Methods to quantify the water stored in the 

snowpack need to account for spatial and temporal differences, and accurate measurements may 

be difficult due to the remoteness and harsh climate of alpine areas. Further challenges are 

present in understanding the processes that act on the snowpack and control its conversion to 

runoff.  

The seasonal snowpack provides a number of important and beneficial local and global 

functions. Acting as a natural reservoir, its presence can improve the alignment between water 

availability and demand, reducing the requirement for managed reservoir capacity (Madani & 

Lund, 2010). Aside from its direct contribution as a source of water, snow also has a vital effect 

on the regulation of the global climate through its surface albedo, as well as being a significant 

factor in winter tourism and recreation (Sturm et al., 2017).  

Mountains (and other snow-affected regions) are highly vulnerable to natural climate 

variability and anthropogenic climate change (Beniston, 2003; Nogués-Bravo et al., 2007; 

Barry, 2008; Stewart, 2009). There is thus a need for research into these environments and their 

water resources, even that which is academic in nature, to provide “practice-relevant science” 

(Viviroli et al., 2011, p. 495) to stakeholders. 

Importantly, the snow-affected regions of the world do not represent a homogeneous 

landscape group. Significant regional differences in snowpack properties and behaviour arise 

from variations in the dominant environmental processes and their interactions. There are 

considerable gaps in knowledge of the snowpack in locations in which fewer studies have been 

undertaken. This thesis will investigate the processes affecting the snowpack in the Australian 

Alps and examine the implications for marginal snow regions more generally. 

1.2 Research context 

The properties of a snowpack are a function of the meteorological conditions experienced 

before, during, and after deposition. Significant variability in properties such as bulk density, 

stratigraphy and texture, is observed between (and often within) the different snow regions of 

the world, and differences may also be seen in dynamical characteristics such as typical season 

length and interannual variability. Sturm et al. (1995) developed a classification system to 
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describe the differences between seasonal snowpacks based on their physical properties, and 

arrived at six main classes: tundra, taiga, alpine, prairie, maritime and ephemeral. They noted 

that the names were intended to be suggestive of the properties of the snowpack, rather than 

referring to a particular geographic location or vegetation type. Sanecki et al. (2006) observed 

that the warm Australian snowpack lay nearest to the maritime class, though bulk density, air 

temperature, ground/snow interface temperature and the vertical snowpack temperature gradient 

were typically outside of the ranges defined by Sturm et al. (1995). In addition, moderate parts 

of the snow cover, particularly at the lower to mid elevations but also on the northerly aspects, 

could be described as ephemeral. They, together with Bormann et al. (2013), suggested that a 

unique “Australian” class was justified. In this thesis, the term “marginal snow environment” is 

used in place of, yet is largely analogous to, such a class. It describes a setting in which the 

snowpack has an important influence on the surface energetics, hydrology and ecology, yet is 

also highly variable and vulnerable to change. In practice, such environments are likely to 

include notable fractions of snow in the ephemeral class, although the presence of more 

persistent snow in some areas means that the snowpack has a more significant influence than in 

strictly ephemeral zones. This marginal designation applies to the Australian snowpack, but is 

also likely to be relevant to a much greater area globally, either at the present time (Fayad et al., 

2017; López-Moreno et al., 2017) or with further warming in existing maritime zones.  

1.2.1 Snowpack variability and measurements 

Early research on quantifying the water stored in snow-covered catchments and forecasting the 

resulting runoff was based on manual measurements of snow depth and snow water equivalent 

(SWE). Sampling methods similar to those still used today were developed in the United States 

of America (USA) in the first decade of the twentieth century by James Church on Mt Rose, 

Nevada. In essence, a tube of a known diameter is pushed vertically into the snowpack and 

removed, with the snow sample retained in the tube. The mass of the sampler plus the snow core 

is measured in the field using a scale; subtracting the tare mass and considering the cross 

sectional area of the sampler provides the value of SWE. Snow depth is read off graduations on 

the side of the sampler, allowing for the derivation of bulk density. Following the success of 

these early efforts, a number of relatively minor modifications were made to the design of the 

original Mt Rose sampler to produce the Federal sampler (Work et al., 1967), and the number of 

snow courses in the western USA increased rapidly in the 1930s (Helms et al., 2008). 

Modern instruments for the automated measurement of snow depth at a point frequently 

use sonic or laser methods. SWE can be measured using snow pillows, load cells, or active or 

passive radiation methods (Kinar & Pomeroy, 2015; Smith et al., 2017). Automated Snowpack 

Telemetry (SNOTEL) stations began to supplement or replace some of the snow courses in the 

USA in the 1960s (Serreze et al., 1999), and these sites now number more than 800 in the 
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western USA and Alaska. Manual and automated snowpack point measurements are also made 

throughout the other snow-affected regions of the world, including in Canada (Goodison et al., 

1987; Barry, 1995), the countries of Eurasia (Brown, 2000; Lundberg et al., 2010; Morin et al., 

2012; Pirazzini et al., 2018), Australia (Bormann et al., 2014) and New Zealand (Hendrikx and 

Harper, 2013). 

Snow depth and SWE can be highly spatially variable. In their comprehensive review 

paper, Clark et al. (2011) listed drifting, the effect of vegetation, and variations in melt energy 

with elevation and solar exposure as some of the dominant sources of this variability. It is noted 

however that the effect of these factors may vary for different locations. For example, the shade 

provided by vegetation had the effect of sustaining snow depth in a study by Veatch et al. 

(2009) in New Mexico, while Lundquist et al. (2013) showed that enhanced longwave radiation 

beneath the canopy accelerated melt in milder settings. 

Research in the last decade or two has examined the degree to which point 

measurements of the snowpack are indicative of conditions at the local or catchment scale. 

Molotch & Bales (2005) found that measurements at SNOTEL sites are generally not 

representative of the mean SWE over the surrounding area, and that the locations within the 

catchment that are most suitable for measuring SWE during the accumulation season are 

different to those that are best during ablation. Similarly, Grünewald & Lehning (2015) 

observed that flat-field measurements were frequently an overestimate of mean snow depth, 

concluding that “typical index sites appear unable to reliably represent the snow depth of their 

surrounding at scales ranging from metres to the catchment scale” (p. 1726). Meromy et al. 

(2013) did not detect the same biases, but still found significant discrepancies between point 

measurements and areal averages. Dressler, Fassnacht, and Bales (2006) found snow courses to 

be more representative than individual SNOTEL measurements in Colorado but they were not 

able to determine whether that made them more suitable for runoff forecasting. 

Many of the spatial representativeness issues may be investigated and/or addressed 

using remote sensing methods, though scale is a perennial issue in snow hydrology (Blöschl, 

1999; Clark et al., 2011) and methods must be appraised with respect to the scales and processes 

of most interest in each particular case (Dong, 2018). A number of studies have investigated the 

use of GPS receivers and interferometric reflectometry to determine mean snow depth over 

areas of 100–1000 m
2
 (e.g. Larson et al., 2009; Gutmann et al., 2012; McCreight et al., 2014). 

Ground-penetrating radar has been used to measure both snow depth and SWE, although 

accurate determination of the latter is limited to environments with little to no liquid water 

(Lundberg et al., 2010; Webb, 2017; Griessinger et al., 2018). Laser scanning has been used to 

measure spatial variability in snow depth with considerable success, both from fixed terrestrial 

stations (Schirmer et al., 2011; Revuelto et al., 2014; López-Moreno et al., 2015) and from 

airborne platforms (Grünewald & Lehning, 2011; Deems et al., 2013; Painter et al., 2016). 
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Likewise, airborne structure-from-motion photogrammetry offers many opportunities (Nolan et 

al., 2015; Bühler et al., 2016; Redpath et al., 2018). However, most of these techniques have 

relatively short records and/or cover spatially-limited regions. Satellite methods for snow cover 

detection have been in operation for many decades (Martinec & Rango, 1987; Maurer et al., 

2003; Brown & Robinson, 2011) and give global coverage. While the remote measurement of 

SWE is more difficult, a number of radiometric methods have been implemented (e.g. Carroll et 

al., 1999; Dong et al., 2005). A frequent approach more recently has been to assimilate remotely 

sensed values of snow depth and/or snow-covered area with modelled values of density, often 

validated using in situ measurements (Dressler, Leavesley, et al., 2006; Bormann et al., 2013; 

Dozier et al., 2016; Painter et al., 2016). Thus while remote sensing offers many avenues for 

advancing our understanding of snowpack processes, point measurements still have an 

important role to play with regards to their validation and integration with longer term datasets. 

1.2.2 The snowpack energy balance and snowmelt modelling 

A large number of models exist for the representation of snowpack processes and the 

forecasting of snowmelt (Etchevers et al., 2004). A common method of classifying snowmelt 

models is the separation between physically based energy balance models and simpler 

temperature‐index models (TIMs), although a number of hybrids exist in the space between the 

two. A further distinction may be made based on whether processes are modelled in a spatially 

distributed manner, or coefficients are calibrated to account for spatial variability that is not 

explicitly represented. 

Energy balance snowmelt models consider the various fluxes of energy between the 

snowpack and the surrounding environment. The energy budget of a snowpack may be 

expressed as (DeWalle and Rango, 2008): 

𝑄𝑖 = 𝑄𝑛𝑠 + 𝑄𝑛𝑙 +𝑄ℎ + 𝑄𝑒 + 𝑄𝑟 +𝑄𝑔 + 𝑄𝑚 

where Qi is the change in the internal heat storage, Qns is the net shortwave radiative flux, Qnl is 

the net longwave radiative flux, Qh is the sensible heat flux, Qe is the latent heat flux, Qr is the 

heat flux from rainfall, Qg is the ground heat flux, and Qm is the loss of latent heat of fusion as 

meltwater leaves the snowpack. In this thesis, positive energy fluxes are those directed towards 

the snowpack while those away from the snowpack are negative. 

The shortwave and longwave radiative fluxes may be measured directly (Harrison, 

2015), as may the ground heat flux. The rainfall heat flux is calculated from measurements of 

precipitation rate and estimates of the hydrometeor temperature. A key challenge lies in 

determining the turbulent fluxes Qh and Qe, particularly given the harsh conditions common in 

mountainous regions and the difficulties associated with continuous measurements in remote 

areas. Direct measurements are made using the eddy covariance method (Baldocchi et al., 
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1988), though work continues on the application of this technique in highly complex terrain 

(e.g. Reba et al., 2009; Stiperski & Rotach, 2015; Wohlfahrt et al., 2016). Alternatives include 

the bulk aerodynamic, aerodynamic profile, and Bowen ratio-energy balance methods 

(Sexstone, Clow, et al., 2016), yet difficulties may arise in the stable atmospheric conditions 

that are frequently present above snow cover (Schlögl et al., 2017). An important consideration 

for all methods when seeking to close the energy balance is the footprint of each flux and 

whether these are matched (Turnipseed et al., 2002). 

Energy balance models use the residuals of the energy fluxes to determine changes to 

the internal energy of the snowpack and thus whether any melt results. They generally have 

somewhat greater data requirements than TIMs although since it is rare for all of these terms to 

be measured, models may parameterise them in different ways. Because external factors such as 

land use change or climate change may affect the individual energy fluxes in different ways, 

evaluation of the energy balance is a valuable exercise in snow hydrology. 

Temperature-index models assume that total snowmelt on a given day is directly related 

to air temperature, and have the general form (DeWalle and Rango, 2008): 

𝑀 = { 
𝐷𝐷𝐹(𝑇𝑎 − 𝑇𝑏) 𝑇𝑎 > 𝑇𝑏

0 𝑇𝑎 < 𝑇𝑏
 

where M is snowmelt (cm d‐
1
), DDF is the degree‐day factor (cm d‐

1
 °C‐1), Ta is the mean daily 

air temperature (°C), and Tb is a base temperature (°C) above which snowmelt occurs. The use 

of TIMs is widespread due to their simplicity and the high availability of temperature 

observations and forecasts (Hock, 2003). This has allowed them to be implemented in marginal 

snow regions and other locations where the energy balance has not been studied and/or there are 

few operational snowpack measurements (e.g. Schreider et al., 1997; Dunn & Colohan, 1999; 

Bormann et al., 2014). While conceptually relatively simple, they can perform reasonably well 

in many instances because of the strong relationship between air temperature and two important 

sources of energy for melt: incoming longwave radiation and sensible heat (Ohmura, 2001). 

This is particularly the case when integrating over longer periods of time; there can be 

significant error in the modelling of daily snowmelt because of the smoothing effect of the 

calibrated degree-day factor (DeWalle and Rango, 2008; Kumar et al., 2013). 

The utility of TIMs has been extended by implementing a variety of modifications to 

the basic model structure in order to include some representation of important processes. 

Cazorzi and Fontana (1996) incorporated an index, updated monthly, to account for spatial 

variations in the energy from potential solar radiation. Hock (1999), recognising the importance 

of diurnal variations in snowmelt, used an hourly time-step with a gridded potential solar 

radiation index based on solar geometry and the local topography. Williams and Tarboton 

(1999) calculated snowmelt across a catchment as the sum of a spatially uniform component 
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and terms dependent on elevation and solar exposure. Tobin et al. (2013) included sub‐daily 

snowmelt variability by expressing the degree‐day factor for each sub‐catchment as a quasi‐

sinusoidal function of daily minimum and maximum temperatures. Alternatively, Walter et al. 

(2005) showed that energy balance models could be run with temperature-based estimates rather 

than measurements of the relevant energy fluxes, with the resulting performance equal to or 

greater than that of TIMs. Ultimately, the suitability of these approaches needs to be guided by 

an understanding of the processes that govern snowpack accumulation, ablation, and its 

conversion to runoff. 

1.2.3 The snowpack and water resources 

While the vertical distance over which falling snowflakes melt is generally relatively modest at 

a given point in time, the location of the rain-snow transition zone varies during storms and over 

the course of the snow season. This means that the total elevation range in a catchment that is 

subject to both snowfall and rainfall may be much greater (Marks et al., 2013). In colder 

climates, air temperatures may be cold enough for snow to fall throughout winter or the 

transition zone may be located in the foothills, well below the elevation of the main snowpack. 

In contrast, temperatures in marginal snow environments are frequently close to the melting 

point throughout winter, and rain-on-snow may be a common occurrence at any time during the 

snow season (Figure 1.1). Since the hydrological response of a catchment to rainfall can be very 

different to that during snowfall, the rain-snow transition zone is an important region of interest 

(Kormos et al., 2014) and signifies one of the fundamental challenges in understanding and 

accurately modelling marginal snowpack behaviour. Small changes to environmental conditions 

or modest errors in the data used to run a model may significantly affect the result. 

Snow-covered regions support the water resources of areas well downstream. In order 

to fully understand the nature of water availability, there may be a need to consider the 

relationship between runoff sourced from snowmelt and that originating in the warmer months 

or in parts of the catchment not affected by snow, since it is not just the total volume of water in 

a system that is important, but also its seasonal and annual variability, and the timing of 

streamflow relative to variations in water demand (Immerzeel et al., 2010; Madani et al., 2014). 

Attention has increasingly been given to the effect of climate change on seasonal 

snowpacks and the water that they supply. Higher temperatures result in proportionally less 

precipitation falling as snow, leading to decreased peak snow depths, and also encourage earlier 

melt (Rauscher et al., 2008; Morán-Tejeda et al., 2014; Dudley et al., 2017). There is evidence 

that this may also result in reduced streamflow (Berghuijs et al., 2014; Zhang et al., 2015).  

Musselman et al. (2017) observed that since high melt rates were associated with higher runoff 

coefficients, warmer temperatures and earlier snowmelt could result in more gradual and less 

efficient runoff, with reduced water availability overall. Stewart (2009) noted that the 
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consequences of a given degree of warming will vary between the different regions of the 

world. Those that currently experience temperatures close to 0 °C during winter are particularly 

vulnerable with only minor warming needed to produce tangible differences (Adam et al., 2009; 

Sproles et al., 2013). There are, however, many factors that control the overall response of the 

snowpack and this, in turn, will have varying implications for different aspects of the 

environment.   

 

Figure 1.1: Increased streamflow in Pipers Creek (Australian Alps) following rain-on-snow, 12 

September 2017 

1.3 Study region 

1.3.1 Background 

The Australian Alps extend from the Australian Capital Territory south through the states of 

New South Wales and Victoria. They include the highest point on the Australian continent—Mt 

Kosciuszko, 2228 m above sea level (a.s.l.)—and are subject to a seasonal snowpack during the 

winter months, with snow-covered area peaking during July or August (Thompson, 2016). 

The Snowy Mountains Hydro-electric Scheme (the “Scheme”) is a complex utility that 

collects, diverts and stores water from a catchment area of 5100 km
2
, utilising it for the 

generation of electricity before releasing it into the Murray-Darling Basin (MDB) via the River 

Murray and the Murrumbidgee River (Snowy Hydro Ltd, 2019a). Additional environmental 
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releases are made into the Snowy and Murrumbidgee Rivers. The Scheme has a total storage 

capacity of approximately 7000 GL in 16 major reservoirs (Snowy Hydro Ltd, 2003), 

substantially greater than the long term average annual inflows of around 2800 GL (Snowy 

Hydro Ltd, 2019b), and generates approximately 30% of all renewable energy in the Australian 

National Energy Market. 

Downstream of the Scheme, the MDB is home to more than 2.6 million people and 

encompasses approximately one million square kilometres (14% of the Australian landmass). 

Agricultural production within the Basin is worth A$24 billion annually (Murray-Darling Basin 

Authority, 2019). 

Due to the design of the Scheme, including the diversion and storage constraints on 

individual tunnels and reservoirs as well as the large generation capacity relative to total 

storage, its efficient operation depends on having the ability to forecast inflows over a range of 

timescales. Given the environmental, economic and social importance of the MDB and the 

significant challenges associated with ensuring water security (Connell & Grafton, 2011; 

Leblanc et al., 2012), the continuing optimisation of water resource management there has the 

potential to benefit a wide range of stakeholders. An understanding of the processes involved in 

the development and ablation of the snowpack in the Australian Alps therefore has immense 

value. 

1.3.2 Past research in the Australian Alps 

The Commonwealth Scientific and Industrial Research Organisation (CSIRO) conducted a 

number of catchment hydrology studies in the Australian Alps in the 1950s and 1960s. In non‐

freezing conditions, Costin and Wimbush (1961) recorded higher precipitation at the surface 

under snowgums (Eucalyptus pauciflora) than in the open, as a result of the interception of 

wind‐blown rain. They did not examine patterns of snowfall due to sampling difficulties, 

although during freezing conditions they estimated that up to 5‐10 % of the cloud water passing 

through the trees was deposited as rime and ice, further enhancing the small scale variations in 

effective precipitation in vegetated areas. Costin et al. (1961) observed accumulations of snow 

on the ground to be deepest in the small clearings, with less accumulating under the vegetation 

canopy and the lowest snow depths occurring in open areas. However, average melt rates were 

highest in areas exposed to the sun and wind and lowest beneath the trees, and they concluded 

that spatial differences in the persistence of snow were determined more by the peak 

accumulated snow depth than by variability in melt rates. They also suggested that seasonal 

evaporation from the snowpack may be largely offset by condensation of moisture from the 

atmosphere, although this was based on measurements over a very short period and comparison 

to previous studies in the USA. 
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A comprehensive review of meteorological and snow cover data from the Australian 

Alps region by Ruddell et al. (1990) established the high level of variability present in this 

environment. Budin (1985) examined the relationships between annual maximum snow depths 

in southeastern Australia and synoptic patterns, finding that higher snow depth years resulted 

when the subtropical ridge was positioned further to the north than average, producing stronger 

and more frequent westerly winds. Pepler et al. (2015) related snow depth observations to 

climate drivers and showed that, while the El Niño-Southern Oscillation, Indian Ocean Dipole 

and Southern Annular Mode all influenced properties of the snow season, these dependencies 

were nonlinear and highly variable. 

There is much evidence for recent declines in the Australian snowpack. Nicholls (2005) 

reported a reduction in the maximum winter snow depth, and a more significant decrease in 

spring snow depth, at Spencers Creek between 1962 and 2002, while Bormann et al. (2012) 

developed a daily snow cover dataset for the Australian Alps using Moderate resolution 

Imaging Spectroradiometer (MODIS) data and showed a decline in maximum snow cover 

extent between 2000 and 2010. Similarly, Thompson (2016) used MODIS to identify a 

reduction in snow-covered area between 2000 and 2014, linked most closely to an increase in 

the mean monthly minimum air temperatures. McGowan et al. (2018) used a paleo-temperature 

record to model the annual number of days with snow depths greater than 50 cm at Deep Creek, 

and found that the current snow cover is likely to be the lowest for the past 2000 years. Negative 

trends in cool season precipitation were described by Chubb et al. (2011) and Theobald et al. 

(2016), with more of this precipitation increasingly sourced from the lower latitudes rather than 

the Southern Ocean (Theobald et al., 2016). Davis (2013) suggested that reductions in snow 

depth in the first decade of the twenty-first century were due more to positive temperature 

anomalies than reduced precipitation, and Fiddes et al. (2015) showed that the impact of higher 

temperatures was greatest on the lighter snowfall events.  

Whetton et al. (1996) simulated changes to snow cover duration in the future at a 

number of sites in New South Wales and Victoria under a range of climate change scenarios, 

and found these to be very sensitive to changes in temperature but less so to changes in 

precipitation. Simulations of the effects of climate change on snow cover were updated and 

expanded upon by Hennessy et al. (2008), Hendrikx et al. (2013) and Di Luca et al. (2018), 

similarly indicating likely reductions in snow-covered area and maximum snow depth. With 

respect to the hydrological impact of these changes, it has been stated that catchment yield 

increases with elevation (Reinfelds et al., 2014), yet little is known about the energetics of 

snowmelt in this marginal snow environment, how this relates to runoff, and how either of these 

are likely to change. Bormann et al. (2014) suggested that the relatively poor performance of 

TIMs may be the result of high variability in the individual energy balance terms contributing to 

melt, and this is worthy of further investigation. 
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Accurate snowmelt modelling requires representative, high quality precipitation data 

(Bormann et al., 2014). Chubb et al. (2015) identified that wind-induced losses can be a 

significant source of error in precipitation measurements in the Australian Alps, consistent with 

observations from other countries (e.g. Rasmussen et al., 2012; Wolff et al., 2013; Yang, 2014), 

and Chubb et al. (2016) demonstrated that large systematic biases were present over the higher 

elevations in a key gridded precipitation data product (Jones et al., 2009). It is therefore 

essential that studies of the Australian snowpack recognise and address this dominant source of 

error. 

The snow depth measurements used in many of the cited Australian snow studies were 

made principally for operational purposes by Snowy Hydro Ltd, operator of the Scheme. The 

three index snow courses—Spencers Creek (1830 m a.s.l.), Deep Creek (1620 m a.s.l.) and 

Three Mile Dam (1460 m a.s.l.)—have been surveyed approximately weekly throughout each 

snow season since the 1950s. Due to its higher elevation and proximity to several ski resorts, 

Spencers Creek has featured most prominently in research and public discussion. A current 

source of uncertainty, and one that has not received attention in the literature so far, is the 

degree to which it is valid to use snow course measurements as all-inclusive proxies of snow 

conditions in marginal snow environments. While these records are each based on the mean of 

between four and ten measurements, their support and extent (Blöschl, 1999) is limited relative 

to the catchment scale. When past research has looked at trends in snow cover or snow depth at 

individual sites, these measurements have been assumed to be somewhat representative of the 

surrounding area, though the earlier discussion shows that this has often not been the case 

overseas. In addition, even if the sites are representative, such trends often represent only one 

perspective on highly complex changes. There are thus still significant knowledge gaps 

regarding the physical processes involved and the consequences for catchment hydrology. 

The usual requirements for the operational use of snow course data are slightly 

different: the prediction of spring runoff based on the season maximum SWE does not explicitly 

depend on the measurements being spatially representative, but instead on there being a 

correlation with the amount of water stored in the snowpack (Marr, 1940). The Scheme was 

constructed in 1949–74 and the procedures and the relationships that were developed can trace 

their origins to the practices in use in the western USA at the time (Section 1.2.1). Given the 

advances in snow hydrology since then, the different characteristics of the Australian snowpack 

and, in particular, the recognition that the cryosphere is changing rapidly in a warming climate, 

it is appropriate to consider the scientific basis for how these factors ought to inform our use of 

snowpack measurements. 
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1.3.3 The Pipers Creek research catchment 

A research catchment was established within the Australian Alps in early 2015, to provide a 

suitable setting for targeted field campaigns to investigate the properties of this marginal 

snowpack and the processes affecting it. These measurements would provide the basis for 

comparing this environment to those studied in other countries, and testing the assumptions 

behind the datasets and models used in Australia in the past. 

The Pipers Creek catchment (Figure 1.2), within Kosciuszko National Park in the state 

of New South Wales, was selected based on numerous criteria. While process variability is to be 

expected across the snow-affected region, the elevation range of the catchment (1,668–1,853 m 

a.s.l.) includes a key part of the Australian subalpine zone, between the more ephemeral 

snowpack at the lower elevations and the more persistent but spatially-limited alpine zone. It 

has existing streamflow measurements, and is in the vicinity of a precipitation gauge with a high 

quality record and the Spencers Creek snow course. The catchment includes a variety of aspects 

and vegetation types, yet is accessible and small enough (1.4 km
2
) to be sampled relatively 

intensively, ensuring the dominant processes are represented. 

 

Figure 1.2: Aerial photo of the upper Pipers Creek catchment, viewed from the north (photo: Nik 

Callow) 

 

1.4 Research objectives 

The preceding sections set the context for the research, which has both global and local/regional 

significance. It is hypothesised that a marginal snowpack has distinctive properties and 
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behaviour when compared to colder and more persistent snow, and that these differences affect 

the ability to apply research and management practices from colder regions in such an 

environment. The individual objectives of this research are as follows. 

1. Investigate the spatial and temporal variability in snow depth and snow water 

equivalent in the Australian snowpack, examine how these properties are influenced by its 

marginal nature, and determine the implications for marginal snowpacks globally. 

Identifying the factors that affect the accumulation and ablation of the snowpack and vary in 

space and time will enhance knowledge of the dominant physical snowpack processes in the 

Australian Alps and how these differ from colder snow environments. Of interest are both the 

distribution and dynamics of the snowpack—that is, its spatial variability at a given point in 

time, as well as the variations in snowpack behaviour in different parts of the catchment over 

the course of a season. Australian alpine research and water resource management make 

extensive use of point measurements of snow depth and snow water equivalent. There is thus a 

need to examine the representativeness of these measurements and, in particular, determine how 

the assumptions behind their use are impacted by the unique characteristics of marginal 

snowpacks. 

2. Investigate the individual components of the snowpack energy balance and their 

variability, to identify the drivers of snowmelt in the Australian Alps. 

No prior measurements of the energy balance of the Australian snowpack exist. Obtaining these 

data and determining the relative significance of the various terms are essential precursors to 

understanding the physical basis for snowmelt there and improving its representation in 

hydrological models. 

3. Investigate the contribution made by snowmelt to total inflows in a marginal snow 

environment. 

The Australian Alps are known to be a significant contributor of inflows to the Murray-Darling 

Basin and a primary motivation for this research as a whole is the potential for enhancing the 

management of water resources. Previous studies have indicated that the snowpack is highly 

vulnerable to a warming climate, yet there is currently a disconnect between this and the likely 

impacts on streamflow. Given the preceding characterisation of a marginal snowpack, the aim 

here is to evaluate the role that this snowpack plays in seasonal and annual inflows and their 

variability.   

1.5 Structure of the thesis 

This thesis is presented as a series of three research papers, in accordance with the Doctor of 

Philosophy Rules at the University of Western Australia. Chapter 1 is an introduction to the 
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thesis. Chapters 2 and 3 are manuscripts that have been published and Chapter 4 is a manuscript 

that has been submitted for publication. These three chapters are presented in an order 

appropriate to a conceptual understanding of the development of a snowpack and its subsequent 

conversion to runoff, rather than in the order in which they were published. Chapter 5 contains a 

general discussion of the findings from the individual papers and how, taken together, these 

advance the state of knowledge on marginal snowpack behaviour.  
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2 
Spatial controls on the distribution and dynamics of a 

marginal snowpack in the Australian Alps 

This chapter has been published, and is presented as it was formatted for publication. 

Bilish, S. P., Callow, J. N., McGrath, G. S., & McGowan, H. A. (2019). Spatial controls on the 

distribution and dynamics of a marginal snowpack in the Australian Alps. Hydrological 

Processes, 33, 1739-1755. https://doi.org/10.1002/hyp.13435 
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2.1 Introduction 

Knowledge about the quantity and distribution of water stored in a seasonal snowpack is 

essential to understanding the hydrology and managing the water resources of snow‐

dominated catchments (Yang & Woo, 1999). Snow depth and snow water equivalent 

(SWE) are known to exhibit high variability over a range of spatial scales (Blöschl, 1999; 

Clark et al., 2011; López‐Moreno et al., 2015). In turn, the distribution of SWE can exert a 

strong influence on runoff throughout the year both as a source of water during snowmelt 

and due to its persistent effect on soil moisture (Williams et al., 2009). Because the 

variability of snowmelt may differ from that of SWE (Webb, 2017), an examination of 

snowpack dynamics – that is, changes in SWE through time, and how these vary spatially – 

may also be required to fully understand catchment behaviour. 

Although spatially distributed measurements of snow depth using methods such as 

airborne light detection and ranging (LiDAR; Deems et al., 2013; Painter et al., 2016) and 

structure‐from-motion photogrammetry (Bühler et al., 2016; Nolan et al., 2015; Redpath et al., 

2018) are becoming more common and can be used to estimate areal SWE (Griessinger et al., 

2018; Painter et al., 2016), these are typically not long-term datasets. Established snow courses 

and point measurement sites therefore remain the basis for investigating the impacts of climate 

variability and change in many alpine landscapes. Snow courses, in particular, have historically 

been located to ensure a good correlation between the seasonal maximum SWE and total runoff 

from snowmelt during the ablation period (Marr, 1940), rather than necessarily being 

representative of snow conditions over the surrounding catchment. Indeed, there are 

considerable limitations on the ability of point measurements to fully represent the snowpack in 

the surrounding area (Grünewald & Lehning, 2015; Molotch & Bales, 2005). Understanding the 

spatial factors that control the distribution and dynamics of the snowpack is therefore essential 

in order to quantify the uncertainty in model outputs. 

Marginal snowpacks are characterised by high bulk densities and low vertical 

temperature gradients (Sanecki et al., 2006). Bilish et al. (2018) described the warm Australian 

snowpack as event‐driven (p. 3848), with large proportional changes able to take place over 

short periods of time. Knowledge of marginal snowpacks is particularly important in a warming 

climate, as regions with wintertime temperatures close to 0 °C are highly vulnerable to change 

(Adam et al., 2009; Nolin & Daly, 2006), with such conditions extending to snowpacks in 

locations not previously considered marginal as global warming continues (Petersky & Harpold, 

2018). 

Clark et al. (2011) reviewed the literature on the processes responsible for the spatial 

variability of SWE. They found drifting around topographic features to dominate when 
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vegetation cover and elevation range were limited. Vegetation had an important role when its 

height exceeded typical snowpack depth. Wind patterns exert an important influence on the 

contribution of terrain and vegetation to the distribution of the snowpack, and Mott et al. (2011) 

observed similarities in the scaling properties of modelled local wind fields and snow depth. 

Hiemstra et al. (2002) stated that wind direction must be taken into account to determine the 

effect of drifting on the snowpack, as point values of simple topographic and vegetation 

characteristics are unable to sufficiently describe observed variability. 

Snow drifts in the lee of topographic features are a result of the preferential deposition 

of precipitation and the redistribution of the snowpack by the wind (Clark et al., 2011). Winstral 

et al. (2002) developed an upwind slope parameter to account for the sheltering effect of upwind 

terrain on snow accumulation. This has since been widely used to model snowpack variability in 

a range of environments including the U.S. Sierra Nevada (Molotch et al., 2005), the Northwest 

Territories of Canada (Winstral et al., 2009), and the Swiss Alps (Schirmer et al., 2011). 

Where vegetation is present, interactions with snow on the ground are significant but 

complex (Varhola et al., 2010). The accumulation phase is affected through changes to the 

interception of falling and blowing snow, and the modification of the snowpack energy balance 

by vegetation influences ablation. Essery and Pomeroy (2004) showed that the overall 

deposition of snow is enhanced in the presence of low vegetation. Relative accumulations are 

frequently lower under the canopy than in the adjacent clearings (Musselman et al., 2008), 

although under moderate canopy densities, high amounts of shade but limited interception may 

result in snow depths greater than in either open areas or more dense forest (Veatch et al., 2009). 

In warmer locations, Lundquist et al. (2013) found the enhanced longwave radiation beneath the 

canopy to be greater than the shaded shortwave component, and the net effect was enhanced 

melt and a reduction in snow duration. 

In complex terrain, solar radiation is a spatially variable control on snowmelt 

(Hock, 1999) and the distribution of the snowpack (Anderson et al., 2014). Potential solar 

radiation can be modelled using geographic data and provides much of the same 

information as distributed measurements of actual solar radiation (Hock, 1999). 

Landscape properties derived from a digital elevation model (DEM), such as 

elevation, aspect, and slope, often relate to snowpack processes and, as these data are 

widely available, can also be used to investigate and model snowpack variability (e.g., 

Erxleben et al., 2002; Fassnacht & Derry, 2010; Varhola et al., 2010). However, care must 

be taken in the interpretation of results, as the physical basis of these relationships may 

sometimes be ambiguous (Anderson et al., 2014). For example, observations of increased 

SWE in the snowpack at higher elevations may be the result of greater precipitation due to 

orographic effects, a higher proportion of that precipitation falling as snow at ground level 
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and/or reduced snowmelt rates. López‐Moreno, Revuelto, et al. (2017) reported that 

interactions between variables can also affect how these dependencies are interpreted. 

Various methods have been used in previous studies to represent the spatial distribution 

of the snowpack and investigate the dominant contributing factors. Although conceptually 

relatively simple, multivariate linear models have been used to model snow depth with some 

success (López‐Moreno & Nogués‐Bravo, 2006). Binary regression trees are able to handle the 

sometimes highly nonlinear relationships between snow depth or SWE and geographic variables 

and have been widely used for this purpose (e.g., Balk & Elder, 2000; Elder et al., 1998; 

Erxleben et al., 2002; Molotch et al., 2005; Winstral et al., 2002). Generalised additive models 

(GAMs) are suitable for cases involving nonlinear relationships and interactions between 

predictors and have also been successfully used to study snowpack variability (López‐Moreno 

& Nogués‐Bravo, 2005, 2006). 

It is the principal aim of this paper to address the question “How is the marginal nature 

of a snowpack manifested in its distribution and dynamics?” We apply three different types of 

model to investigate the factors controlling variability in snow depth and SWE across a small 

catchment in the Australian Alps over two snow seasons, and how their influence changes over 

the course of, and between each snow season. Using time series clustering, we extend the 

analysis to variability not just in the instantaneous distribution of the snowpack but also in 

snowpack dynamics. Finally, we relate these findings to the observational record at a nearby 

long‐term index snow course and examine the implications for studies that assume point 

measurements of the snowpack to be representative of a wider area. 

2.2 Data and Methods 

2.2.1 Study location 

The snowpack in the Australian Alps exhibits high temporal variability (Bormann et al., 2014; 

Nicholls, 2005; Pepler et al., 2015) and provides an example of an ecologically and 

economically important, yet warm and highly marginal, snow environment. Positioned at the 

warm end of the maritime category in the classification system of Sturm et al. (1995), it shares 

some physical characteristics with other warm snow regions such as the Mediterranean zones 

described by Fayad et al. (2017) and López‐Moreno, Gascoin, et al. (2017). These include high 

bulk densities and low vertical temperature gradients. Bilish et al. (2018) suggested that the 

Australian snowpack may have some relevance to understanding snowpack behaviour in the 

more marginal of global snow regions when no local long‐term measurements exist. 

The upper Pipers Creek catchment covers 1.4 km
2
 in Kosciuszko National Park, New 

South Wales, Australia (Figure 2.1), and was previously described by Bilish et al. (2018). The 
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subalpine catchment extends from 1668 to 1853 m above sea level (asl), and vegetation is 

predominantly grassland/alpine bog and eucalypt woodland. 

The Spencers Creek snow course is located 7 km west of Pipers Creek at an elevation of 

1830 m asl. It consists of seven measurement points arranged in a cruciform pattern and has 

been surveyed weekly throughout each snow season since 1954. Many of the past studies of the 

Australian snowpack (e.g., Budin, 1985; Davis, 2013; Duus, 1992; Green & Pickering, 2009; 

Nicholls, 2005; Pepler et al., 2015) have used measurements from the Spencers Creek snow 

course as a primary input due to the length and continuity of this record. 

 

Figure 2.1: Location of the upper Pipers Creek catchment: (a) overview map; (b) location with respect to 

the precipitation gauge used in this study and the Spencers Creek snow course; (c) catchment layout with 

the locations of the 16 snow survey sites sampled regularly 

 

The study period comprised the 2015 and 2016 austral snow seasons. Precipitation was 

measured using a wind‐fenced ETI Instrument Systems NOAH II weighing gauge located 1 km 

to the west of the Pipers Creek catchment at an elevation of 1761 m asl. Chubb et al. (2015) 

used the relative performance of collocated fenced and unfenced gauges in the Australian Alps 

to characterise precipitation as snow at dry‐bulb temperatures below 0.4 °C, rain at temperatures 

above 1.8 °C, and mixed‐phase in‐between. Using these breakpoints and assuming a linear 

relationship for the proportion of snow in the mixed‐phase precipitation, we estimate that 60% 
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of the 838 mm between May and October 2015 fell as snow at the elevation of the gauge. In 

contrast, precipitation was somewhat higher (1911 mm) during the same period in 2016, but 

only 44% fell as snow. 

2.2.2 Snow surveys 

Manual surveys of the spatial distribution of snow depth and SWE in the Pipers Creek 

catchment were carried out throughout the 2015 and 2016 snow seasons using a Federal 

sampler. Nine surveys were completed in 2015 and 16 were in 2016, in addition to the visual 

checks at the start and end of each season to confirm that the survey points were clear of snow. 

The network of survey points was designed to provide a broad spatial coverage of the 

catchment, as well as adequately representing the variability in a number of catchment 

properties (Figure 2.2). A regular grid with 250‐m spacing was first applied to a map of the 

catchment. These points were then examined based on aerial imagery and site inspections, and 

unsuitable sampling locations (such as those in the middle of dense vegetation) were moved 

slightly or discarded. The selection of points was further reduced to a number that could be 

feasibly and routinely sampled in a day, giving consideration to obtaining a representative 

sample of the various catchment properties (as defined in Section 2.2.3), as well as those of the 

Spencers Creek snow course. Snow depth and SWE were measured at 10 sites throughout 2015 

and 2016, with just snow depth measured at a further six sites. In each case, three replicate 

measurements were taken within a radius of 2 m at each survey point. 

Intensive snow surveys were also conducted on 8 September 2015 and 6–7 September 

2016, when SWE (snow depth) was sampled at 45 (46) and 134 (143) sites, respectively. The 

regular sampling locations, described above, were a subpopulation of these sampling points. 

In addition, a “virtual” survey was constructed from the 2016 dataset in order to 

quantify the effect of a significant rain‐on‐snow event occurring on 22 July 2016, when 118 mm 

of rain was recorded at the nearby precipitation gauge over 12 hr. Although it was not possible 

to safely conduct an actual survey at this time, the characteristics of this extreme event (in 

particular, the relatively quick transition from rain to snow and the formation of a distinct ice 

layer) allowed the effect of rain on the snowpack to be estimated from measurements made 

during the following survey (28 July 2016). 

Meromy et al. (2013) adjusted their SWE and bulk density data for the positive biases 

of 7–12% in Federal snow sampler measurements that were reported by Work et al. (1965). No 

adjustments have been made to the data used here to maintain consistency with the long‐term 

Spencers Creek record. Furthermore, Work et al. (1965) found the errors to be greatest in deep 

dense snow. Although dense snow is typical of the Australian Alps (Bormann et al., 2013; 

Sanecki et al., 2006), no depth measurements in the Pipers Creek catchment during 2015 or 
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2016 exceeded 2 m, and 91.4% of the non-zero snow depths were less than 1 m. As a result, this 

source of error is not believed to substantially affect the analysis. 

 

Figure 2.2: Cumulative relative frequency distributions for the spatial covariates for the set of locations 

sampled during the various snow surveys, compared with the catchment as a whole 

 

2.2.3 Spatial analysis 

A 1‐m DEM based on a LiDAR survey of the catchment was reprocessed to obtain grids of 

elevation, slope, and vegetation height at 5‐m horizontal resolution to ensure compatibility with 

the extent of individual snow survey measurements (Blöschl, 1999; Blöschl & Sivapalan, 1995). 

Relationships between covariates considered in the analysis are shown in Figure 2.3. 

Daily potential global solar radiation was calculated at 5‐m resolution over the 

catchment using the Geographic Resources Analysis and Support System (GRASS) 7.2.2 

algorithm r.sun (Šúri & Hofierka, 2004). A potential solar radiation index relevant to the snow 

season was derived by taking the mean of the daily values between the months of May and 

October. 
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The Winstral et al. (2002) mean maximum upwind slope parameter Sx was used to 

account for the influence of terrain on the snowpack through drifting. A wind dataset from the 

Pipers Creek energy balance station (Bilish et al., 2018) revealed a predominantly west to 

northwest origin, so the upwind search window was set to include azimuths between 255 and 

330° at 5° increments. Winstral et al. (2002) found the relationship with snow depth to be 

optimised when dmax = 100 m. Because there was a relatively modest level of sensitivity in this 

region of the parameter space, we have adopted this value for dmax in this study. 

Winstral et al. (2009) expanded this approach to account for the effect of upwind 

vegetation by adding a fitted Sxveg term. Potential similarities in the contributions of terrain and 

vegetation to the spatial distribution of the snowpack mean that it may be possible to develop 

the Winstral et al. (2002) approach further given the availability of gridded vegetation height 

data. The work of Gary (1974) and Golding and Swanson (1986) showed that relative to the 

broader areal mean, snow depth is enhanced downwind of vegetation and depleted within the 

vegetation close to its upwind boundary, somewhat analogous to the distribution of snow in the 

vicinity of a wind‐exposed crest. We have therefore implemented a novel mean maximum 

upwind vegetation height gradient parameter, based on the Sx term, to model the varying effect 

of vegetation on the snowpack across the catchment: 

 

𝑉𝑥̅̅̅̅ 𝑑𝑚𝑎𝑥(𝑥𝑖, 𝑦𝑖)|
𝐴1
𝐴2
=
1

𝑛𝑣
∑ max{tan−1

ℎ𝑣𝑒𝑔(𝑥𝑣, 𝑦𝑣) − ℎ𝑣𝑒𝑔(𝑥𝑖, 𝑦𝑖)

[(𝑥𝑣 − 𝑥𝑖)
2 + (𝑦𝑣 − 𝑦𝑖)

2]0.5
} ,

𝐴2

𝐴=𝐴1

 

 

where hveg is the vegetation height at the given point; dmax, A1, and A2 define the boundaries of 

the search window; nv is the number of search vectors; and (xv,yv) are the set of all points along 

the search vector defined by (xi,yi), A and dmax. The azimuth bounds used in calculating Sx 

were retained, although a smaller dmax value of 30 m was adopted based on estimates from 

field observations. Although the values of Sx and Vx in the Pipers Creek catchment are of the 

same order of magnitude, unlike the use of Sxveg by Winstral et al. (2009), there is no specific 

requirement that equivalent values of the two parameters have the same effect on the 

distribution of snow. 

2.2.4 Statistical methods 

2.2.4.1 Spatial models 

In this paper we apply binary regression trees, Bayesian linear regression, and GAMs to 

investigate the spatial distribution of snow depth and SWE. As detailed previously, all three 

methods have seen previous use in this regard and offer differing advantages. Numerical 

analysis was principally carried out using R version 3.4.3 (R Core Team, 2017). 
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Figure 2.3: Scatterplot matrix showing the relationships between the values of the covariates at each 

snow survey location. Covariates are elevation (m), slope (°), potrad = May–October mean potential solar 

radiation (W m
−2

), Sx = mean maximum upwind slope (°) and Vx = mean maximum upwind vegetation 

height gradient (°) 

 

Binary regression trees involve the recursive partitioning of snow data into subsets, 

where the predictor variable and the value selected for each split are chosen to either maximise 

the between‐group sum of the squared residuals or minimise the within‐group sum‐of‐squares. 

Trees were calculated here using the rpart package version 4.1.13 in R (Therneau & Atkinson, 

2018) and were grown and then pruned to minimise the cross‐validated error. The relative 

importance of variables in the pruned regression tree model is based on the variables used to 

split the data at each node, as well as the surrogate variables that are not actually used at each 

split, but which would still be able to improve the partitioning had the selected variable not been 

available. These relative values sum to unity and do not consider the residual deviance not 

accounted for by the model. 
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Bayesian model averaging can be used to extend the use of multivariate linear models 

and account for uncertainty by taking the average of multiple possible models (Raftery et al., 

1997). Linear models were applied to the data and averaged using the BAS package version 

1.5.1 (Clyde, 2018). The marginal posterior inclusion probability of each covariate was used as 

an indicator of the strength of the relationship between that variable and snow depth/SWE. 

GAMs (Hastie & Tibshirani, 1986) use smooth functions (e.g., penalised regression 

splines) of the predictors to model the response variable and do not require the form of these 

terms to be chosen in advance. GAMs were developed using the mgcv package version 1.8.23 

(Wood, 2017), with terms primarily selected based on the generalised cross‐validation (GCV) 

criterion (Craven & Wahba, 1979). The number of knots (joins between piecewise components) 

in the smooth terms was originally set to five and was incrementally increased when this 

resulted in a decrease to GCV. Wood and Augustin (2002) note that some judgement is often 

involved in model selection, when deciding whether additional model complexity is justified. 

Given the focus of this study on the physical interpretation of the terms, the move to a higher 

number of knots was rejected if this adversely affected the smoothness of the terms, even when 

accompanied by a lower GCV score, due to the lower likelihood of such terms being physically 

meaningful. In these cases, the smoothness of the terms was considered a higher priority than 

model skill. The relative importance of the individual terms in each GAM was estimated as the 

difference between the deviance in a GAM from which the respective term has been removed 

and the deviance in the selected GAM, divided by the deviance of a constant term model. 

Because the methods for determining the importance of the spatial covariates 

necessarily differ, the relative magnitudes are more relevant than the absolute values when 

comparing model types. 

2.2.4.2 Time series clustering 

Time series clustering is a method of partitioning a set of time series into a number of similar 

groupings, with the definition of similarity able to be refined depending on the specific 

attributes of the series considered to be most relevant in a particular case (Aghabozorgi et al., 

2015). In contrast to models that can be used to represent the distribution of the snowpack at a 

particular point in time, this method allows the factors contributing to differential snowpack 

behaviour over the season to be identified. To our knowledge, time series clustering has not 

previously been applied to snow survey data to investigate fine‐scale variability in the 

snowpack. 

The TSclust package version 1.2.4 in R (Montero & Vilar, 2014) was used to perform 

complete‐linkage clustering of the 2015 and 2016 SWE time series in order to analyse the 

spatial component of snowpack dynamics. Time series may be clustered based on similarity in 

time, shape, or change, with similarity in time a special case of similarity in shape (Aghabozorgi 
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et al., 2015). The meteorological events that drive accumulation and ablation behaviour in the 

Pipers Creek catchment and its surrounds affect the whole region at virtually the same time, and 

so obtaining similarity in both shape and time is the objective for clustering SWE time series. 

Although time series data frequently need to be normalised prior to clustering to avoid 

overstating the dissimilarity between series (Keogh & Kasetty, 2003), the present study aims to 

compare absolute accumulations between nearby sites, as well as more shape‐based features 

such as season duration and whether there has been net accumulation or ablation between two 

surveys. It is further noted that a principal characteristic of niveographs in seasonal snow 

environments is that they start and end at 0‐mm SWE and thus always share the same datum. 

Therefore, no normalisation was applied. 

2.3 Results 

2.3.1 Variability of the snowpack 

A high degree of variability in SWE was observed between measurement points in the Pipers 

Creek catchment during the 2015 and 2016 seasons (Figure 2.4). Differences in the maximum 

snow depth and the duration of snow cover between the points were present in both years but 

were more pronounced in 2016. Similarly, there was greater variation in the timing of maximum 

accumulation during 2016, when it ranged from July to October. 

The development of snowpack variability through the 2015 and 2016 seasons was 

investigated by plotting the standard deviation of the SWE measurements against their mean 

(Figures 2.5 and 2.6). Anticlockwise hysteresis is observed in the trajectories for both seasons, 

indicating greater heterogeneity in the ablation phase than during accumulation. This is 

consistent with previous analyses of snow depth (Egli & Jonas, 2009) and SWE (Sexstone, 

Fassnacht, et al., 2016; Webb, 2017). The trace for the 2015 season (Figure 2.5) progresses 

steadily and appears qualitatively similar to those published for other locations, especially 

following the start of the main snow season in mid‐July. The enhanced variability and 

predominance of rain‐on‐snow events during the 2016 season resulted in a considerably 

different outcome (Figure 2.6). Plots of the standard deviation of snow depth against the mean 

are qualitatively similar to those of SWE so have not been included here. 

2.3.2 Controls on snowpack variability 

Regression trees, Bayesian linear models, and GAMs were fitted to the intensive surveys 

undertaken on 8 September 2015 and 6–7 September 2016. The 2015 survey occurred around 

the time of maximum accumulation in that year. The 2016 survey took place towards the middle 

of the season, at a time of moderate mean accumulation in the catchment, although several of 
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the regular survey sites were already clear of snow for the second time in the season (Figure 

2.4). 

In 2015, the regression tree was pruned back to a single node due to the variance in the 

data. A full tree was obtained in 2016, with potential solar radiation ranked as the most 

important covariate for SWE and the second most important for snow depth (Table 2.1). The 

relative importance attributed to the other covariates was generally lower and/or differed 

between the models for SWE and snow depth. 

 

 

Figure 2.4: Measured snow water equivalent across the Pipers Creek catchment and the Spencers Creek 

snow course during the 2015 (top) and 2016 (bottom) snow seasons  
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Figure 2.5: Left: Approximate distribution of catchment snow water equivalent (SWE) based on 

interpolation of snow survey measurements in the 2015 snow season. Right: the standard deviation of 

SWE measurements plotted against their mean. The additional data points in the intensive survey (8 

September) have been omitted from this analysis to maintain consistency with the other surveys 

 
Figure 2.6: As for Figure 2.5, for the 2016 snow season. The additional data points in the intensive 

survey (7 September) have been omitted from this analysis to maintain consistency with the other surveys 
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Table 2.1: Relative importance of the covariates in regression tree models fitted to the intensive snow 

surveys 

 

 

The Bayesian linear models for SWE and snow depth agreed closely regarding the most 

important terms, and three covariates (elevation, Vx, and potential solar radiation) were present 

in the most probable model in both years (Table 2.2). Mean upwind slope, Sx, was included in 

2015, and slope was included in 2016, and there may be some overlap of their contributions in 

the models. There is a moderate correlation between Sx and slope for positive values of the 

former (Figure 2.3), related principally to the east‐facing slopes on the western side of the 

catchment, and the direction and magnitude of their effect on the snowpack are similar. The 

effects of each covariate on SWE and snow depth were also consistent in all of the linear 

models based on the fitted coefficients: SWE and snow depth increased with elevation, slope, 

Sx, and Vx and decreased with potential solar radiation. 

As for the linear models, elevation, potential solar radiation, and Vx were significant 

covariates in the GAMs in both years (Table 2.3). The nonlinear slope term was also significant 

in these models in both years, as was Sx in 2015. The model terms for each of the five 

covariates in the GAM for the 2015 survey are shown in Figure 2.7. 

 

Table 2.2: Results of Bayesian linear model averaging for the 2015 and 2016 intensive surveys. MPIP: 

marginal posterior inclusion probability; covariates with terms in bold appear in the most probable model. 

CI95: 95% confidence interval for contribution of the covariate to the range of SWE/snow depth across 

the catchment 

 

 

 



32 

 

Table 2.3: Proportions of the null deviance explained by the covariates in generalised additive models 

fitted to the intensive snow surveys. Results for the significant terms (p < 0.05) are shown in bold 

 

 

 

 

Figure 2.7: Contributions of each of the smooth terms to snow water equivalent in the generalised 

additive model for the 2015 intensive snow survey. The dashed lines indicate the region within one 

standard error of the smooth 
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2.3.3 Relating snowpack dynamics to properties of the measurement 

sites 

The performance of correlation, dynamic time warping, Euclidean distance, and Fréchet 

distance as dissimilarity measures for the clustering of SWE time series was investigated. The 

optimal number of clusters was found to be three, based on the location of the elbow in the plot 

of the within‐cluster sum‐of‐squares against the number of clusters. Wilcoxon signed‐rank tests 

of each covariate were performed on each cluster relative to the mean across all survey sites, 

and only one statistically significant result was obtained due to the small cluster sizes (three, 

two, and five members). Clustering was repeated with the number of clusters set to two. Taking 

the most frequent outcome based on the four dissimilarity measures, the two clusters had five 

members each. Cluster 1 included the sites with intermediate to high maximum SWE and longer 

lasting snow (Figure 2.8 and Table 2.4) and was simply the union of two of the clusters from the 

previous round. Cluster 2 represented the more marginal sites and had the same members as one 

of the previous clusters. 

 
Figure 2.8: Clustering of snow water equivalent time series across the Pipers Creek catchment during the 

2015 (top) and 2016 (bottom) seasons. Spencers Creek snow course measurements are shown for 

reference 
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Table 2.4: Snow season metrics for the 10 sites sampled throughout 2015 and 2016 

 

Table 2.5: Results of the Mann-Whitney tests for whether the values of the covariates at the survey sites 

differ between the two time series clusters. A positive dependence indicates that higher values of the 

covariate are associated with deeper/more persistent snow (cluster 1). The common language effect size 

represents the proportion of all of the inter-cluster pairings that support the stated dependence. Results of 

the significant terms (p < 0.05) are shown in bold 

 

 

One‐sided Mann–Whitney tests were performed on the values of the covariates at the 

survey sites in each cluster (Table 2.5). Differences between the two clusters were statistically 

significant (p < 0.05) for slope, potential solar radiation, mean maximum upwind slope, and 

mean maximum upwind vegetation height gradient, and there were no significant differences in 

elevation. 

2.3.4 Application to local snow course records 

The linear models and GAMs described in Section 2.3.2 were applied to the Spencers Creek 

snow course. Minor methodological differences were required due to the lack of LiDAR 

coverage of this area, and 25‐m rasters of the geographic properties (elevation, slope, potential 

solar radiation, and Sx) were derived from the New South Wales DTDB Landform Theme 50 k 

× 50 k DEM. For each of these variables, the mean of the 11 gridded values encompassing the 

snow course transects was used. Because vegetation height data were not available, sensitivity 

to the choice of Vx was tested by applying values in the range of 0 to 10°, based on a visual 
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inspection of the snow course and comparison with the calculated values of Vx at the Pipers 

Creek survey sites. 

Both types of model underpredicted the SWE at Spencers Creek at the time of the two 

intensive surveys (Figure 2.9). The performance of the linear models differed only slightly 

between years, with a relative error of 27% in 2015 and 24% in 2016 (Table 2.6). The relative 

error in the GAM prediction was only 10% in 2015 but increased to 27% in 2016. 

 

Figure 2.9: Snow water equivalent at the Spencers Creek snow course modelled using Bayesian linear 

models and generalised additive models fitted to the Pipers Creek intensive snow surveys in 2015 (top) 

and 2016 (bottom). In each case, the measurements at Spencers Creek were made the day after the Pipers 

Creek surveys. Because a calculated value of the Vx parameter was not available for Spencers Creek, 

sensitivity of the models in the likely range of 0–10° is shown (see text for details) 

 

Table 2.6: Prediction of snow water equivalent at the Spencers Creek snow course using Bayesian linear 

models and generalised additive models fitted to intensive surveys of the Pipers Creek catchment. 

Because no calculated value of Vx is available for Spencers Creek but it is highly likely to lie between 0 

and 10° (see text for details), the predictions are the means of the model results for Vx in this range 
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2.4 Discussion 

2.4.1 Model performance 

López‐Moreno and Nogués‐Bravo (2006) found binary regression trees to be useful for 

determining the factors affecting the variability of snow depth but were prone to overfitting the 

data even after pruning, and so were less useful for the prediction of snow depth in unsampled 

areas. Based on the 2016 survey, we obtained connections between the covariates and response 

variables that were consistent with the findings of the other models. However, we found notable 

differences between the relative importance of elevation and vegetation in models for the SWE 

and snow depth surveys on the same day. We attribute this to overfitting, because the other 

types of models were more consistent. 

For both the Bayesian linear models and the GAMs, the modelled representation of the 

variance was greater for snow depth than for SWE and greater in 2015 than in 2016 (Tables 2.2 

and 2.3). This latter result may be due to greater complexity and interaction between the 

controls on spatial variability in the more marginal and temporally variable 2016 season. The 

skill of each GAM was greater than the skill of the respective linear model, and this difference 

was also greater (by a factor of more than 3) in 2015 than in 2016. It should also be remembered 

that given the focus on relating the models to the physical processes, smoother GAM terms 

were sometimes selected in preference to model skill. 

2.4.2 Snowpack variability and dynamics 

The results presented in Section 2.3.1 indicate that there are aspects of the spatial and temporal 

variability of marginal snowpacks that are substantially different to those reported for colder, 

deeper snow. A number of parameters influenced the distribution (Section 2.3.2) and dynamics 

(Section 2.3.3) of the snowpack at Pipers Creek, and variability was observed within and 

between seasons. 

The hysteretic SWE curves reveal different modes of snowpack variability in 2015 and 

2016 (Figures 2.5 and 2.6), with the latter being especially noteworthy. When the development 

of the snowpack is considered in terms of dynamical systems theory, the ablation phase on the 

left‐hand side of Figure 2.6 (points 13–19) is seen to be a stable state. Similarly, an unstable 

state exists during accumulation, with midseason melt events producing shifts towards the stable 

state – most notably the rain‐on‐snow at point 4, but also the smaller events later in the season at 

9 and 11. In each case, new snow results in a temporary shift back towards the right. As such, 

the stable ablation state appears analogous to the soil moisture attractor state proposed by 

Ivanov et al. (2010). Although the ablation phase of all snowpacks could be represented by such 

an attractor, this combination of stable and unstable states is expected to be a feature of the most 

marginal snowpacks and has not been reported previously. 
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Elevation, slope, potential solar radiation, terrain, and vegetation were all shown to 

contribute to the spatial distribution of the snowpack at Pipers Creek. The results presented in 

Section 2.3.3 show that characteristics of the catchment affect not only SWE and snow depth at 

a given point in time, but also snowpack dynamics. In terms of the latter, no statistically 

significant difference in elevation was observed between the two clusters, though the other five 

covariates were all significant. The seasonal snowpack was deeper and more persistent with 

greater slope, upwind terrain, and upwind vegetation and with lower potential solar radiation. 

That elevation was significant to the spatial distribution of SWE and snow depth at the times of 

the two intensive surveys (Tables 2.2 and 2.3) but was not significant in terms of snowpack 

dynamics (Table 2.5) is most likely a function of the relatively small elevation range in the 

Pipers Creek catchment. Deeper snow tended to occur at higher elevations, but, across an entire 

season, this component was not great enough to account for significantly different snowpack 

behaviour. 

Previous studies (e.g., Anderson et al., 2014; Anderton et al., 2004) have found that 

factors relating to the redistribution of snow by wind exert the most influence on the distribution 

of the snowpack during the accumulation season and at the start of melt, and factors linked to 

ablation processes dominate later in the season. Our results are broadly consistent but also 

reveal several different features of a marginal snowpack. 

The effect of terrain (Sx) peaked relatively early each year and declined over the 

remainder of the season, and vegetation (Vx) remained a significant term, decreasing only 

slightly during the second half of the 2016 season (Figure 2.10). This is consistent with the early 

study in the Australian Alps by Costin et al. (1961), who linked vegetation to the persistence of 

snow later in the season. It is likely that the Vx term accounts for both the effect of enhanced 

deposition in the lee of vegetation as well as reduced ablation due to lower wind speeds and 

hence lower turbulent fluxes. Further work is needed to fully characterise the contribution of 

vegetation to the development of the Australian snowpack, particularly given that its effect on 

the radiative terms of the energy balance may vary considerably between warm and cold snow 

environments (Lundquist et al., 2013). 

The contributions from slope, elevation, and potential solar radiation tended to increase 

as each season progressed. Each of these terms has some connection to ablation processes, 

although slope also includes an accumulation component due to its relationship with Sx as 

mentioned previously. Elevation appears to have a greater influence, via air temperature, on 

ablation than on accumulation, consistent with Anderson et al. (2014) and Revuelto et al. 

(2014). In terms of accumulation processes, there should be limited variation in precipitation 

phase across the catchment except at temperatures close to the rain‐snow transition, due to the 

modest elevation range. Temperatures between 0.4 and 1.8 °C, conducive to mixed‐phase 

precipitation according to Chubb et al. (2015), accounted for 27% (223 mm) of the May–
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October precipitation in 2015 but only 14% (275 mm) in 2016. With respect to ablation, air 

temperature is related to not only the sensible heat flux but also incoming longwave radiation 

(Ohmura, 2001), which Bilish et al. (2018) found to be the dominant source of energy to the 

snowpack at Pipers Creek. 

 

Figure 2.10: Spearman's ρ for the regression of snow water equivalent against the spatial covariates 

through the 2015 (top) and 2016 (bottom) seasons. A dashed line indicates a covariate that is not 

significant in the respective generalised additive model. The timing of the two intensive surveys is 

indicated by the vertical dotted lines  

 

Comparing the GAMs for the intensive surveys in 2015 and 2016, slope and Sx were 

the dominant terms in the first year. Given that this survey occurred close to the season peak, 

this result indicates the importance of terms relating to accumulation processes in particular. In 

2016, slope decreased in importance and Sx failed to reach significance, and elevation became 

the most important term. Because a number of accumulation and melt events occurred prior to 

the 2016 survey, and parts of the catchment were clear of snow at this time, it is likely that some 

of the variability attributed to accumulation processes had been smoothed out by this stage. 
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Potential solar radiation and vegetation were found to play a slightly smaller but more 

consistent role in both years. 

Importantly, the correlation coefficients for the ablation‐related terms tended to increase 

relatively smoothly throughout the 2015 season, suggesting that melt processes start to become 

relevant prior to the season peak. This is supported by the fact that SWE decreased at the 

majority of survey locations from early August to early September 2015, even as SWE 

increased at a number of sites with deeper snow through to the September peak in the catchment 

mean (Figure 2.4). In 2016 the melt processes became important at an early stage, with the rain‐

on‐snow event in July, but were more variable over the remainder of the season. These 

observations indicate that the conventional representation of the snow season in terms of distinct 

accumulation and ablation phases, demarcated by the point of maximum accumulation, is less 

valid in this setting. This is particularly the case during a year with high temporal variability, 

although at lower elevations (e.g., below 1600–1700 m asl in the Australian Alps) and on 

aspects prone to ephemeral snow, this will apply more broadly (Petersky & Harpold, 2018). 

In a similar way, the features of this marginal snowpack differ somewhat from those 

reported by Deems et al. (2008) in Colorado; López‐Moreno, Revuelto, et al. (2017) in Spain; 

and Schirmer et al. (2011) in Switzerland, who found a high degree of consistency in patterns of 

maximum accumulation despite variability in accumulations from different snowfall events. 

Deems et al. (2008) did note, however, that individual storms are proportionally more important 

to shallow snowpacks. The zones with the deepest snow at Pipers Creek were relatively 

consistent due to the effect of the landscape properties already described although some 

sensitivity to individual events is still seen, such as in early October 2016 (Figure 2.4). The 

greatest overall variability was observed in intermediate and shallow snow areas, which play the 

dominant role in the unstable dynamical state reported earlier, and there was a large spread in 

the dates of maximum accumulation for the different survey sites. In addition, a bifurcation in 

snowpack behaviour between the sites was observed when moving from 2015 to the more 

marginal 2016 season. The number of metre days of SWE at the three deepest sites increased in 

2016 due to the higher precipitation but decreased at the other sites, particularly at the five 

shallow sites (Table 2.4). 

2.4.3 Representativeness of snow course records 

The Pipers Creek spatial models underpredicted SWE when applied to the nearby Spencers 

Creek snow course. This could not be attributed to a different precipitation regime because 

differences in precipitation (based on a comparison with a seasonally operated gauge near 

Spencers Creek) were small on an event by event basis and the May–September totals were 

within 1% of one another in both years. 
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The values of most of the spatial covariates at Spencers Creek lie well within the ranges 

covered by the measurement sites at Pipers Creek. The only exception is potential solar 

radiation: the value at Spencers Creek was lower than at all except two measurement sites at 

Pipers Creek. Although it is possible that the potential solar radiation component in the model is 

poorly defined at the low end, this is not considered to be particularly likely given the 

intentional use of smooth rather than overly complex model terms in this study. 

Instead, we note that the role of blowing snow may differ between the two locations. 

Although the Sx and Vx parameters in the models represent the tendency for snow to 

accumulate at a site, no allowance has been made for any differences in the properties of the 

source areas. Schön et al. (2018) found the redistribution of snow to be better represented when 

Sx was combined with an estimate of the actual quantity of blowing snow. Anecdotal 

information suggests that the area to the west of Spencers Creek acts as a significant source of 

blowing snow. 

Despite there being differences between the predictions and the measurements, the 

models correctly identified, based on the properties of the measurement sites, that SWE at 

Spencers Creek was at the upper end of the wide range of SWE measured across the Pipers 

Creek catchment. The similarity between the observed and modelled values indicates that the 

variability observed at Pipers Creek is applicable to Spencers Creek and its surroundings, and 

we see that the SWE and snow depth measured at the snow course strongly reflect the properties 

of that site. 

This finding is relevant to other studies based on snow course data, when these data are 

explicitly or implicitly assumed to be representative of the snowpack over a broader region. 

Although we have shown that the snow at Spencers Creek is deeper than over most of a nearby 

catchment at a similar elevation, important systematic differences also relate to snowpack 

dynamics, considering such metrics as season duration, melt dates and rates, and number of 

metre days of SWE. These differences are complex and may vary over time, and the use of a 

single snow course record to characterise a larger area can miss a large fraction of the overall 

variability. The contrast between the 2015 and 2016 Australian snow seasons reveals this to 

particularly be the case for marginal snowpacks, similar to the lack of distinct accumulation and 

ablation phases described previously. These two features of snowpack behaviour bring into 

question the ability of snow courses in marginal snow environments to represent the variability 

in either the distribution or dynamics of the snowpack in the surrounding catchment and 

potentially limit their use in accurately predicting spring runoff from snowmelt. Further work is 

required to establish the level of marginality at which the relationship between peak SWE and 

seasonal inflows breaks down. 
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2.5 Conclusions 

A range of physically based factors contributed towards the distribution and dynamics of this 

marginal subalpine snowpack. Potential solar radiation and upwind terrain indices used 

previously in other locations were also shown to be informative in the Australian Alps. The 

importance of vegetation in this environment was demonstrated using a novel index for the 

redistribution of snow around vegetation by the wind, based on the upwind terrain parameter of 

Winstral et al. (2002). 

This study provides a new perspective on the sensitivity of marginal snowpacks to inter‐ 

and intra‐annual variability. The effect of a more marginal season, represented in this instance 

by substantial early melt followed by alternating snowfall and rainfall events, was visible in 

many aspects of the snowpack – not only in the instantaneous distributions of snow depth and 

SWE but also in a notable bifurcation in dynamics. Sites with the deepest snow were more 

resilient to periods of rain and were actually longer lasting than in the previous year due to the 

greater total snowfall, and those sites with shallower snow melted out earlier. Bilish et al. 

(2018) noted the sensitivity of the Australian snowpack to individual meteorological events; 

here we extend that concept to suggest that periods of accumulation are an unstable dynamical 

state, with relatively modest triggers often required to nudge the snowpack back towards the 

more stable path of ablation. Further research in this area is warranted, as this characterisation 

of Pipers Creek in a more marginal season is likely to apply more broadly to snow at lower 

elevations and/or in a warming climate. 

Although a consideration of the representativeness of snowpack point measurements is 

appropriate for any study in which they are used, the need increases markedly with the 

variability across the catchment and is thus especially great in marginal snow environments. 

There are likely to be few instances in which snow depth or SWE measurements made at a 

single site are relevant at the catchment scale, and so a selection of points must be measured or 

modelled in order to understand the different classes of variability present. 
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3 
Energy balance and snowmelt drivers of a marginal 

subalpine snowpack 

This chapter has been published, and is presented as it was formatted for publication. 

Bilish, S. P., McGowan, H. A, & Callow, J. N. (2018). Energy balance and snowmelt drivers of 

a marginal subalpine snowpack. Hydrological Processes, 32, 3837-3851. 

https://doi.org/10.1002/hyp.13293 
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3.1 Introduction 

Mountainous snow‐covered regions are the source of much of the water utilised by human 

society (Barnett et al., 2005) and often make a disproportionately large contribution to 

streamflow in a catchment (Viviroli et al., 2007). It is widely acknowledged that these regions 

are particularly sensitive to a changing climate (Barry, 2008; Beniston, 2003), although the 

interactions with climate are complex and often uncertain (Mankin et al., 2015; Musselman et 

al., 2017). An increasing number of studies show that a warming climate will lead to lower 

mean and peak streamflows in catchments dominated by snowmelt (Berghuijs et al., 2014; 

Musselman et al., 2017; Wang et al., 2016). 

The greatest relative changes in runoff from snowmelt in response to global warming 

are expected in regions where wintertime temperatures are already close to 0 °C (Adam et al., 

2009; Nolin & Daly, 2006). The widely cited snow cover classification scheme of Sturm et al. 

(1995) includes many of these warmer alpine regions in its maritime category. Attributes of this 

group include high bulk densities and low vertical temperature gradients in the seasonal 

snowpack and melt features such as ice layers are common. 

There has been considerable research into snowpack energetics in colder continental 

climates (e.g., Burns et al., 2014; Cline, 1997; Helgason & Pomeroy, 2012; Hood et al., 1999; 

Molotch et al., 2007; Pohl et al., 2006; Reba et al., 2009; Sexstone, Clow, et al., 2016; Zhou et 

al., 2012). A number of studies have also taken place in maritime regions, including the Sierra 

Nevada and the Pacific Northwest of the United States (e.g., Jepsen et al., 2012; Marks et al., 

1998; Mazurkiewicz et al., 2008; Wayand et al., 2015). The highest net turbulent fluxes occur 

during warm moist conditions (Dadic et al., 2013), and these can be particularly significant 

during rain‐on‐snow events (Marks et al., 1998), although net radiation dominates the seasonal 

energy balance in both maritime and continental snow climates (Jepsen et al., 2012; 

Mazurkiewicz et al., 2008). There is still much less understanding of the dynamics of the most 

marginal snowpacks, generally characterised by shorter snow seasons, modest peak 

accumulations, and very high variability within and between years. The mountainous regions of 

south‐east Australia (Bormann et al., 2014) and the Mediterranean (Fayad et al., 2017) provide 

some key examples. 

Modelling of runoff from snowmelt in regions where the snowpack is marginal has 

frequently involved the use of temperature‐index models (TIMs; Bormann et al., 2014; Dunn & 

Colohan, 1999; Oroud, 2015; Samuels et al., 2010; Schreider et al., 1997). These are based on 

data that are widely available (Hock, 2003) and may be utilised without knowledge of the local 

energy balance. TIMs are generally most effective when integrating over longer periods of time 

and may have significant errors at daily and subdaily timescales (DeWalle & Rango, 2008). 

Specifically, Bormann et al. (2014) recognised that the effectiveness of TIMs can be severely 
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constrained in the most marginal snow environments, because they implicitly assume that the 

contributions of the various components of the energy balance to snowmelt remain constant 

through time—an assumption that may not be valid in these settings. Physically based models 

have the potential to allow the more accurate representation of a marginal snowpack and the 

resulting runoff, particularly on subdaily timescales. Walter et al. (2005) showed that physically 

based models can have comparable performance with TIMs even when the former are run using 

relatively crude estimates of energy balance quantities rather than actual measurements. 

However, developing a greater understanding of the energy balance of highly marginal 

snowpacks is likely to offer significant potential for validating underlying assumptions and 

ultimately improving model performance in these settings. 

DeWalle and Rango (2008) expressed the energy budget of a snowpack, as follows: 

𝑄𝑖 = 𝑄𝑛𝑠 + 𝑄𝑛𝑙 + 𝑄ℎ +𝑄𝑒 + 𝑄𝑟 + 𝑄𝑔 +𝑄𝑚, 

where Qi is the change in the internal heat storage, Qns is the net shortwave radiative flux, Qnl is 

the net longwave radiative flux, Qh is the sensible heat flux, Qe is the latent heat flux, Qr is the 

heat flux from rainfall, Qg is the ground heat flux, and Qm is the loss of latent heat of fusion as 

meltwater leaves the snowpack. When neither the internal state of the snowpack nor the loss of 

meltwater is directly measured at a site, we can combine these and the unknown error term into 

a single residual, Qres, and express it as the sum of the remaining terms: 

𝑄𝑟𝑒𝑠 = 𝑄𝑛𝑠 + 𝑄𝑛𝑙 + 𝑄ℎ + 𝑄𝑒 + 𝑄𝑟 + 𝑄𝑔. 

When considering the snow season as a whole, Qres represents the total energy required to melt 

the snowpack plus any nonclosure of the measured energy balance. At shorter timescales (hours 

to days), the direction of Qres may vary as a result of Qi and the error term. Even when 

reasonable closure has been achieved in the daily energy balance, phase lags between the 

available energy and turbulent flux terms may occur due to differences in the measurement 

footprints or unresolved energy storage terms (Leuning et al., 2012; Reed et al., 2018; 

Wohlfahrt et al., 2016). 

Although DeWalle and Rango (2008) quantified longwave radiation as a net flux, and 

Qnl is a relevant quantity for energy balance partitioning, there is an important distinction to be 

made between the energy balance terms and the drivers of snowmelt. The outgoing longwave 

flux is generally larger than the incoming flux, and, as a result, Qnl is usually directed away from 

the snowpack. However, treating Qnl simply as an energy sink or, similarly, expressing net (all-

wave) radiation as a single term, may act to obscure the importance of incoming longwave 

radiation with respect to snowmelt. Kuhn (1987) and Ohmura (2001) recognised that incoming 

shortwave, reflected shortwave, and incoming longwave are the three radiative variables that 

drive snowmelt, whereas outgoing longwave is purely a response term. Similarly, Lapo et al. 
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(2015, p. 1649) described the forcing irradiance as “the sum of the absorbed shortwave and 

downwelling longwave irradiance.” In characterising the drivers of snowmelt, we therefore use 

the incoming longwave component rather than the net term. This is in contrast to the treatment 

of Qns, where the outgoing (reflected) flux is always a fraction of the incoming component, and 

it is the net flux that is most relevant as a source of energy for snowmelt. 

The characterisation of snowpack energetics requires both accurate and robust methods 

for the reliable measurement of the main fluxes. Although relatively straightforward techniques 

are used to measure or estimate a number of these fluxes, evaluation of the turbulent fluxes Qh 

and Qe is more complex and several different methods are available. The eddy covariance (EC) 

technique (Baldocchi et al., 1988) allows the direct measurement of turbulent fluxes, and, 

although progress has been made with the use of this approach at remote sites and in complex 

terrain (Reba et al., 2009; Stiperski & Rotach, 2015; Turnipseed et al., 2002), some 

measurement difficulties still exist, such as during heavy precipitation or icing conditions. The 

bulk aerodynamic method utilises instrumentation that may be more feasible to deploy and more 

robust in severe weather (Brock et al., 2006; Conway & Cullen, 2013), and the lower cost may 

allow a more dense measurement network to be installed. However, the underlying assumptions 

and generalisations of the Monin–Obukhov similarity theory upon which it is based can lead to 

a reduction in accuracy, most notably in the stable atmospheric profiles that frequently occur 

over snow (Schlögl et al., 2017). Despite these considerations, Sexstone, Clow, et al. (2016) 

found these two approaches to be more accurate for the calculation of sublimation over seasonal 

snow than are the alternatives of the aerodynamic profile or Bowen ratio methods. 

Patchy snow cover can lead to the horizontal transport of sensible and latent heat 

between snow‐free and snow‐covered areas (Harder et al., 2017; Mott et al., 2015). This 

advection has implications for the processes involved in the development of the snowpack as 

well as the representativeness and validity of turbulent flux measurements (Granger et al., 2006; 

Mott et al., 2011). It may be difficult to distinguish between the contributions from areas with 

and without snow, particularly when the snow‐covered fraction is changing rapidly. Patchy 

snow is likely to play an especially important role in the dynamics of marginal snowpacks, 

where snow‐covered fractions of less than 100% are possible throughout the season. 

This paper has two main objectives: (a) to apply two different energy balance 

measurement approaches to a marginal maritime snowpack and evaluate their relative 

performance in this setting and (b) to characterise the individual components of the energy 

balance and their variability, and identify the dominant drivers of snowmelt in the Australian 

Alps. These findings are likely to be relevant to other marginal snowpacks including those with 

a limited observational record. 

Herein, we first describe the location of our measurement site and the instrumentation, 

the basis for our flux calculations, and the quality control and filtering methodology used to 
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obtain our experimental datasets. We present the results of our comparison of the turbulent 

fluxes obtained using the EC and bulk aerodynamic methods, and then we partition the energy 

balance observed at the site over different timescales to quantify the overall contribution of each 

flux to snowmelt as well as their variability through the day and over the season. Finally, we 

discuss potential reasons for the discrepancies between each energy balance method and the 

significance of our findings on the energy balance of this marginal snowpack, comparing them 

with observations from other regions. 

3.2 Study Setting 

The Australian Alps region encompasses approximately 5,200 km
2
 above the nominal seasonal 

snowline in south‐eastern Australia, with the vast majority of this area classed as subalpine and 

only 250 km
2
 being truly alpine (Costin et al., 2000). The highest peak is Mt Kosciuszko with 

an elevation of 2,228 m above sea level (a.s.l.). Sanecki et al. (2006) found that the snowpack in 

the Australian Alps could best be described as maritime using the Sturm et al. (1995) system, 

although they noted that a unique class may be more appropriate, given that snow density and 

air temperature were typically greater, and the snowpack vertical temperature gradient was less, 

than are those in the defined ranges for maritime snow. At lower elevations and on some 

ablating aspects, the ephemeral class may be more applicable (Sanecki et al., 2006). 

Precipitation, snow conditions, and runoff exhibit very high inter- and intra‐annual variability 

(Chubb et al., 2011; Nicholls, 2005; Pepler et al., 2015; Theobald et al., 2016), and, in a global 

context, the Australian snowpack can be considered highly marginal (Bormann et al., 2014). 

Despite this marginality, the seasonal snow cover in the Australian Alps is nationally 

significant with considerable economic and societal value. The region is a major source of 

inflows to the Murray–Darling Basin, an important and largely semiarid agricultural region that 

accounted for 57% of the water used for irrigation in Australia in 2015–2016 (Australian 

Bureau of Statistics, 2017). It also includes the catchments of the Snowy Mountains Hydro‐

electric Scheme, which provides peak renewable energy to the National Electricity Market. 

Snow‐related tourism is an important economic activity in the region (Morrison & Pickering, 

2013), with many of the 10 ski resorts undertaking snowmaking as a method of risk mitigation 

against climate variability and change (Hennessy et al., 2008). 

 

3.3 Methods 

3.3.1 Measurement site 

A small (1.4‐km
2
) research catchment was established at the headwaters of Pipers Creek in 

Kosciuszko National Park, New South Wales, Australia (Figure 3.1). Located between 1,668 
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and 1,853 m a.s.l. in the subalpine zone, it has features representative of a key part of the 

Australian Alps region. The two predominant vegetation types in the catchment, 

grassland/alpine bog and eucalypt woodland, are also the two most common types in the 

broader region, together representing 47% of the total area above 1,400‐m elevation (Gellie, 

2005). Evidence of the widespread and catastrophic 2003 Australian Alps bushfires (Worboys, 

2003) remains in the burnt timber in many of the woodland areas, although some regeneration 

has occurred. The catchment has minimal human disturbance, featuring only a small number of 

cross‐country ski trails. It lies 7 km to the east of the Spencers Creek snow course (1,830 m 

a.s.l.), which is surveyed weekly throughout the winter season and is frequently used as a 

reference site for snow conditions in the Australian Alps (Duus, 1992; Nicholls, 2005). 

 

3.3.2 Instrumentation 

An energy balance station was located at a site 1,828 m a.s.l. in the upper catchment and 

included both an EC system and an instrumented mast for the application of the bulk 

aerodynamic flux method (see Figure 3.1 for location and Figure 3.2 and Table 3.1 for 

instrumentation). The Campbell Scientific EC system made measurements at 10 Hz at a height 

of 3 m above the ground surface, and 30‐min block averages were logged by a CR3000 

Micrologger. The aerodynamic mast recorded 10‐min averages of each variable using a Unidata 

Prologger 7001D data logger. Wind speed, air temperature, and relative humidity were 

measured at two levels on the aerodynamic mast, approximately 3 and 5 m above the ground 

surface. RM Young 43502 aspirated radiation shields were utilised to minimise errors in 

measured air temperature due to incident and reflected radiation, which may be particularly 

significant over snow due to the high albedo (Huwald et al., 2009). The ground heat flux was 

calculated as the mean of the values from the sensors at 5‐ and 7‐cm depths, to account for some 

of the variability in soil properties across the site. 

A lidar survey in January 2016 provided a digital elevation model and vegetation height 

dataset suitable for characterising the surroundings of the energy balance station (Figure 3.3). 

The site was relatively exposed directly to the west, rising horizontally 12 m over approximately 

160 m to the catchment boundary. In the north‐west‐to‐north and south‐to-south‐west sectors, 

the gradients were slightly greater, and there were several stands of eucalypt trees mostly 3–6 m 

in height. An alpine bog formed an open area to the east. Data were collected between June 12 

and October 24, 2016, which includes almost the entire period in 2016 in which there was snow 

on the ground at this site. More than 1 cm of snow was present for 74% of the measurement 

period. 
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Figure 3.1: The location of the Pipers Creek research catchment, Kosciuszko National Park, New South 

Wales, Australia 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: The energy balance station 

in the Pipers Creek catchment. The 

aerodynamic mast is visible in the 

foreground, and the eddy covariance 

mast is in the background 
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Table 3.1: Instruments, measured variables, and uncertainties 

 

 

The difficulty in accurately measuring snowfall, principally due to the effect of the wind 

on the collection efficiency of precipitation gauges, has been widely acknowledged (Chubb et 

al., 2015; Rasmussen et al., 2012; Sevruk et al., 2009). In this study, precipitation was measured 

using an ETI Instrument Systems NOAH II weighing gauge, located approximately 1 km from 

the energy balance station in the adjacent catchment (Figure 3.1). Although at the slightly lower 

elevation of 1,761 m a.s.l., its aspect was similar to that of the energy balance station, with 

vegetation providing additional shelter on its western side. To further minimise the effect of 

wind‐induced undercatch, the gauge was positioned within a half‐size (6‐m diameter) version of 

the Double Fence Intercomparison Reference (DFIR) wind fence that has been adopted by the 

World Meteorological Organization as the standard for measuring solid precipitation (Goodison 

et al., 1998). 
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Figure 3.3: Environs of the Pipers Creek energy balance station. Black contours show elevation (m a.s.l.). 

Vegetation is shown in grey with 2‐m contours for vegetation height. The dashed circle has a radius of 

150 m and indicates the region within which 90% of the eddy covariance fluxes must originate for a 

period to be included in the comparison of energy balance methods 

 

3.3.3 Flux calculation methods 

We adopt the convention whereby fluxes are positive when directed towards the snowpack from 

above or below and negative when directed away from the snowpack. 

3.3.3.1 Turbulent fluxes—eddy covariance method 

The fundamental equations for calculating the turbulent heat fluxes Qh and Qe using the EC 

method are as follows: 

𝑄ℎ = −𝜌𝐶𝑝𝑤
′𝜃′̅̅ ̅̅ ̅̅ , 

𝑄𝑒 = −𝜌𝐿𝑣𝑤
′𝑞′̅̅ ̅̅ ̅̅ , 

where ρ is the density of air (kg m
−3

), Cp is the specific heat of air (1,005 J kg
−1

 K
−1

), 𝒘′𝜽′̅̅ ̅̅ ̅̅  is the 

covariance between fluctuations from the mean of vertical wind speed and potential 

temperature, Lv is the latent heat of vaporisation or sublimation of water (J kg
−1

), and 𝒘′𝒒′̅̅ ̅̅ ̅̅  is the 

covariance between fluctuations from the mean of vertical wind speed and specific humidity. 
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Campbell Scientific EasyFlux® DL v1.1 software was used for EC processing; and 

standard coordinate rotations, frequency response, and Webb‐Pearman‐Leuning (WPL) 

corrections were applied. Footprints were preferentially calculated using the method of Kljun et 

al. (2004), but the model of Kormann and Meixner (2001) was used when conditions were 

outside the acceptable Kljun et al. ranges of atmospheric stability or friction velocity. 

3.3.3.2 Turbulent fluxes—bulk aerodynamic method 

The bulk aerodynamic method is widely used by physical snowpack models for the calculation 

of the turbulent fluxes (e.g., Marks et al., 1998; Tarboton et al., 1994; Vionnet et al., 2012). It 

applies molecular diffusion theory to turbulent transfer and uses 

the following equations to calculate fluxes Qh and Qe: 

𝑄ℎ = 𝜌𝐶𝑝𝑐ℎ𝑢(𝑇𝑎 − 𝑇𝑠), 

𝑄𝑒 = 𝜌𝐿𝑣𝑐𝑒𝑢(𝑞𝑎 − 𝑞𝑠), 

where ch and ce are the turbulent transfer coefficients for sensible heat and water vapour, 

respectively; u is wind speed (m s
−1

); Ts and Ta are temperatures at the surface and a defined 

height above the ground (K), respectively, and qs and qa are likewise for specific humidity (kg 

kg
−1

). The turbulent transfer coefficients are determined iteratively and are dependent on the 

stability of the atmosphere near the ground, because vertical fluxes are suppressed during 

periods of high stability and enhanced in unstable conditions. Stability is quantified by the 

dimensionless parameter ζ, which is calculated as the measurement height above the snow 

surface divided by the Obukhov length, a characteristic length scale. Positive (negative) values 

of ζ indicate a stable (unstable) atmosphere, with neutral stability when ζ = 0. 

For the calculation of fluxes using the aerodynamic method, we used the SHEBA bulk 

turbulent flux algorithm package, Version 2.0, which was developed and made available by 

Andreas et al. (2010). It was derived from data collected over Arctic sea ice but has since been 

used for fluxes over seasonal snow (Sexstone, Clow, et al., 2016). The SHEBA algorithm uses 

the stratification corrections of Paulson (1970) in unstable conditions and Grachev et al. (2007) 

in stable conditions. Ts was measured radiometrically (Raleigh et al., 2013), whereas qs was 

calculated by assuming a relative humidity of 100% at the surface (Sexstone, Clow, et al., 2016; 

Zhou et al., 2012). 

3.3.3.3 Other fluxes 

The heat flux from rainfall, Qr, was calculated by first estimating the wet‐bulb temperature (TW, 

°C) using the formula of Stull (2011). The fraction of the precipitation falling as rain and snow 

in each 30‐min period (psnow) was then estimated using the relationship derived by Michelson 

(2004): 
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𝑝𝑠𝑛𝑜𝑤 =

{
 
 

 
 

1.0, 𝑇𝑊 < −0.21

1.0 −
exp((𝑇𝑊 − 1.1) × 3.5)

1.0 + exp((𝑇𝑊 − 1.1) × 3.5)
, −0.21 < 𝑇𝑊 < 2.42

0.0, 𝑇𝑊 > 2.42

. 

Chubb et al. (2015) found this relationship to be consistent with the results of their own 

breakpoint analysis of precipitation phase and air temperature in the Australian Alps. In 

calculating Qr, the temperature of the hydrometeors in the rainfall fraction (T r) was taken 

to be the greater of TW and 0 °C. Then, 

𝑄𝑟 =
𝑃 × (1 − 𝑝𝑠𝑛𝑜𝑤) × 𝐶𝑝𝑤 × 𝑇𝑟

1800
, 

where P is measured precipitation (mm in 30 min) and Cpw is the specific heat of water (4,186 J 

kg
−1

 K
−1

). 

The radiative fluxes and the ground heat flux were measured directly. 

3.3.4 Quality control and data processing 

The quality codes for the EC data are based on the classification of Foken et al. (2012) and are 

applied automatically by the EasyFlux software; only codes of 1–6 (corresponding to data 

quality suitable for fundamental research and general use) were accepted. The performance of 

EC instrumentation is known to be potentially compromised during periods of precipitation 

(Foken & Wichura, 1996), so all periods during in which precipitation was recorded (23.5% of 

the 30‐min data) were also removed from the analysis at this stage.  

Quality control of data for the aerodynamic method involved the manual inspection of 

the records and comparisons between variables. Because a sensor failure at the lower level 

resulted in a data gap lasting several weeks, the primary analysis here was based on the fluxes 

between the surface and the upper level (approximately 5 m above the ground). One of the 

assumptions of the Monin–Obukhov similarity theory upon which the bulk aerodynamic method 

is based is that fluxes vary by less than 10% through the surface layer (Stull, 1988). Regression 

of the 5‐m sensible and latent heat fluxes against the respective 3‐m fluxes (where the latter are 

available) shows that this is satisfied in both cases. This also indicates that the different heights 

of the EC and aerodynamic measurements are not a major impediment to their use in the 

comparison. Periods in which the wind speed and direction records were affected by instrument 

icing were flagged and omitted from the analysis; together, these constituted 55 hr (1.7% of the 

total record). 

Shortwave radiation data were quality controlled to remove those periods with snow on 

the upward‐facing sensor by comparing the incoming and outgoing fluxes. Based on site 
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inspections and examination of the data, new snowfall was found not to affect the radiation 

sensors for long, and only 50 hr of data were removed (1.5% of the record). 

Two 30‐min datasets were created for the subsequent analyses, hereafter referred to as 

the filtered dataset and the gap‐filled dataset. 

3.3.4.1 The filtered dataset 

The filtered dataset was created for the comparison of the EC and bulk aerodynamic 

methods by applying the criteria described in Table 3.2. As a result of the quality control and 

filtering processes, 993 half‐hour periods remained in this dataset, 15.3% of the original 6,480. 

It was intended that the filtered dataset contains only those periods most likely to give a true 

comparison of the performance of the energy balance methods themselves, recognising that 

there are conditions in which the performance of either or both of the selected methods is 

expected to be adversely affected. 

A 24‐hr filtered dataset was created from the gap‐filled dataset described in the 

following section. Whereas the 30‐min dataset was heavily filtered so that the comparison could 

be based on the performance of each method in ideal conditions, the derivation of valid 24‐hr 

averages inherently required that fewer points were omitted. A minimum snow depth of 10 cm 

continued to be imposed, though the wind speed, temperature difference, and EC footprinting 

filters applied to the 30‐min dataset (Table 3.2) were relaxed. 

 

Table 3.2: Criteria for the creation of the filtered dataset 

 

 

3.3.4.2 The gap-filled dataset 

Discontinuities in the EC record as a result of quality control mean that averaged flux values 

have the potential to be biased. For example, measurements made overnight may be more likely 

to be rejected than those recorded during the day (Falge et al., 2001b), with implications for the 

calculation of daily means. To debias these results and allow for the characterisation of the 
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energy balance through the snow season, gap filling was performed on the unfiltered EC 

dataset, based upon the approaches discussed by Falge et al. (2001a, 2001b). Whereas 

individual gaps in the EC record were frequently fairly short and were scattered throughout the 

EC record due to the automatic quality control procedure, gaps in the aerodynamic record were 

fewer in number but often of a longer duration. No gap filling of the aerodynamic dataset took 

place because these gaps had negligible impact on the calculation of the daily and monthly 

energy balances. 

In the EC record, any gaps in the ancillary data (air temperature, wind speed, and 

relative humidity) were filled by regression against the corresponding variables from the 

adjacent aerodynamic method mast. Three different methods were then sequentially applied to 

fill the gaps in the turbulent fluxes. Gaps of up to 90 min in duration were filled first using 

linear interpolation. The second stage used lookup tables for the sensible and latent fluxes based 

on measurements of ζ, u, relative humidity, the difference between the surface and atmospheric 

temperatures, and snow depth. Finally, any remaining gaps more than 7 days from the start or 

end of the record were filled using mean diurnal variation with a moving window of 14 days 

and an additional criterion to distinguish between periods with and without snow on the ground. 

Table 3.3 shows that lookup tables were the most common source of values in the final 

gap‐filled dataset, followed by actual measurements from the original EC dataset. Metrics from 

10‐fold cross validation of the gap‐filling procedure are also presented and show that the root 

mean square errors were greater for the latent heat fluxes than for the sensible heat fluxes. The 

corresponding mean bias errors indicate only a minimal tendency for the gap‐filled values to 

overestimate the true magnitude of the measured turbulent fluxes. 

The snowpack energy balance was derived from the radiation, rain, and ground heat 

flux records and the gap‐filled EC dataset. It included only those periods in which the snow 

depth measured by the ultrasonic sensor was greater than 1 cm. 

3.4 Results 

The 2016 snow season in the Australian Alps was characterised by a relatively high proportion 

of precipitation falling as rain, with spatially and temporally variable snow cover. Total 

precipitation at Pipers Creek was 1,422 mm over the measurement period, and we estimate 

using the phase partitioning method of Michelson (2004) that 899 mm (63%) fell as snow at the 

energy balance station. A major midwinter rain‐on‐snow event took place on July 22, 2016, and 

resulted in significant loss of snow water equivalent (SWE) from the snowpack at all elevations. 

Although heavy snowfall over the following days restored much SWE, interspersed periods of 

rain and snow led to variable snow depths at Pipers Creek over the remainder of the season and 

complete melt‐out at the energy balance station on several occasions (Figure 3.4). 
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Table 3.3: Source of data in the gap-filled dataset and validation metrics for the gap filling procedure 

 

3.4.1 Comparison of eddy covariance and bulk aerodynamic methods 

The EC and aerodynamic turbulent flux datasets were compared on the basis of the filtered 30‐

min fluxes and on daily average fluxes calculated from the gap‐filled dataset. Although use of 

the shorter comparison interval does mean that large scatter in each of the derived fluxes can be 

expected (e.g., Helgason & Pomeroy, 2012), it can nevertheless assist in identifying the causes 

of any major methodological discrepancies. Key differences between the 30‐min EC and bulk 

aerodynamic calculations of the turbulent fluxes can be grouped into two main sets of points 

(Figure 3.5). Under very stable conditions (ζ > 5), the magnitudes of the aerodynamic fluxes 

were very much less than those of the EC fluxes. This applied to both the sensible heat fluxes, 

which were overwhelmingly positive for both methods, and to the latent heat fluxes. There were 

also a significant number of periods in which the bulk aerodynamic method gave positive fluxes 

due to the snow surface being cooler than the overlying atmosphere, whereas the EC system 

recorded negative fluxes. These occurred almost exclusively during the daytime for Qh, whereas 

for Qe, it was slightly more common at night than during the day. 

Based on the 30‐min filtered dataset, a mean bias deviation (MBD) of −14.4 W m
−2

 for 

Qh (Table 3.4) indicates that the discrepancies arising in stable to very stable conditions had a 

greater overall contribution than did those when the fluxes are in opposite directions. The 30‐

min MBD for Qe was positive and of a lesser magnitude (8.2 W m
−2

). These discrepancies 

propagated into the 24‐hr fluxes, although the magnitudes of the MBD and root mean square 

deviation decreased in each case. Although the inclusion of gap‐filled values to obtain valid 24‐

hr EC fluxes means that the uncertainty associated with the gap‐filling procedure will be 
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included in these comparison metrics, this is not unreasonable given that gap filling is an 

important part of obtaining a valid flux record using the EC method (Falge et al., 2001b). 

 

Figure 3.4: Snow depth at the Pipers Creek energy balance station (black line). Bulk densities (points) 

are taken from the nearest snow survey location 125 m to the north‐west (which retained snow cover 

throughout this period) and show the general ripening of the snowpack through the season  

 

Figure 3.5: Comparison of 30‐min (a) sensible heat fluxes and (b) latent heat fluxes from the eddy 

covariance (EC) and bulk aerodynamic methods, stratified by stability parameter ζ. Contours indicate the 

density of points on the plot, and the 1:1 lines are also shown 
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Table 3.4: Metrics for the comparison of sensible heat (Qh) and latent heat (Qe) fluxes from the eddy 

covariance and bulk aerodynamic methods. A positive mean bias deviation represents the aerodynamic 

flux being greater (more positive) than the eddy covariance flux 

 

 

3.4.2 Characterisation of the energy balance and drivers of snowmelt 

The dynamics of the snowpack depends on both the mean values of the energy fluxes and the 

variability in each. 

All of the fluxes considered, with the exception of Qr, exhibit a diurnal pattern (Figure 

3.6). The energy balance residual, Qres, is negative throughout the night, becoming positive after 

dawn approximately in phase with net radiation (Qns + Qnl). Although the Australian snowpack 

is warm with a low vertical temperature gradient (Sanecki et al., 2006), refreezing of a thin 

surface layer frequently occurs overnight. During the snowpack energy balance period, the 

distribution of radiometric surface temperatures had a lower quartile of −5.8 °C and a minimum 

of −15.9 °C, both considerably colder than the expected temperatures in the bulk of the 

snowpack. As described by DeWalle and Rango (2008), this energy deficit in the surface layer 

must be satisfied on the following day before melt begins. On the representation of an average 

day depicted in Figure 3.6, this occurs by 11:00 a.m. Australian Eastern Standard Time (AEST), 

with melt continuing until 5:00 p.m. AEST. 

The partitioning of the measured fluxes changes monthly through the season (Table 3.5 

and Figure 3.7). In addition, there is considerable day‐to‐day variability (Figure 3.8) that is 

masked when only looking at monthly values. Sensible heat was observed to peak in midwinter 

(July), decreasing over the following months, and a negative mean flux was observed in 

October. Monthly Qe was negative throughout the measurement period (net evaporation) and 

was of a greater magnitude at either end of the season. There was a net loss of 70.6 mm of SWE 

from the snowpack through evaporation or sublimation, equal to 6.5% of the total precipitation 

during the snowpack energy balance period. Qns is an important flux throughout the season but 

becomes particularly dominant from late winter as the length of daylight increases and the 

surface albedo decreases. Energy loss from the snowpack via Qnl is relatively constant through 

the season, with the monthly means varying less than 14% from the seasonal mean, although 

there is more significant variability from day to day, principally as a result of fluctuations in the 
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incoming longwave component. Qr and Qg make smaller contributions to the energy balance 

over the course of the season. 

 

Figure 3.6: Mean diurnal variations in energy fluxes in the snowpack energy balance 

 

 

Table 3.5: Mean daily energy fluxes (MJ m
−2

 day
−1

) for the entire data collection period and by month 
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Figure 3.7: Mean monthly partitioned energy fluxes in the snowpack energy balance 

 

Figure 3.8: Distribution of daily partitioned energy fluxes in the snowpack energy balance 
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To determine the relative significance of the snowmelt drivers, we examined the 

snowpack energy balance at a daily resolution. As previously explained, incoming longwave 

radiation is more relevant than is the net flux at this step. The positive energy fluxes recorded 

each day were summed over the snowpack energy balance period to obtain the total energy 

involved in the melt process, and the contribution of each flux to the seasonal total was 

calculated. This method was chosen so that all of the factors that act as heat sources over at least 

1 day are accounted for. For example, whereas Qe is a net heat sink on many days and when 

considering the season as a whole, on individual days, it acts as a source of heat for melt, and so 

it is important to quantify these contributions irrespective of the direction of the flux at other 

times. The energy sources available to contribute to snowmelt are therefore net shortwave 

radiation, incoming longwave radiation, sensible heat, latent heat, the heat flux from rainfall, 

and the ground heat flux; and their relative magnitudes are given in Table 3.6 and Figure 3.9. 

Incoming longwave radiation is by far the largest source of energy to the snowpack, 

accounting for 81.5% of the total over the course of the season. On individual days, this 

contribution varied between 55.8% and 97.0% of the total. 

Net shortwave radiation was the second most important component, accounting for 

13.4% of the total melt energy but exceeding 30% on a number of days later in the season. Its 

minimum contribution of 0.7% occurred on July 5 following a snowfall event, when a high 

albedo meant that very little of the shortwave radiation was absorbed by the snowpack. 

The four remaining fluxes featured considerable day‐to‐day variability, and all had days 

in which they did not act as energy sources. The two turbulent fluxes contributed 4.1% of the 

total energy. Net daily Qh was positive more frequently than was Qe and provided more energy 

for melt. Nevertheless, Qe acted as a net heat source on 14 of the 101 days in the snowpack 

energy balance record. Sensible heat was, on average, directed towards the snowpack for a 

period from before sunset until after sunrise. Mean Qe was directed away from the snowpack 

throughout the day and was of a relatively small magnitude overnight, peaking just after 

midday. 

 

Table 3.6: Relative contributions of individual energy sources in the snowpack energy balance 
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Figure 3.9: Relative contributions of individual energy sources to the daily totals. Qil is incoming 

longwave radiation; all other fluxes are as defined in the text. Shaded regions represent periods not 

included in the snowpack energy balance due to insufficient snow cover 

 

Heat from rainfall contributed the smallest proportion of the total energy for melt, 

although it should be noted that this flux may be a much more significant component over 

shorter periods of time. During the rain‐on‐snow event of July 22, 2016, the 30‐min Qr value 

peaked at 156 W m
−2

. The total heat from rainfall on that day was 2.87 MJ m
−2

, a value similar 

to Qh, greater than Qe and Qns, and much above the Qr seasonal average of 0.05 MJ m
−2

 day
−1

. 

On less extreme rain days, the fractional contribution of Qr was smaller, with incoming 

longwave radiation continuing to play an important role. 

Although Qg was a modest flux, its mean contribution of 0.22 MJ m
−2

 day
−1

 shows that 

it was not an entirely negligible part of the energy balance. It was more consistent than Qr over 

short timescales, generally decreasing through the season as the temperature difference between 

the soil and the snowpack decreased. 
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3.5 Discussion 

3.5.1 Accounting for methodological differences in the measured 

turbulent fluxes 

As previously noted, the main discrepancies between the energy balance methods were 

observed under very stable atmospheric conditions, when 30‐min turbulent fluxes determined 

by the bulk aerodynamic method were generally smaller than the EC measurements, that is, the 

MBD for Qh (Qe) was positive (negative). There were a smaller number of instances in which 

the methods did not agree on the direction of the fluxes. 

Stable atmospheric profiles dominate in snow‐covered areas (Schlögl et al., 2017), and, 

as recognised by Dadic et al. (2013), valid measurements of turbulent fluxes are difficult to 

obtain in these conditions due to the nonstationarity of the flow. In these circumstances, vertical 

motion is inhibited and the length scale of turbulence is small compared with the height of the 

measurements (Yagüe et al., 2006). Fluxes become decoupled from the surface properties and 

are independent of the often significant air temperature gradient, undermining the basis of the 

bulk aerodynamic method. It has also been acknowledged that EC flux measurements may 

become unrepresentative in these conditions (Helgason & Pomeroy, 2012), and it is likely that 

these measurement difficulties are a major contributor to observed discrepancies between the 

two methods. 

In addition, there is considerable residual uncertainty in the bulk aerodynamic method 

and its parameterisations. Several options for stratification corrections are available (Schlögl et 

al., 2017); although the Paulson (1970) and Grachev et al. (2007) corrections implemented in 

the SHEBA algorithm are widely used, they have not been evaluated in a marginal snow 

environment. Conway and Cullen (2013) showed that katabatic flows over a sloping glacier 

shifted the flux–profile relationship away from the theoretical, which resulted in the significant 

underestimation of sensible heat fluxes. The representation of surface roughness is another 

source of uncertainty acting via the turbulent transfer coefficients and is likely to be an 

important consideration in this setting due to the vastly different contributions from the 

snowpack surface, the low vegetation, and the taller eucalypts. Andreas (2011) implemented an 

option for improving the parameterisation of the aerodynamic roughness in the SHEBA 

algorithm by taking account of the physical roughness. We did not have the required data to use 

this function in this study, although the increasing availability of remotely sensed data may 

make this more achievable in the future. 

Errors can also arise when there is a mismatch between the footprints of the turbulent 

and nonturbulent fluxes (Turnipseed et al., 2002). The bulk aerodynamic method uses outgoing 

longwave radiation measurements to derive surface temperature values and, therefore, the 
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sensible and latent heat fluxes, and there are likely to be differences between the footprint of the 

net radiometer and that of the sonic anemometer used by the EC method. This is particularly 

true in instances of strong stability, when the fetch of the EC flux measurements may extend 

considerably upwind of the sampling area of the net radiometer. It may also be the cause of the 

other main region of disagreement seen in Figure 3.5 if, for example, the trees or any exposed 

rocks upwind of the energy balance station enhance the sensible heat flux away from the surface 

through solar heating (Mott et al., 2015) or the trees modify the airflow past the EC mast such 

that it has a similar effect on the measured flux. During snow surveys of the catchment, snow 

depth across the flux source areas during the prevailing west to north‐westerlies was generally 

observed to be greater than the snow depth in the vicinity of the masts, so the criterion removing 

periods with less than 10 cm of snow makes it unlikely that patchy snow cover was a major 

factor in the comparison. 

Pomeroy et al. (2016) stressed the need to distinguish between the radiometric snow 

surface temperature and the average temperature of the snowpack in a layer near the surface. 

Helgason and Pomeroy (2012) showed that, for a cold snowpack, the temperature in the upper 

10 cm was well correlated with the air temperature, whereas the surface temperature was colder 

and more variable. These differences mean that the use of the radiometric temperature may be a 

source of uncertainty in the bulk aerodynamic method. This distinction may present less of a 

problem in the Australian Alps than in many other snow climates, especially during the ablation 

phase, due to the dominance of equitemperature metamorphism (Sanecki et al., 2006) and the 

relatively small differences between the air and snowpack temperatures. However, as noted in 

Section 3.4.2, we have observed snow surface temperatures that are likely to be considerably 

colder than the temperature of the bulk of the snowpack. As turbulent transfer involves a deeper 

layer of the snowpack than the infinitesimal surface layer that is the source of the longwave 

fluxes, underestimation of the effective snowpack temperature may result in overestimation of 

stability and increased error in the bulk aerodynamic value for Qh. 

3.5.2 The energy balance and drivers of snowmelt 

We have shown that incoming longwave radiation provided more than 80% of the energy to the 

snowpack at Pipers Creek during the 2016 snow season. Less than 5% of the total was explained 

by the turbulent fluxes, with the highest daily contribution only 17%. This may initially seem to 

contrast with other studies that found the turbulent fluxes to be particularly important in 

maritime snow environments over shorter periods of time. Moore and Owens (1984) found that 

turbulent fluxes provided 82% of the energy for melt during a 12‐day period at a site in New 

Zealand's Southern Alps, whereas Marks et al. (1998) reported a contribution of up to 90% 

during a major rain‐on‐snow event in Oregon. However, differences in the method used to 

determine the sources of energy for snowmelt can have a significant effect on the results and 
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their interpretation. As previously noted, a number of authors (Kuhn, 1987; Lapo et al., 2015; 

Ohmura, 2001) have stated that it is incoming longwave radiation, rather than the net longwave 

flux, that acts as a driver of snowpack dynamics. Although the net flux at Pipers Creek was 

negative through most of the study period, the importance of incoming longwave radiation as a 

contributor to melt is not diminished by the fact that the magnitude of the outgoing flux is 

usually greater. Incoming longwave is an energy source that is highly variable, depending, for 

example, on the amount and height of cloud within the atmosphere. The environmental factors 

determining the variability of the incoming longwave flux are therefore key drivers of snowmelt 

in the Australian Alps, as they are elsewhere (Ohmura, 2001). 

Although the review paper of Mediterranean snow by Fayad et al. (2017) stated that the 

turbulent contribution often increases later in the melt season, our observations agree with those 

of Mazurkiewicz et al. (2008), who found that radiation increases in importance as the season 

progresses. Considering the high variability of the snow cover at Pipers Creek during late winter 

2016 (Figure 3.4), it is expected that shortwave radiation would in many years provide a greater 

fraction of the total energy than reported here. In some seasons, this component is further 

enhanced by the presence of wind‐blown dust on the surface of the snowpack. 

In the midwinter months, our sensible heat measurements were similar to those 

modelled by López‐Moreno et al. (2017) at a higher elevation in the U.S. Sierra Nevada but 

were somewhat smaller over the season as a whole as a result of the relatively cool spring and 

the shorter period with snow in the Australian Alps. Net latent heat loss was around a quarter of 

that in the Sierra Nevada, and less than at all of the locations studied by López‐Moreno et al. 

Although evaporation/sublimation from the Pipers Creek snowpack was modest in 2016, it is 

expected to be greater in those years in which warm dry north‐westerly winds affect the region 

during the spring ablation period. In addition, the evaporation later in the year of surface water 

derived from snowmelt is likely to constitute a greater loss of water from the catchment than 

that directly from the snowpack, due to the higher observed Qe following snowmelt and the 

potential influence of the adjacent alpine bogs. 

Rain‐on‐snow events are important to the hydrology of catchments in the Australian 

Alps. Our results are consistent with the findings of other authors (Mazurkiewicz et al., 2008; 

Wayand et al., 2015) that Qr during rain‐on‐snow events is significant but is not the dominant 

source of energy for melt, and Qr provides a minor contribution over the season as a whole. 

With respect to snowmelt, the significance of rain‐on‐snow arises more from the enhanced 

turbulent fluxes Qh and Qe than from Qr, with incoming longwave radiation continuing to act as 

a major energy source. In any case, the majority of runoff in rain‐on‐snow events may often 

come from the rainfall input rather than from snowmelt (Marks et al., 1998; Singh et al., 1997). 
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Like Mazurkiewicz et al. (2008), we observed high Qg values at the start of the season 

when fresh snow fell on bare ground. We also observed a return to higher values towards the 

end of the season when, due to the variable nature of the snowpack in the 2016 winter, there 

were again numerous instances of fresh snow falling on bare ground. Of particular note, despite 

the ground remaining unfrozen throughout the season in this warm environment, the Qg flux 

here is smaller than measured by some authors in colder climates, where the temperature 

gradient between the soil and the snowpack may be somewhat greater. For example, Helgason 

and Pomeroy (2012) reported an average ground heat flux of 8.3 W m
−2

 (0.72 MJ m
−2

 day
−1

) at 

one location in Saskatchewan, Canada, in February, more than three times greater than the 

ground heat flux at Pipers Creek in August. 

Patchy snow may be a dominant feature of the marginal snowpack. Although the heavy 

filtering of the dataset meant that this has been largely excluded from the analysis comparing 

the two energy balance methods, the snowpack energy balance may still be affected to a small 

degree. In addition, the spatial variability of the snowpack must be taken into account when 

considering the applicability of the energy balance to other locations in the region. For example, 

at sites where the snowpack is deeper, it may persist longer into spring and therefore be subject 

to higher mean daily shortwave radiation and sensible heat inputs over its lifetime. 

3.6 Concluding Remarks 

The differences observed between the turbulent fluxes measured using the EC and bulk 

aerodynamic methods highlight the methodological and site‐specific considerations that apply 

to these measurements. Some of these may not be readily apparent when only one record is 

available at a measurement site. 

Ohmura (2001) linked the generally good performance of TIMs in representing 

snowmelt to the dominance of longwave radiation in the energy balance and its relationship 

with atmospheric temperature measurements. The importance of this flux in this marginal 

snowpack setting has been confirmed in this paper. However, the relatively low snow depths, 

high bulk densities, and the modest energy inputs required to melt the snow over a fairly short 

season together create the potential for individual meteorological events to result in considerable 

ablation of the snowpack. Bormann et al. (2014) highlighted the reduced skill of TIMs in this 

environment, and it is apparent that this event‐driven nature of the snowpack is a significant 

factor in its predictability. 

Despite the fact that we have shown that incoming longwave radiation is the dominant 

control on snowmelt in the Australian Alps, this does not in itself suggest a different 

partitioning of the energy balance compared with other snow climates. Although the seasonal 

sensible heat flux is less than, for example, in the U.S. Sierra Nevada, this can at least partially 

be attributed to the shorter Australian snow season. Studies elsewhere have shown that the 
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relative contribution of radiative (turbulent) fluxes increases (decreases) through the snow 

season (e.g., Mazurkiewicz et al., 2008), and this trend is supported by the observations here. 

The shorter snow season therefore suggests that the relative importance of turbulent fluxes is 

greater in the Australian Alps than in many other maritime environments. As sensitivity to 

warming is proportional to the relative magnitude of sensible heat in the energy balance (López‐

Moreno et al., 2017), this study provides a physical basis to the statement that the Australian 

snowpack is highly marginal and sensitive to climate change. 
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4 
Streamflow variability and the role of snowmelt in a 

marginal snow environment 

This chapter has been written and formatted as a manuscript for publication, and is currently 

under review at Arctic, Antarctic, and Alpine Research. 
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4.1 Introduction 

Streamflow variability exerts a fundamental control on the availability of water resources. 

Annual streamflow volumes and their seasonality are largely determined by the amount and 

timing of precipitation and evapotranspiration, as well as the size of the catchment and the 

influence of snowpack storage and melt (Dettinger & Diaz, 2000). Long-term runoff efficiency, 

the ratio of runoff to spatially-integrated precipitation, varies greatly from region to region, 

while at an event scale, runoff efficiency in a given catchment increases with the amount of 

precipitation during the event and antecedent soil moisture (Merz et al., 2006). Understanding 

the dominant drivers of streamflow variability in particular catchments of interest allows for the 

more efficient management of water resources. 

Snow-covered areas are an important source of water for much of society (Viviroli et 

al., 2007) yet are highly vulnerable to change in a warming climate (Adam et al., 2009). Earlier 

research into the impact of climate change on water resources was commonly based on the 

assumption that higher temperatures and a proportional reduction in snowfall would affect the 

timing of runoff but not change the overall volumes (Foster et al., 2016). More recently, studies 

have shown that total runoff may be reduced as the proportion of precipitation falling as snow 

decreases (Berghuijs et al., 2014), potentially due to earlier and more gradual snowpack melting 

(Musselman et al., 2017). Barnett et al. (2005) suggested that any changes to evapotranspiration 

could have limited significance in snow-dominated catchments due to the fact that more 

snowmelt would be occurring at times of relatively low potential evapotranspiration (PET), 

although Foster et al. (2016) found that increases in summer evapotranspiration impacted the 

total annual runoff in the US Rocky Mountains more than changes to the precipitation phase. 

Importantly, the response of runoff in snow-dominated catchments to variability and 

change is highly likely to vary across the globe and be dependent on local climate and 

snowpack characteristics (Stewart, 2009). In the Northern Hemisphere, Brown and Mote (2009) 

found that regions with maritime snow and mild winter temperatures were more sensitive to 

warming than colder continental regions. An increased prevalence of rainfall during winter and 

spring may make flooding more common in regions such as the Alps (Bavay et al., 2009; 

Beniston & Stoffel, 2016) although Wang et al. (2016) noted a tendency for decreasing seasonal 

streamflow maxima in locations more likely to experience snow-to-rain transitions. Similarly, 

Petersky and Harpold (2018) reported a much weaker response of deep soil moisture beneath 

shallow ephemeral snow to the date of snow disappearance, compared to that beneath deeper 

seasonal snow, with runoff generation likely to be reduced as a result. Responses may also 

differ across relatively modest distances and elevation changes, as a result of differences in 

catchment characteristics as well in projections of precipitation, temperature and 

evapotranspiration (Capell et al., 2013; Jepsen et al., 2018). 
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The Murray-Darling Basin (MDB) encompasses approximately one million square 

kilometres (14% of the Australian landmass) and is a major agricultural region as well as having 

areas of high environmental significance (Leblanc et al., 2012). Cai and Cowan (2008) showed 

that declining inflows since 1950 have been the result of both reductions in precipitation and 

increases in temperature. Fiddes and Timbal (2016) found that decreases in streamflow in the 

state of Victoria, including at a number of sites in the MDB, were greatest in the west and least 

near the Australian Alps, indicating the importance of the Alps as a reliable contributor of 

inflows to the largely semi-arid MDB. Even so, inflows to catchments in the Australian Alps 

during the Millennium Drought of 2001–09 were the lowest in the past 500 years (McGowan et 

al., 2009). Chubb et al. (2011) reported a decline in cool season (May-September) precipitation 

over the Snowy Mountains region of the Australian Alps between 1990 and 2009, as a result of 

the passage of fewer frontal systems. Theobald et al. (2016) found a decreasing trend in inflow-

generating precipitation (that is, precipitation on days with ≥10 mm) in the shoulder months of 

May and October between 1958 and 2012. Further reductions in precipitation in winter and 

spring have the potential to significantly reduce total catchment inflows in the Australian Alps, 

with impacts on the management of water resources in the wider MDB. However, the role of the 

warm and highly marginal seasonal snowpack in the changing hydrology of the region, and 

similar regions globally, is not well understood. Significant reductions in snow-covered area 

have been projected (Di Luca et al., 2018), though quantitative impacts on snowpack water 

storage and conversion to runoff are complicated by the high spatial variability in both 

snowpack distribution and dynamics (Bilish et al., 2019). 

A key constraint on research into catchment water balances is the availability of high 

quality data records of sufficient duration. Streamflow measurements have been made in the 

Australian Alps for many decades (Reinfelds et al., 2014); precipitation records at the highest 

elevations are fewer, generally shorter in length, and often subject to considerable uncertainty 

where a moderate proportion of the precipitation falls as snow (Chubb et al., 2015). Similarly, 

the Australian Water Availability Project (AWAP) gridded precipitation dataset (Jones et al., 

2009) provides a useful resource for investigations over extended periods of time, although the 

large systematic biases over the higher elevations documented by Chubb et al. (2016) may 

significantly impact the suitability of this dataset for studies in the Australian Alps. Here, in an 

effort to limit the influence of input uncertainty, we investigate processes in a small headwater 

catchment using a shorter (12-year), high quality precipitation and streamflow record supported 

by a range of ancillary measurements. 

The purpose of this study is to investigate the contribution of the snowpack to 

streamflow variability in the Australian Alps, with specific reference to the implications of the 

marginal state of the snowpack. The paper first derives the components of the water balance for 

the upper Pipers Creek catchment and documents the inter- and intra-annual variability in each. 
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It then seeks to quantify the seasonal influences on the magnitude and efficiency of runoff, 

particularly those related to cool season processes. It concludes by relating this small catchment 

to the wider Australian Alps region and examining the mechanisms by which streamflow in this 

marginal snow environment may change in a warming climate. 

4.2 Methods 

The upper Pipers Creek catchment is located within the subalpine zone of Kosciuszko National 

Park, New South Wales, Australia (Figure 4.1) and was previously described by Bilish et al. 

(2018). It covers 1.4 km
2
 between the elevations of 1668 m and 1853 m above sea level (a.s.l.) 

and during the cooler months experiences a marginal seasonal snowpack. This elevation range 

represents an important part of the region subject to snow in the Australian Alps, where the 

maximum elevation is 2228 m a.s.l. The two dominant vegetation types are grasslands and 

eucalypt woodlands although sphagnum bogs and fens are also present. These, together with the 

surrounding organic-rich soils (Stromsoe et al., 2016), potentially play an important role in the 

hydrology of the catchment. Pipers Creek lies within the catchment of the Snowy Mountains 

Hydro-electric Scheme, which provides electricity to the National Electricity Market and diverts 

water to the MDB. Each water year runs from 1 May until 30 April of the following year, and 

the study period here includes the twelve water years from 2006–07 to 2017–18. 

The water balance of the catchment was defined as: 

𝑄 = 𝑃 − 𝐸𝑇 − ∆𝑆 

where Q is time-integrated streamflow (also referred to as catchment inflows), P is 

precipitation, ET is evapotranspiration, and ∆S is the change in catchment storage. The first 

three terms are measured or estimated as described below. The latter term is calculated as the 

residual of the water balance, and includes the contribution of the snowpack and alpine bogs as 

well as accounting for measurement error and any losses to groundwater. 

Stream height was measured using an ESS Earth Sciences LevelPro 6100 pressure 

sensor upstream of a concrete v-notch weir and logged every 30 minutes. Flow was within the 

notch 97% of the time, accounting for approximately 94% of total inflows. 

A 6-h precipitation record for Pipers Creek was derived from data from the Perisher and 

Guthega Power Station precipitation gauges operated by Snowy Hydro Ltd. The Perisher gauge, 

located 1 km to the west of the catchment at an elevation of 1761 m a.s.l., was the preferred 

measurement site, although it was only operated seasonally (typically May – October). Wind-

induced undercatch of precipitation can be a large source of error when that precipitation falls as 

snow (Chubb et al., 2015, Rasmussen et al., 2012), and this ETI Instrument Systems NOAH II 

weighing gauge was located within a double wind fence in order to minimise measurement 

error. Outside of the cool season, precipitation was recorded by a heated tipping bucket gauge at 
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Guthega Power Station, located approximately 5 km to the north of Pipers Creek at an elevation 

of 1341 m a.s.l., and scaled based on the observed relationship between the Perisher and 

Guthega Power Station gauges. There was a strong temperature-dependent variation in this 

relationship at temperatures in the vicinity of 0 °C, so regression equations were developed and 

applied for six different temperature classes to ensure an optimal fit under varying conditions. 

The proportion of precipitation falling as snow at the area-weighted mean elevation of the 

catchment (1783 m a.s.l.), hereafter referred to as psnow, was estimated from the measured dry-

bulb air temperature using the method described by Bilish et al. (2019). 

Actual evapotranspiration (AET) was measured at a site in the upper catchment over a 

20-month period using the eddy covariance method (Bilish et al., 2018). McGowan et al. (2018) 

and Reinfelds et al. (2014) have previously identified catchments above ~1000 m a.s.l. in this 

region to be energy-limited systems. We therefore estimated AET for the catchment over the 

entire study period by deriving seasonal ratios of measured AET to modelled PET for the 

shorter period, and using these to scale a PET record from the Australian Water Resources 

Assessment Landscape (AWRA-L v6.0) model (Frost et al., 2018). 

 

 

Figure 4.1: Features of the Pipers Creek catchment and location relative to the Murray-Darling Basin 

(MDB) 
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Snow water equivalent (SWE) measurements from the Spencers Creek snow course 

were included as an ancillary variable. Spencers Creek is located 7 km west of Pipers Creek at 

an elevation of 1830 m a.s.l. and has been surveyed weekly throughout each snow season since 

1954. Many previous studies of the Australian snowpack have used the Spencers Creek record 

as a primary input, although Bilish et al. (2019) showed that using this site alone did not 

adequately represent the high degree of variability in the local area. It is therefore recognised 

that these SWE measurements may not be directly related to the total volume of water stored in 

the snowpack at Pipers Creek. However, since the snow course site has similar properties to 

those parts of the Pipers Creek catchment that retain snow the longest (Bilish et al., 2019), it is 

expected that this record provides a reasonable estimate of the period over which there was any 

snow on the ground at Pipers Creek. Consequently, the rain-on-snow accumulation in each 

water year is defined here as the sum of the rainfall recorded while there was snow on the 

ground at the Spencers Creek snow course. 

4.3 Results 

Mean water year precipitation across the study period was 1821 mm (range: 1169–2545 mm) 

and mean water year inflows were 1579 ML (range: 945–2150 ML), giving an average runoff 

efficiency of 63%. Precipitation was highest in the winter months of July and August, while 

streamflow peaked in September as the seasonal snowpack melted (Figure 4.2). 

Four hydrological seasons were defined based on the mean properties of normalised 

cumulative inflows (Figure 4.2d). A period of moderate flows (“winter season” / season 1) was 

present over much of winter (June to mid-August), during which time a seasonal snowpack 

existed in the catchment. Melting of the bulk of the snowpack produced a period of higher 

flows, typically between mid-August and mid-October (“snowmelt season” / season 2). Inflows 

decreased between mid-October and the end of December as the last remaining snow drifts 

melted and the catchment started to dry out (“drying season” / season 3). A “low flow season” 

(season 4) extended over the summer and autumn months of January to May. These seasons are 

similar to those identified in a semi-arid catchment in Idaho by McNamara et al. (2005) using 

soil moisture, although we have not included a transitional wetting period (between seasons 4 

and 1) here as these seasons are based only on measured flows, which appear to respond 

relatively quickly to inputs following the low flow season. In addition, seasons 1–3 are together 

labelled the “snow-affected period”, in order to provide a consistent basis for distinguishing 

between inflows originating from cool-season precipitation and snowmelt, and those received 

over the entire water year. 
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Figure 4.2: a) Mean monthly precipitation, with ranges measured over the study period. b) Mean daily air 

temperature at the area-weighted mean catchment elevation (1783 m), with the 7-day moving mean 

(black). c) Mean monthly inflows, with ranges measured over the study period. d) Normalised cumulative 

inflows for water years in the study period (2006–07 to 2017–18), with the mean (black). Identified 

hydrological seasons based on streamflow are 1—moderate flow winter season, 2—high flow snowmelt 

season, 3—drying season, 4—low flow season 
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4.3.1 Variability in water balance components 

Season 2 featured the highest mean daily flows as well as making the greatest contribution to 

total inflows in nine out of twelve water years (Table 4.1). The mean volumes in each of the 

other seasons were approximately half of those in season 2, while the coefficients of variation in 

seasons 1 and 4 were both somewhat higher. Inflows over the water year had the strongest 

correlation with those in seasons 1 and 3, although the correlation with season 4 inflows was 

still significant at the 5% level (Table 4.2). Notably, there was no correlation between water 

year inflows and those in season 2. There was, however, a moderate negative correlation with 

the proportion of the total inflows occurring during season 2. Thus, in the driest years, spring 

snowmelt provides a large proportion of catchment inflows with lower inflows recorded at other 

times of the year (Figure 4.3). 

The mean water year value of psnow was 0.36, and this varied from 0.25 to 0.45 over the 

years in the study period. The mean value of psnow in the snow-affected period was 0.47, varying 

between 0.37 and 0.58. Most of the snowfall generally occurred during seasons 1 and 2, and the 

mean value of psnow in this period was 0.62, ranging from 0.50 to 0.76. No relationship was 

identified between mean air temperature and psnow in either of these three periods. 

Table 4.1: Seasonal variations in catchment inflows and contributions to total water year inflows 

 

Table 4.2: Regression coefficients (adjusted R
2
) for water year inflows against seasonal metrics * p < 

0.05, ** p < 0.01 

 

 

The mean estimated AET over the water year was 453 mm or 26% of precipitation, and 

this proportion varied from 18 to 39% across the study period. There was a strong seasonal 

variation in estimated AET (Figure 4.4) as a result of the variations in modelled PET and the 

AET/PET ratio being in phase. Estimated AET was lowest in season 1 (0.3 mm day
-1

) and 

highest in season 3 (2.2 mm day
-1

). The presence of snow on the ground was a major inhibitor to 



78 

 

AET, with estimated AET being almost three times greater in season 4 than in season 2, despite 

mean PET being 10% lower. 

The change in storage includes fluxes to and from the sub-surface and snowpack as well 

as the unknown error term. This term was positive in each season 1, indicating both the 

accumulation of a seasonal snowpack and the replenishment of sub-surface storage following 

the dry season. Season 2 fluxes were negative in eight out of twelve years and season 3 fluxes 

were negative in nine out of twelve years, representing the melting of the snowpack and the 

release of water stored in the catchment. 

Annual runoff efficiency was relatively consistent (Figure 4.5), with a mean of 0.63 and 

a standard deviation of 0.07. The lowest runoff coefficient (0.47) was observed in 2008–09 near 

the end of the Millennium Drought, while the highest was in 2014–15 (0.71). As with inflows, 

water year runoff efficiency was inversely related to the proportion of the total inflows 

occurring during season 2 (Table 4.3), with greater efficiency observed when moderate inflows 

were not restricted to the snowmelt season. 

 

Figure 4.3: Proportional contributions to inflows by season, as a function of total water year (WY) 

inflows 
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Figure 4.4: Time series of seasonal water balance terms 

 

Figure 4.5: Relationship between observed water year inflows and precipitation. The dashed line shows 

the mean annual water year runoff efficiency of 63%. Adjusted R
2
 = 0.848, p = 1.24 × 10

-5 
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Table 4.3: Regression coefficients (adjusted R
2
) for water year runoff efficiency against seasonal 

metrics.* p < 0.05, ** p < 0.01 

 

 

4.3.2 The snow-affected period 

Total precipitation was the strongest predictor of inflows during the snow-affected period 

(adjusted R
2
 = 0.781, p = 8.38 × 10

-5
). Limiting the focus to total rainfall or rain-on-snow 

resulted in weaker, though still significant, relationships. In order to determine whether inflows 

were related more to the occurrence of a number of moderate rain-on-snow events than to 

simply the total accumulation over the season, the number of rain-on-snow events of greater 

than 5, 10, 20 and 50 mm in each snow-affected period was examined, as well as the total 

accumulation from such events. In each case, the strongest relationship was associated with 10 

mm events and the correlation became weaker as the size of the event increased further, 

potentially due to fewer of these larger events occurring each year meaning that the statistics 

were less robust. The number of events of 10 mm or greater (adj. R
2
 = 0.748, p = 1.74 × 10

-4
) 

was a somewhat better predictor of inflows than the total rain-on-snow accumulation (adj. R
2
 = 

0.492, p = 6.61 × 10
-3

), yet including this metric in a linear model with total precipitation gave a 

negligible improvement in model skill compared to using just total precipitation. 

In eleven out of twelve years, runoff was more efficient during winter-spring than 

during the summer-autumn low flow period. The most pronounced case was the dry 2006–07 

water year, when the runoff coefficient was 0.61 over the full year but 0.89 over the snow-

affected period, despite peak SWE at Spencers Creek being the lowest on record and psnow in the 

snow-affected period being the second lowest in this dataset. In only one water year (2011–12) 

was the efficiency over the whole year (0.66) greater than that over the snow-affected period 

(0.64). This particular year featured the highest proportional contribution from season 4 inflows 

due to extreme rainfall in February–March 2012. No direct relationship was observed between 

the runoff coefficient over the snow-affected period and total inflows, precipitation, psnow, PET, 

estimated AET, or seasonal maximum SWE at the nearby Spencers Creek snow course (Figure 

4.6). 

Considering the main snowmelt period (season 2) separately, there was a significant 

correlation between precipitation and inflows (adj. R2 = 0.341, p = 0.027), although this was 

much weaker than that over the whole snow-affected period due to the effect of the snowpack 

on the timing of runoff. In particular, while high precipitation in season 2 tended to produce 
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higher inflows, lower precipitation could still result in moderate inflows provided a moderate 

snowpack was present. This was effectively a conversion of season 1 precipitation into season 2 

inflows. The regression coefficient for inflows against peak SWE at Spencers Creek was higher 

than for the entire snow-affected period, though still failed to achieve significance at the 95% 

level (adj. R
2
 = 0.203, p = 0.08). 

 
Figure 4.6: Catchment runoff coefficients for the snow-affected period (seasons 1-3) plotted against 

metrics related to water balance inputs 

4.3.3 Notable events within the study period 

Though relatively short, the study period included a number of notable precipitation and inflow 

events at both the dry and wet ends of the spectrum. These provide examples of catchment 

responsiveness at short timescales and the link between annual inflows and seasonal variability. 

4.3.3.1 End of the Millennium Drought (2006–07 to 2008–09) 

The Millennium Drought affected southeast Australia between 2001 and 2009, with rainfall 

over the broader area being below the median in each year throughout this extended period (van 

Dijk et al., 2013). Precipitation during the first water year in the Pipers Creek record (2006–07) 

was below the mean in each season, and the maximum seasonal SWE at the Spencers Creek 

snow course was the lowest on record. Inflows were also low throughout, and were 63% of the 

mean for the year as a whole. Inflows increased to above the mean in the following year due to 
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higher precipitation in seasons 1 and 3, although the catchment started to dry out again in the 

summer. The 2008–09 water year was the driest for Pipers Creek in the study period, with 

inflows again falling below the mean in each season. Moderate precipitation was received 

during seasons 2 and 3 and inflows in these seasons were not as low as in 2006–07. However, 

those during seasons 1 and 4 were the lowest in the sequence—33 and 27% of the means, 

respectively (Table 4.4)—and were sufficient to produce an exceptionally dry year. 

Table 4.4: Seasonal inflows as a proportion of the mean during the three wettest and three driest years 

 

4.3.3.2 Wet La Niña period (2010–11 to 2011–12) 

The 2010–11 water year featured the second highest precipitation and inflows in the study 

period as well as the lowest value of psnow, explained by an increased proportion of the total 

precipitation falling in seasons 3 and 4. Inflows were closer to the mean throughout the first 

three seasons of 2011–12, then the Australian Alps were affected by the heavy rainfall and 

flooding experienced across southeast Australia in late February and early March 2012, which 

included the wettest 7-day period on record for the MDB (Bureau of Meteorology, 2012). Pipers 

Creek received 300 mm over the same period and the intensity of this precipitation resulted in a 

higher runoff efficiency in season 4 of 2011–12 than in the same season of the previous year 

(0.68 compared to 0.56), despite the seasonal precipitation not being as high. This wet period 

was quickly followed by inflows below the mean in winter 2012, only a few months later. 

4.3.3.3 Mid-winter rain-on-snow (2016–17) 

The highest precipitation and inflows in the study period occurred in the 2016–17 water year, 

largely as a result of a wet winter. Although below average inflows were received in the 

previous year, high precipitation was recorded during winter 2016 and season 1 inflows were 

234% of the mean, accounting for 38% of the water year total (mean: 21%). The largest single 

event occurred on 22 July 2016, when 118 mm of rain-on-snow over a 12-hr period caused 

complete ablation of the snowpack over a moderate proportion of the catchment and produced 

the highest 24-hr inflows in the Pipers Creek record. Snowfall restored much of the snowpack 

over the following days, and precipitation continued to alternate between snow and rain over the 

rest of the season. Locations that had managed to retain snow through the rain-on-snow event 

developed a deeper, more persistent snowpack, while those that had undergone complete melt 

remained marginal (Bilish et al., 2019). Despite the important contribution from rainfall in 
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winter, psnow was only slightly below average in both the snow-affected period and the water 

year. Inflows trended back towards the mean over the remainder of the water year. 

4.4 Discussion 

4.4.1 Closure of the water balance 

The accumulated residual in the water balance over the study period was 2651 mm, or 12.2% of 

the total recorded precipitation, assuming no net change in storage. This is comparable to a 

study of large snow-affected catchments in Canada (Wang et al., 2015) and seemingly 

considerably smaller than in a previous study in the Australian Alps (Reinfelds et al., 2014). On 

a year-by-year basis, the residuals ranged from -0.8 to 21.6% of precipitation. The relatively 

consistent occurrence of positive residuals may be the result of limited subsurface storage 

capacity in the catchment, with storage depletion and recharge being small relative to the other 

fluxes. 

Considering the components of the water balance individually, very few studies have 

direct measurements of AET across a catchment and this was the only flux that was not 

measured across the entire study period here. The use of PET in the water balance instead would 

still result in a non-closure of 8.4%, suggesting that the method for estimating seasonal AET 

from PET was not the dominant source of uncertainty. Precipitation can be highly spatially 

variable, although this factor is somewhat mitigated in this case by the small size of the 

catchment and the proximity (in the cool season) of the precipitation gauge. While additional 

uncertainty is introduced by the use of a second gauge during the warm season, its distance from 

the catchment is still modest and is comparable to the resolution of the best available gridded 

data. The streamflow data were improved by several gaugings undertaken during moderate flow 

events, yet remain a source of uncertainty particularly in those seasons with higher flow events. 

In any event, it is considered likely that the variability in each term has been sufficiently 

represented since reasonable closure of the water balance was achieved. 

4.4.2 Streamflow and the snowpack 

While season 2 was the highest inflow season in nine out of twelve years, these inflows were 

not correlated with total inflows over the water year. Season 2 inflows had the lowest coefficient 

of variation overall and, during the three wettest and three driest years, exhibited the weakest 

proportional deviation from the mean of all seasons (Table 4.4). In contrast, a moderate 

correlation was observed between water year inflows and season 1 inflows, and there was a 

weaker but still significant correlation between water year inflows and season 1 inflows as a 

proportion of the total (Table 4.2 and Figure 4.3). Inflows during seasons 3 and 4 also had a 

moderate correlation with water year inflows. It is therefore evident that while inflows from the 
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snowmelt season are a large component of the annual total, they do not account for the observed 

interannual variability, which is instead determined much more by inflows in the other three 

seasons. Nevertheless, the spring snowmelt period is a reliable source of water for the 

catchment, and snowpack processes become particularly relevant to the management of water 

resources during dry years. 

Inflows during winter were important during both wet and dry years. The relationship 

between inflows and precipitation was also greatest during winter (season 1): marginally better 

than during seasons 3 and 4, and somewhat stronger than during season 2. While precipitation 

phase did not have a significant effect on inflows over the water year or the snow-affected 

period as a whole, it was an influencing factor during winter, with a greater incidence of rainfall 

producing higher inflows. Rain-on-snow occurred relatively frequently since air temperatures 

were often close to 0 °C throughout winter, and the highest daily streamflow in the record 

followed the rain-on-snow event on 22 July 2016. Bilish et al. (2019) found that melt processes 

were responsible for the distribution of the Australian snowpack even relatively early in the 

season, and the streamflow observations here are consistent with that result. Moderate inflows 

recorded over winter were due to both the partial melting of the snowpack and precipitation 

falling as rain contributing to quickflow. 

There was little persistence observed in catchment inflows, with no significant 

autocorrelation in water year inflows or in monthly inflows relative to the mean. In addition, no 

significant correlation was observed between net change in catchment storage at the annual 

timescale and either streamflow or runoff efficiency, either in the same water year or with a one 

year lag. In the nearby Victorian Alps, Cartwright and Morgenstern (2016) showed the transit 

time of water in catchments with predominantly eucalypt forests to be in the order of years to 

decades due to high rates of transpiration and slow movement through the soil, with much more 

rapid passage of water through peatlands. The latter is consistent with the observed lack of 

persistence at Pipers Creek, and it is likely that retention and storage of water in the catchment 

is limited in any case by modest soil depth (Hope et al., 2012). In wetter years, high levels of 

surface and near-surface moisture were observed in parts of the catchment through the summer 

period, well after final snowmelt, although such areas may be spatially limited and did not occur 

each year. As a result, the catchment responded relatively quickly to water inputs, and 

hydrometeorological drivers more generally, even following periods of drought. The three 

inflow sequences discussed in Section 4.3.3 provide further evidence of this. The contribution 

of antecedent conditions to runoff processes and efficiencies at shorter (e.g. event) timescales is 

an area for future research. 

Previous studies in the Australian alpine region have found relationships between 

seasonal snow depth and mean daily maximum temperature, and a weaker relationship with 

mean daily minimum temperature (Davis, 2013; Nicholls, 2005; Pepler et al., 2015). Fiddes et 
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al. (2015) detected a similar dependence on temperature for the number of days with increases 

in snow depth in the Victorian Alps. However, despite the sensitivity of precipitation phase to 

temperature, there was no indication of any seasonal or annual relationships between mean, 

maximum or minimum daily air temperatures and psnow at Pipers Creek. Similarly, while Safeeq 

et al. (2016) found statistically significant differences in psnow between the coldest and warmest 

years in several regions of the United States, no such relationship was detected here. A number 

of factors may have contributed to these results and the real or apparent differences with 

previous studies. Firstly, the relationship between temperature and snowfall could be expected 

to differ from that between temperature and snow on the ground, even at relatively short 

timescales and particularly at warmer temperatures (Safeeq et al., 2016). There is a clear 

physical basis for the response of snow depth to mean temperature, while precipitation phase is 

more closely linked to instantaneous air temperature, and estimating it based on some 

knowledge of sub-daily temperature variability and its timing with respect to when the 

precipitation fell is likely to produce a more accurate representation of true snowfall than using 

daily maxima, minima or means. At Pipers Creek, mean air temperatures over seasons 1 and 2 

varied by only 1.3 °C across the study period yet psnow over the same seasons ranged between 

0.50 and 0.76. In marginal snow environments such as this, while precipitation phase is 

sensitive to small changes in air temperature, it appears that this is expressed more through 

synoptic and sub-daily variability than through changes in mean air temperature. It is, for 

example, not uncommon to have both rain and snow fall on a particular day, though it is likely 

that these proportions will not be adequately resolved by the aforementioned temperature 

metrics. 

Loss of water directly from the snowpack through evaporation or sublimation was a 

small component of the water balance. Estimated AET in seasons 1 and 2 was only 9% and 12% 

of PET, respectively, increasing to 39% in season 3. In a winter-spring season with high 

precipitation and runoff, Bilish et al. (2018) found the loss from the snowpack to represent only 

6.5% of the total precipitation over the same period—much less, for example, than the 25–39% 

of total accumulated snow lost through sublimation in dry snow regions such as the Andes and 

the Atlas Mountains (López-Moreno et al., 2017). This present work supports the suggestion by 

Bilish et al. (2018) that evaporation following melt was likely to represent a much more 

significant loss to the overall catchment water balance (Figure 4.4), since the relatively short 

snow season means that the snowpack had largely ablated prior to the arrival of warm dry 

conditions. Although recognised as an energy-limited environment, the Pipers Creek catchment 

was technically water-limited (PET > precipitation) at the annual timescale for four of the five 

water years with the lowest inflows. Additional periods of within-season water-limited 

behaviour were likely at times during the summer months, although streamflow was perennial 

despite the limited storage potential in the catchment. 
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4.4.3 Sensitivity to climate variability and change 

Studies elsewhere have shown that precipitation phase can exert a control on runoff efficiency 

(e.g. Berghuijs et al., 2014; Zhang et al., 2015). Reinfelds et al. (2014) observed increasing 

annual runoff coefficients with elevation in the Australian Alps and attributed these to higher 

proportions of the precipitation falling as snow, although it is likely that elevation-dependent 

biases (Chubb et al., 2016) in the gridded precipitation product used contributed to these 

findings, particularly since runoff coefficients well in excess of unity were reported. The data 

presented here do not lend support to the prospect of decreasing annual streamflow at this 

location as a result of a shift from snowfall to rainfall. The earlier, more gradual and less 

efficient melting of a shallower snowpack may be a key physical mechanism for such a 

relationship in other settings (Musselman et al., 2017). However, since the Australian snow 

season is short and significant snowmelt already occurs during winter, the scope for earlier melt 

is much lower than in those places where the snowpack is more persistent. The changes to 

snowpack energetics and runoff efficiency associated with a shift in timing are also likely to be 

reduced, compared to locations where snowmelt currently peaks in late spring or summer. 

Recent research (Bilish et al., 2018; 2019) has shown that individual synoptic events 

have an important role in the development of the Australian snowpack. We propose that this 

variability is also a major factor in the sensitivity of streamflow in this environment to warming, 

and that precipitation phase plays a much less significant part. Despite a moderate proportion of 

the total annual precipitation falling as snow and snowmelt clearly influencing the timing of 

streamflow, the very high variability in the snowpack combined with its marginal mean state 

likely mean that large parts of the catchment already exhibit ephemeral snowpack properties and 

behaviour in some years, and that further decreases to snow-covered area (with continued 

dependence on individual accumulation and melt events) do not represent extreme departures 

from the current position in terms of runoff processes. Hammond et al. (2018) showed that the 

relationship between snowpack and streamflow variables was considerably weaker in wet/warm 

catchments than in dry/cold catchments in the western United States, and these weaker 

relationships are likely to apply in the Australian Alps as well (Bilish et al., 2019). 

The net effect of changes to evapotranspiration is more difficult to determine since there 

can be multiple opposing considerations. The presence of snow on the ground acts to limit AET, 

so decreasing snow cover in a warmer climate will lead to greater AET during winter and 

spring, independent of any changes to PET, though the scale of this increase at this location 

relative to current conditions is again tempered by the existing variability in snow cover and the 

fact that evapotranspiration is lowest at this time of the year. Earlier melt may reduce total AET 

where increased AET during winter is more than offset by reduced AET in summer due to 

moisture stresses (Barnett et al., 2005; Jepsen et al., 2018). However, as previously discussed, 
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there is limited potential for significantly earlier melt at Pipers Creek and the catchment is not 

always water-limited over summer. With continued warming, it is likely that increases in AET 

over the warmer months will dominate the contribution of evapotranspiration to changing 

streamflow yields, and exceed any effect arising directly from the shift from snow towards rain, 

similar to the findings of Foster et al. (2016) in the Rocky Mountains. Given the strong 

relationship between precipitation and streamflow, more significant to the availability of water 

resources in the shorter term are the moderate declines observed in cool season precipitation 

(Chubb et al., 2011; Theobald et al., 2016). 

4.4.4 Application to the wider Australian Alps region 

Since catchment properties and behaviour vary across the region (Reinfelds et al., 

2014), it is worth considering how findings based on this small catchment relate to the snow-

affected areas of the wider Australian Alps. The highest point is Mt Kosciuszko at 2228 m a.s.l., 

while the lower extent of seasonal snow is generally considered to be around 1400 m a.s.l. 

(Sanecki et al., 2006). Bilish et al. (2018) wrote that the Pipers Creek catchment “has features 

representative of a key part of the Australian Alps region” (p. 3839) in terms of both elevation 

and vegetation, and Bilish et al. (2019) found that it included a wide range of snowpack 

conditions, from moderate drifts to areas with high solar and wind exposure. Differences in 

snowpack behaviour are most likely to occur in the true alpine areas and those around the 

seasonal snowline, although the snowpack in the latter is highly ephemeral and will have a 

smaller influence on catchment hydrology than at Pipers Creek. 

In practice, alpine snowpack properties are likely confined to areas above at least 1850 

m a.s.l., which comprise only 3% of the total catchment of the Snowy Mountains Hydro-electric 

Scheme, and a smaller proportion of the Australian Alps overall. Comparing the distribution of 

seasonal streamflow for the Pipers Creek catchment to that for the Snowy River above Guthega 

gauging station, which has 59% of its area above 1850 m a.s.l., the differences observed were 

relatively modest (Figure 4.7). The mean timing of the spring inflow peak was 18 days earlier at 

Pipers Creek, and wintertime inflows also contributed a greater proportion of the total there. 

Normalised cumulative inflows were almost identical in the two catchments in the second half 

of the water year (December-April), once snow cover was limited to isolated snowpatches at the 

highest elevations (Green & Pickering, 2009). The Snowy River catchment is the most snow-

affected in the Scheme and, while other managed catchments have alpine components, these are 

proportionally much smaller and contribute less to overall behaviour. It is therefore maintained 

that, while there is some uncertainty regarding the alpine zone, the general features of snowmelt 

hydrology observed in the Pipers Creek catchment offer considerable insight to the processes 

occurring over a much greater area of the Australian Alps and are highly relevant to the 

management of water resources there. The minor differences in the distributions for the Snowy 
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River between the study period for this paper and the longer historical record also provide 

reassurance that the 12-year period of record is suitably representative of actual hydrological 

variability in these catchments. 

 

Figure 4.7: Comparison of normalised cumulative inflows at Pipers Creek and the Snowy River above 

Guthega for water years in the study period (2006–2017). Also shown is the Snowy River over an 

extended period of time 

 

4.5 Conclusions 

Precipitation is the principal driver of seasonal and interannual streamflow variability in this 

marginal snow environment. As a result of a wintertime precipitation maximum and mild winter 

and spring air temperatures, there is a relatively small temporal offset between the peaks of the 

mean precipitation and streamflow cycles in the Australian Alps. Spring is typically the highest 

streamflow season and, since snowfall accounted for between one-half and three-quarters of the 

precipitation in the study catchment during winter and spring, snowmelt makes an important 

contribution to total streamflow. Even so, it was the variability outside the main snowmelt 

period that explained the observed interannual variability in streamflow. This study has 

therefore shown that the snowpack has a somewhat mixed influence on the overall hydrology of 
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the catchment in this marginal snow environment. Snowpack processes are critical to the 

understanding of catchment behaviour, particularly at the shorter timescales, yet play a smaller 

role in the annual water balance, even when snowfall makes up a reasonable proportion of the 

total precipitation. Despite the Australian snowpack itself being highly vulnerable to a warming 

climate, the direct consequences of a reduction in snowfall on streamflow are likely to be less 

significant than trends in total precipitation. 
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5.1 Overview 

This thesis has adopted multiple approaches to advance the understanding of snowpack 

behaviour in the Australian Alps, a marginal alpine setting. In Chapter 2, the distribution of the 

snowpack in a small research catchment was measured repeatedly throughout two snow 

seasons, enabling the factors that explained the observed spatial variability in the snowpack to 

be identified. In Chapter 3, the focus shifted to the energy balance of the snowpack and the 

relative significance of the processes involved in melt. The progression from precipitation to 

runoff concluded in Chapter 4, where the broader characteristics of seasonal and annual 

streamflow variability in a snow-affected area were investigated. These chapters each contained 

a discrete discussion related to that specific paper. Here, the results from the three chapters are 

brought together in relation to the thesis research objectives and are discussed in the context of 

the overall importance of an improved understanding of snow hydrology in the Australian Alps 

and other marginal snow environments. 

5.2 Research findings 

5.2.1 Objective 1 

Investigate the spatial and temporal variability in snow depth and snow water equivalent 

in the Australian snowpack, examine how these properties are influenced by its marginal 

nature, and determine the implications for marginal snowpacks globally. 

Snowpack variability is present across a range of spatial scales (Clark et al., 2011). It originates 

with variability in the distribution of falling precipitation and the drifting of that precipitation as 

it reaches the ground (Scipión et al., 2013). Following deposition, snow may be redistributed by 

the wind, while ablation processes exert an additional spatially varying influence. Knowledge of 

these important contributing factors aids in the prediction of accumulation and melt at a point, 

and its variability across the catchment. A key challenge within this research area has been to 

understand the relationships between snowpack measurements and the properties of the 

snowpack at the catchment scale—for example, the total volume of water stored within a 

defined area. Molotch and Bales (2005) showed that different measurement sites were more 

representative of the mean of the surrounding area at different stages of the season, so it is 

highly likely to be the case that some consideration of snowpack dynamics—that is, its temporal 

changes and how these vary spatially—is required when making use of point measurements. A 

scarcity of distributed measurements has meant that this has not previously been possible for the 

more marginal snowpacks. 

The measurements at Pipers Creek reveal high variability in snow depth and SWE over 

distances of tens to hundreds of metres. The coefficient of variation generally increased through 
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the season due to the compounding of the individual drivers, consistent with the observation of 

Webb (2017) that patterns of snowmelt variability are distinct to the distribution of SWE. In this 

warm setting, however, it is worth considering the implications of both accumulation and 

ablation processes being active through the season. A transition through an increasingly 

marginal snowpack to a truly ephemeral one, where the snow cover melts completely multiple 

times in a season, would see the degree of variability effectively reset during each cycle, as the 

patchy ablated snowpack is replaced by a (temporarily) more homogeneous cover. Such 

behaviour occurred at Pipers Creek following the July 2016 rain-on-snow event, but was not 

observed during less pronounced melt/replenishment cycles. 

A key finding of this research was that the marginal nature of the snowpack is 

expressed more in its dynamical behaviour than in its spatial distribution at any one point in 

time. Snow over parts of the Pipers Creek catchment could be fairly described as ephemeral, 

with low maximum snow depths and instances of snow from a particular event melting before 

the next snowfall was received. However, there were also zones nearby that could support snow 

of moderate depth (>1 m) and continuous cover for a period of 3–4 months (Figure 2.4). These 

differences were shown to be the result of variability in aspect and solar radiation exposure as 

well as upwind terrain and vegetation. It is suggested that the occurrence of both of these classes 

in close proximity over a high proportion of the snow-covered area is a characteristic feature of 

marginal seasonal snow environments, and a point of distinction compared to ephemeral 

snowpacks, which are also highly variable yet shallow and less persistent (Sturm et al., 1995; 

Petersky & Harpold, 2018). Small changes in snow conditions, either within or between years, 

can result in a bifurcation in snowpack dynamics (referred to in Chapter 2) between nearby 

locations. Such an occurrence reduces the consistency in time of spatial patterns of 

accumulation and melt, and therefore has considerable implications for the ability to describe 

snowpack dynamics from individual point measurements. 

While it is well established in the literature that snowpack point measurements may not 

be representative of the surrounding catchment (e.g. Molotch & Bales, 2005; Grünewald & 

Lehning, 2011; 2015; Dozier et al., 2016), this specific issue has particular relevance to 

marginal snowpacks, where patchy snow may be present at any time in the season. Truly 

ephemeral snow is highly variable, yet there is reduced potential for marked differences in 

accumulations and persistence. Deep maritime or continental snow may exhibit greater absolute 

variability in snow depth; however, because of the deeper snow overall, it is likely that 

differences in dynamical characteristics over small areas are largely centred on a shorter period 

of time at the end of the season. 

These results are critical in the context of the limited number of snow course sites at 

which snow depth and SWE are measured within larger alpine catchments, and how these data 

are used to understand and predict snowmelt runoff. It was identified in Chapter 2 that the index 
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snow course at Spencers Creek is located in an area of deep persistent snow relative to the 

surrounding region, and this is illustrated in Figure 5.1. It follows that the snow depth there 

should not be assumed to be representative of that over the catchment, or even at similar 

elevations, at any particular point in the season. The selection of this site, more than 60 years 

ago, for the measurement of SWE to enable spring snowmelt forecasting is consistent with the 

finding of Molotch and Bales (2005), that SWE measurements made in such areas often have 

higher correlations with the areal mean when the snowpack is ablating. However, the present 

work has shown that the catchment as a whole does not conform to the traditional model of a 

snow season as a defined accumulation phase followed by an ablation phase, even if isolated 

zones of persistent snow such as that at the snow course might. 

The conceptual model upon which the prediction of catchment snowmelt volumes from 

season peak SWE is based, is therefore undermined in marginal snow by ablation processes 

having an important role early in the season, since there can be considerable variability in the 

dates of peak SWE across the catchment. The scaling relationships between point measurements 

and the rest of the catchment vary throughout the season as a consequence of the variability in 

snowpack dynamics. It follows that these relationships are dependent on synoptic variability and 

the particular sequence of meteorological events that affect the region in a given year, rather 

than there being a largely invariant scaling that is a direct function of various catchment 

properties. This result has been obtained by examining the properties of a marginal snowpack in 

a spatial context, yet appears to receive support from a recent study in the United States 

(Hammond et al., 2018), which found that the relationships between snowpack properties (such 

as snow persistence and peak SWE) and streamflow were considerably weaker in wet maritime 

regions than in dry continental snow climates. It can also be related to the observation in 

Chapter 4 of the lack of a significant relationship between the peak SWE at Spencers Creek and 

seasonal streamflow in the Pipers Creek catchment. 

The implications of these findings for past studies that have used Spencers Creek data 

as an input will vary, depending on the specific way in which the data have been assumed to be 

representative of Australian snow cover. The snow there is deeper than over much of the 

catchment but, since the relationship between snow depth / SWE and snowpack dynamics are 

highly nonlinear, the magnitude of the error will differ for each modelled variable and may vary 

from one season to the next. When records from index sites are used in the future, it will be 

necessary to consider the consequences of marginal snowpack dynamics in the experimental 

design and the assessment of uncertainty. 

The key finding of this research with respect to snow-affected regions globally is that as 

the climate warms and the snowpack becomes more marginal, the ability to use individual point 

measurements and simple scaling relationships to quantify snowpack water resources 

diminishes. A more explicit representation of variability is likely to be necessary. 
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Figure 5.1: View from Spencers Creek snow course, 26 October 2016, showing its location in an area of 

persistent snow cover 

5.2.2 Objective 2 

Investigate the individual components of the snowpack energy balance and their 

variability, to identify the drivers of snowmelt in the Australian Alps. 

As part of the research, snowpack energy fluxes at a site in the upper Pipers Creek catchment 

were measured over a full snow season using the eddy covariance and bulk aerodynamic 

approaches. These are the first snowpack energy balance measurements to have been made in 

the Australian Alps. Both measurement techniques have inherent limitations under certain 

environmental conditions, such as in a highly stable atmosphere (Helgason & Pomeroy, 2012; 

Dadic et al., 2013). Even using a heavily filtered dataset, significant discrepancies between the 

methods were sometimes observed (Section 3.4.1). While the bulk aerodynamic method was 

somewhat simpler to implement in a harsh environment, its sensitivity to representations of 

atmospheric stability and surface roughness were evident. 

This research found that the two radiative sources (longwave and shortwave radiation) 

provided approximately 95% of the total energy to the snowpack across a season in the 

Australian Alps, with the longwave component alone accounting for more than 80%. The 

turbulent fluxes were much smaller, but acted as important sources of energy for shorter periods 

of time. Despite the frequency of rain-on-snow (investigated further in Chapter 4) and its 
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importance in warm snow climates, the contribution of the rain heat flux was very small, 

providing only 8% of the daily total during a major rain-on-snow event and much less at other 

times (0.1% of the seasonal total). The ground heat flux was also a very minor source of energy 

due to a modest temperature gradient between the ground and the snowpack, and accounted for 

less than 1% of the seasonal total. 

An important outcome from this work is the recognition of the need, in all snowpack 

energy balance studies, for careful selection of the terminology used in descriptions of research 

methods and results. A significant number of studies, especially those from earlier decades, 

have grouped the radiative terms together as net radiation. In many cases, these studies have 

reported turbulent fluxes to be the dominant drivers of snowmelt, with net radiation a relatively 

small term (e.g. Moore and Owens, 1984; Marks et al., 1998). It would be equally valid to 

separate the contribution of net radiation into net shortwave and net longwave terms, where 

these measurements are available, in order to investigate the environmental processes in more 

detail. However, since net shortwave radiation is positive and relatively large while net 

longwave radiation is most frequently negative, such a move would have the effect of changing 

the relative significance of all of the drivers of snowmelt, rather than just dividing the net 

radiation contribution into its two components, since a “negative driver of snowmelt” is not 

meaningful. It becomes apparent that the use of net radiation as a driver of snowmelt effectively 

offsets shortwave radiation against longwave radiation, despite their different environmental 

origins, but does not involve the other fluxes in a similar manner. This is not at all helpful when 

trying to understand the physical processes involved or their relative contributions. 

More recent studies (e.g. Würzer et al., 2016; Lund et al., 2017; Conway et al., 2018) 

have examined the shortwave and longwave radiative components separately, though the fact 

that the relative significance of the terms can vary depending on the manner in which they are 

arranged indicates that care is still required in the interpretation of results. In order to explain 

and resolve potential inconsistencies, the position taken in this work is that it is necessary to 

distinguish between the terms of the energy balance and the drivers of snowmelt. The basis for 

this distinction was provided by Ohmura (2001), who stated that incoming longwave radiation 

is the most important energy source for melt, and a similar approach can be found elsewhere 

(e.g. Kuhn, 1987; Lapo et al., 2015), as described in Chapter 3. Note that the use of incoming 

(rather than net) longwave radiation as a driver of snowmelt is not equivalent to disregarding the 

outgoing component completely or assuming that all of the incoming flux is used directly for 

snowmelt. Outgoing longwave radiation is a highly important flux and cannot be neglected in 

the energy balance although, being a passive response term (Ohmura, 2001), should not be 

included as a driver of snowmelt, via either net radiation or net longwave radiation. Despite this 

previous work, there does not currently seem to be widespread recognition that there is an 

important difference between the terms of the energy balance and the drivers of snowmelt. A 
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review of the literature revealed that while various energy balance accounting approaches have 

commonly been used in the past, the differences seem to have appeared sufficiently subtle such 

that specific details of the method chosen in a particular case have rarely been provided in the 

manuscript. Consequently, differences in results between studies that may be strongly 

influenced by the choice of accounting practice, have instead been primarily attributed to 

differences in the actual properties of the study sites. The energy balance components and the 

drivers of snowmelt are clearly very closely related, but there is potential for misinterpretation 

of results when the terms are used interchangeably. 

Spatial variability in the snowpack energy balance is to be expected across the 

catchment. There are two dominant components to this variability. Firstly, the energy balance at 

a particular point in time depends on the spatially varying effect of the landscape on the relevant 

processes, such as the shading of incoming shortwave radiation by terrain or the reduction in 

wind speed due to surface roughness. Furthermore, the highly variable persistence of the snow 

cover means that the total (seasonal) energetics of snowmelt at a point is determined by the 

interaction between the temporal variability mentioned previously and the actual timing of the 

snow cover there. For example, the higher turbulent fluxes during winter make a greater 

fractional contribution to the most transient snow cover than to the more persistent snow drifts, 

since the latter are also affected by increasing radiative fluxes in spring. In this first examination 

of the energy balance of the Australian snowpack, the intention has been to characterise more 

broadly the influences on melt in this region, hence the selection of a relatively open, level 

measurement site at the middle elevations of the main snow-affected region. While it may be the 

case that additional measurements are needed to, for example, provide a detailed energy balance 

context to a specific set of observations from a site like Spencers Creek, it is suggested that the 

results that have been presented here provide an appropriate indication of the dominant drivers 

of snowmelt in this region. In particular, it is highly likely that the overall dominance of the 

incoming longwave radiation term will apply throughout the catchment. In the study of Sicart et 

al. (2006), incoming longwave radiation at a point increased as the sky view factor decreased, 

and the enhancement was significant on a north-facing slope (in the Northern Hemisphere) that 

opposed a snow-free south-facing slope. The contribution of longwave radiation here would 

thus not be expected to be any less significant than previously stated in any terrain more 

complex than that in the vicinity of the measurement site. 

A primary motivation for this work was to understand the key processes involved in 

snowmelt in this marginal snow environment, in order to inform decisions on the types of 

snowmelt model that may be most appropriate in such a setting. Bormann et al. (2014) offered 

the expected high variability in the components of the snowpack energy balance as a leading 

explanation for the poor performance of TIMs in maritime snow environments. This research 

has confirmed that the energy fluxes in the Australian Alps are indeed highly variable at a range 
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of timescales. There is a strong seasonal component to the energy balance, with the turbulent 

fluxes decreasing through the season as the radiative terms increase, though variations at these 

longer scales have been reported elsewhere and may be less detrimental to model performance. 

High variability was also observed in many of the daily energy fluxes, adding weight to the 

argument of Bormann et al. (2014). Nevertheless, Ohmura (2001) showed that the utility of 

TIMs arises largely from the fact that air temperature is closely related to both the sensible heat 

flux and incoming long wave radiation. Since these are two of the three largest sources of 

energy for snowmelt, even in the Australian Alps, it may still be a little surprising that model 

performance varies so much. It is suggested that the day-to-day variability in the individual 

fluxes, set against a backdrop of the overall dominance of the combined longwave and sensible 

fluxes, is an important factor, but that the marginality of the snowpack itself also plays a critical 

role, just as it does in snowpack dynamics (Chapter 2). The snowpack is largely isothermal and 

of moderate to high density throughout the season, and the transition from new snow to a ripe 

snowpack can take place relatively quickly with comparatively modest energy inputs. The 

smoothing characteristics of TIMs means that they are not able to represent these changes well. 

Once the complexity in understanding the distribution and dynamics of the snowpack is 

considered (Objective 1), it is seen that quantitatively modelling marginal snowmelt processes 

has high uncertainty and will continue to present challenges for forecasting at event timescales. 

It is highly likely that the more accurate modelling of snowmelt in such an environment requires 

an explicit treatment of meteorological forcing events. 

5.2.3 Objective 3 

Investigate the contribution made by snowmelt to total inflows in a marginal snow 

environment. 

In Chapter 4, the consequences of snowpack variability on the availability of water resources 

were examined in more detail. Four hydrological seasons were defined for the Pipers Creek 

catchment and the relationships between seasonal and interannual streamflow variability were 

investigated. Despite the local interannual variability in precipitation (Theobald et al., 2015) and 

the snowpack, some consistency in annual streamflow patterns was observed. In particular, 

there was a regular (albeit relatively modest) separation between the precipitation and 

streamflow peaks—one indication that the snowpack, despite its marginality, is an important 

factor in the management of the region’s water resources. It was especially notable that neither a 

deep snowpack nor a high yielding snowmelt season was shown to be a good predictor of a high 

mean inflow year. While the former is perhaps no longer surprising given the previous 

discussion on the weaker relationships between snowpack and streamflow metrics in warm 

settings, the latter result extends these findings further. The spring snowmelt season is a 

relatively large and reliable source of inflows, but the summer, autumn and winter months have 
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the greater impact on total interannual streamflow variability. This is enabled by the singular 

importance of precipitation volume, rather than phase, as a driver of streamflow variability and 

by the observed lack of autocorrelation in streamflow. 

Chapter 4 also included an examination of the proportion of precipitation falling as 

snow. Extended records of precipitation type based on actual physical observations are 

relatively uncommon. Optical instruments now allow the automated discrimination of 

precipitation type, although considerable uncertainty remains in these estimates (Wolff et al., 

2015). As a result, particularly for operational hydrology, phase is often estimated as some 

function of air temperature, and sometimes humidity and/or atmospheric pressure (e.g. Dai et 

al., 2008; Marks et al., 2013; Ding et al., 2014; Froidurot et al., 2014). A local study that used 

the differing collection efficiencies of shielded precipitation gauges to estimate the precipitation 

type (Chubb et al., 2015) was utilised in this work, and the proportion of precipitation falling as 

snow was calculated from the dry-bulb temperature in each 6-hour interval across the 12-year 

dataset. It was found that snowfall was a substantial fraction of the total precipitation, given the 

marginal state of the snowpack. It represented a mean of 36% of the total annual precipitation, 

increasing to 62% of the precipitation in the peak winter/spring months. 

Seasonal and annual snowfall fractions were not well estimated by the respective means 

of daily temperature minima, means or maxima. This contrasts with other studies in Australia 

that have observed relationships between various temperature and snowpack metrics. When 

temperatures are frequently in the vicinity of the melting point, the relationship between sub-

daily temperature variability and the timing of precipitation becomes important, and coarser 

resolution data may not adequately represent the physical processes involved. Such 

considerations are therefore expected to be relevant to all studies in the rain-snow transition 

zone. It is stressed that this analysis was not intended to be a verification of the specific 

discrimination method implemented, since no actual observations of precipitation type were 

available in the Pipers Creek catchment. Rather, the adverse impact detected is purely a result of 

decreasing the temporal resolution of the data and is independent of any residual uncertainty in 

the relationship between air temperature and precipitation type. 

Previous research has concluded that the snowpack in the Australian Alps is highly 

sensitive to global warming, with large reductions in peak SWE, snow-covered area and snow 

season length by the second half of the twenty-first century (Hennessy et al., 2008; Hendrikx et 

al., 2013; Di Luca et al., 2018). Given the preceding discussion on the differing dynamics of the 

deeper and shallower areas of snow, the early impacts on snow-covered area will be highest in 

the more ephemeral zones. These are generally not as well represented in the available 

measurements and the studies that use them, though the finding of Fiddes et al. (2015), that 

there has already been a reduction in the number of lighter snowfall days, is pertinent to these 

areas. While a declining snowpack has direct implications for winter recreation and subnivian 
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ecology, the consequences for catchment hydrology are less clear and have previously received 

limited attention in this region. 

In colder snow climates, research has shown that the conversion of precipitation to 

runoff is more efficient where a greater fraction of that precipitation falls as snow, so a shift 

towards proportionally more rainfall would result in lower water availability. Reinfelds et al. 

(2014), with their observations of a runoff coefficient increasing with elevation, suggested that a 

similar relationship applied in the Australian Alps. However, as mentioned earlier, elevation-

dependent biases in the precipitation dataset contributed to this result and it is now not possible 

to state with confidence whether such a gradient does indeed exist. The present study 

investigated the role of precipitation type by instead looking at interannual variability in a single 

catchment, and was not able to find evidence of such an effect. 

The potential for proportionally less snowfall to result in less efficient runoff in 

marginal snow areas is not rejected entirely. Indeed, the analysis in Chapter 4 showed that 

evaporative losses from the snowpack are lower than those from a snow-free area under 

otherwise similar conditions. However, these differences would occur during the coolest and 

most humid part of the year, and it has also been noted that there is limited potential for a shift 

to earlier, slower, and less efficient snowmelt in this environment (cf Musselman et al., 2017). It 

therefore seems likely that the overall impact of a changing snowpack on the hydrology of the 

Australian Alps is far outweighed by the existing very high level of variability and marginality. 

This environment will continue to be an event-driven system, and less subtle changes to 

synoptic variability and the passage of precipitation-bearing systems (Chubb et al., 2011; 

Theobald et al., 2016) are expected to dominate. 

5.3 The contribution and implications of this research 

Research into marginal snow environments is critical. Many such regions across the world 

support significant water resources and hold much regional importance, and additional areas 

with snow that are not currently considered marginal are likely to become so over the coming 

decades as the climate warms. There has been substantial progress in the understanding of 

warm, maritime snow regions but much less focus on marginal and ephemeral snowpacks. 

The datasets obtained as part of this research are unprecedented in Australian snowpack 

research and are an important contribution to the wider field. Surveys of a small catchment over 

two seasons have led to knowledge of the spatial variability in a marginal snowpack and the 

physical processes involved. The majority of previous studies in Australia have used operational 

data as a primary input, either to document past snowpack variability or to validate modelling of 

future conditions, and have not had data from targeted field campaigns to investigate the 

processes relevant to these observations and the degree to which they are representative of the 

surrounding environment. While such issues have been investigated in other countries, we see 
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that there are additional considerations and limitations in this setting. The characterisation of 

marginal snowpack dynamics in terms of stable and unstable states forces a shift away from the 

traditional representation of a snow season as a single period of accumulation followed by a 

period of ablation. When estimating the volume of water stored in a snowpack, accounting for 

the contributions of catchment properties such as solar exposure and upwind terrain is an 

essential first step, although within-season variability in these relationships is an important 

consideration and adds much complexity. 

The development and successful demonstration of the upwind vegetation index (Vx, 

Chapter 2), based on the widely-used upwind terrain term of Winstral et al. (2002), makes 

another tool available to those who are interested in the representation of snowpack variability. 

Its use is not confined to marginal snow environments, and it could be relevant wherever the 

distribution of the snowpack is affected by vegetation. Further testing of this index is 

appropriate and will be facilitated by the increasing availability of remotely sensed snowpack 

data. 

The energy balance of a marginal snowpack over an entire season was determined and 

compared to those in other regions (Chapter 3). Previous efforts to model snowmelt in this 

environment have necessarily adopted methods that have been successfully used elsewhere, but 

without knowledge of the processes and the validity of the underlying assumptions. This new 

knowledge of the energy balance will assist in directing future research and modelling efforts, in 

particular the need to account for the high spatial variability and the rapid changes in the state of 

the snowpack. In addition, the discussion on the use of net radiation, and the distinction between 

the components of the energy balance and the drivers of snowmelt, is relevant to all snow 

climates. 

As noted previously, there is now widespread recognition that snowpacks in regions 

where wintertime air temperatures are close to 0 °C are highly vulnerable to global warming. 

While this has significant implications for certain fields directly affected by snow cover, such as 

alpine ecology and winter tourism, this research has presented the interesting result that this 

vulnerability does not automatically translate to a similar impact on water resources. Snowpacks 

that are already highly marginal may see proportionally smaller changes to water availability 

compared to those regions where the snow is relatively warm but more persistent. That being 

the case, there are still significant risks associated with changes to total precipitation and 

evaporation. 

5.4 Limitations and future research 

It is important to recognise the limitations associated with focusing the research on one 

particular catchment within the Australian Alps. This approach was selected to enable a 

relatively small area to be visited frequently and studied in depth, rather than taking 
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measurements over a larger area but being less likely to adequately resolve higher spatial and 

temporal resolution features. It is believed that the Pipers Creek catchment gives some 

representation of many of the snowpack and geographic properties (e.g. elevation, aspect, 

vegetation) found throughout the region, and the analysis in Section 4.4.4 suggests that its 

overall hydrological response is not dissimilar to that of the slightly higher elevation alpine 

region, even if some differences in processes are to be expected (e.g. Knowles et al., 2015). 

Nevertheless, it is acknowledged that use of a research catchment does not reveal the full range 

of variability present in this region. 

Similarly, as referred to in Section 5.2.2, the description of the energy balance is based 

on measurements at one location. While the results are expected to reveal the dominant features 

in this environment, there is evidence that vegetation nearby may have made a contribution to 

the measured turbulent fluxes (Section 3.5.1). Further work is required to determine the exact 

nature of this impact. Even in the absence of measurement error, some differences in the energy 

balance are likely to be present over relatively short distances. Notably, recent studies have 

reported different features of the energy balance resulting from the presence of patchy snow 

(Mott et al., 2013; 2015; Harder et al., 2017). The measurement site in this study meant that the 

flux source areas upwind were generally snow-covered while there was snow on the ground at 

the energy balance station, so an explicit allowance for patchy snow was not required, though it 

is recognised that patchy snow is an important feature of marginal environments and snowpack 

behaviour under these conditions needs to be investigated in order to fully understand the 

surface energetics there. 

The study period included one snow season for the energy balance work and two 

seasons for the snowpack spatial analysis. While the high level of intra-annual variability meant 

that many different snowpack states were sampled, additional years of data collection are 

required to fully establish the degree of seasonal variability. It could be insightful to repeat the 

analysis of the spatial variability of the snowpack (Section 2.3.1) using data collected from each 

of the three index snow courses in the Australian Alps. While each snow course covers a small 

area, these records are more than 60 years long—any long-term changes to variability at this 

very small spatial scale may uncover additional unique aspects of marginal snowpack dynamics 

that have not been reported here.  

A longer energy balance record, combined with snowpack and streamflow 

measurements, would also provide a rich dataset to study the physical changes occurring within 

the snowpack as it ripens and becomes high yielding, potentially at any point in the season. 

Bormann et al. (2014) developed a seasonal snow density model for improving the 

representation of snowmelt in TIMs, but there is still a gap in their ability to model the rapid 

changes to the state of the snowpack, such as those that occur with precipitation, that are the 

source of great uncertainty in marginal areas. Unless significant developments can occur in this 
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respect, it is likely that physically based models offer the greatest potential for understanding 

and predicting snowmelt in these areas, and these models will also benefit from additional 

knowledge of snowpack energetics. 

A key focus of future research with respect to short-term snowmelt modelling in 

marginal areas should be the integration of remote sensing methods into modelling schemes. 

Especially crucial is the ability to resolve variability over short distances. Where high resolution 

data are not available, an understanding of subpixel variability is important, and further work 

may be required to incorporate the unique aspects of marginal snowpack dynamics into the 

techniques developed in colder climates. In an operational setting, additional point 

measurements may be useful to help quantify variability, but these should not be assumed to be 

representative of a particular catchment or elevation zone. 

An improved knowledge of the distribution of the snowpack in real time will also lead 

to a better understanding of likely spring inflows compared to relying on small number of snow 

courses or other point measurements. However, regarding seasonal to annual inflows, total 

precipitation is critical, so there is clear value in focusing on enhanced forecasting of 

precipitation and climate variability at seasonal timescales. While the impact arising directly 

from a shift towards proportionally less snowfall will be small, in the Australian Alps the shift 

from the current winter precipitation peak towards more summer rainfall (Theobald et al., 2016) 

is likely to exert a more significant control on total evaporative losses, and changes to these 

seasonal components require further investigation. 

5.5 Concluding comments 

This research has examined the distribution and dynamics of a marginal snowpack, its energy 

balance and the processes involved in snowmelt, and the contribution of inflows arising from 

snowmelt to total water resources. It has shown that the event-driven nature of the snowpack is 

a principal defining feature, having had an influence on several of the aspects studied in this 

work. Individual meteorological events play an important role in the accumulation and ablation 

of the snowpack, as well as contributing to interannual variability in its dynamics. Through this 

mechanism, they exert a crucial influence on snow season length and the integrated significance 

of the various drivers of snowmelt in a given year, as well as directly accounting for short-term 

variability in these drivers and rapid ripening of the snowpack. 

As a result of this event-driven nature and its impact on dynamics, there is a reduced 

ability in marginal snow environments to make use of the generalised relationships and 

assumptions that can often be productively implemented in colder snow climates. Important 

examples featured in this work include the ability of snowpack point measurements to represent 

conditions over the surrounding catchment and be used in the prediction of seasonal snowmelt, 

as well as the use of temperature-index models. A full understanding of the contribution of the 
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snowpack to water resources will require a more physically and spatially informed 

representation of snowpack properties and processes. In some operational settings and over 

some timescales, it may be sufficient to focus on the contribution of total precipitation to 

inflows. 

This thesis has advanced the state of knowledge of marginal snowpack behaviour and 

its findings are relevant to numerous warm snow regions around the world. It will contribute to 

the improved management of water resources in these areas. 
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