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Abstract 

Snowmelt is a critical component of the Canadian Prairie hydrological cycle and has 

significant hydrological and agronomic implications. Within this region, snowmelt can also be a 

very complicated phenomenon to accurately observe and model due to the occurrence of shallow 

snowpacks, the unknown energy balance implications of emerging crop stubble during melt on 

cultivated fields, and the effects of spatiotemporal heterogeneity of snowcover on local-scale 

advection. The objective of this research was to improve the physical understanding of these 

complex and interacting processes with deployment of novel observation systems and 

development and application of new physics-based process models. Intensive field campaigns for 

the 2015 and 2016 snowmelt season were conducted near Rosthern, Saskatchewan and provided 

the observations necessary to conduct this research. Application of novel observation systems 

demonstrated: 1) the ability to remotely-sense maximum prairie snow depth with imagery 

collected from an unmanned aerial vehicle and processed with Structure from Motion 

techniques, and 2) the first identification and quantification of latent heat advection from ponded 

meltwater to snow with development and deployment of a water vapor, air temperature, and 

wind speed profiling system. Model development resolved: 1) the small scale and dynamic 

energy balance interactions between the stubble, snow, and atmosphere in a physically based, 

uncalibrated energy balance model, 2) local-scale sensible and latent heat advection 

contributions to snowmelt in a modelling framework that facilitates easy coupling to existing 

one-dimensional snowmelt models, and 3) the influence of stubble upon meltwater partitioning 

in a coupled model that accounts for snow accumulation, melt and infiltration processes. This 

study demonstrates that: 1) compensatory interactions with emerging stubble result in negligible 

differences in the net snow surface energy balance, 2) the inclusion of advection into snow 

models improves their physical realism and snowmelt predictions, and 3) that the compensatory 

interactions of stubble on accumulation and melt processes are secondary to the frozen soil 

infiltration process which is the dominant control on meltwater partitioning. The advances in 

observational and modelling capacity shown here improve the understanding and predictive 

capacity of the complex interactions governing the melt processes of prairie snowpacks. 
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Chapter 1: Introduction  
 

1.1 Introduction 

A defining feature of Canadian Prairie hydrology is the development of a seasonal 

snowpack. The resulting springtime snowmelt is typically the largest annual water source for 

runoff, 80% annually (Gray and Landine, 1988), and can lead to significant infiltration (Granger 

et al., 1984). A dominant factor in shaping the surface characteristics and consequently the 

hydrological processes of the Canadian prairie surface is agriculture. Crop production systems in 

Alberta, Saskatchewan and Manitoba cover over 25 million hectares (~50% of the prairie 

ecozone) and, with a large-scale shift to zero tillage since the early 1990ôs, lead to large scale 

dynamic exposure of standing stubble over the snowmelt season. The physical relationships 

between the stubble remaining after harvest and the role it has in modifying snow-atmosphere 

interactions have implications for a large area of the Canadian prairies and other areas with 

similar climates and crops including the Great Plains of the United States and the Eurasian 

steppes. 

Patterns of snow accumulation and ablation (spatial variability of melt rates, timing and 

quantity) have direct impact upon the partitioning of infiltration and runoff (Gray et al., 2001). 

The runoff and infiltration generated from snowmelt have significant hydrologic, agronomic and 

land-atmosphere interactions implications that vary interannually. In this context the role of 

stubble left behind by agricultural management practices, and how it modifies the partitioning of 

surface-atmosphere energy exchanges over the snow surface needs to be understood as these 

exchanges influence snow accumulation and ablation processes, which in turn controls snowmelt 

runoff, infiltration and evaporation/sublimation. A concurrent and poorly constrained snowmelt 

process in this region is the local-scale advection of energy from snow-free surfaces to the 

snowpack as snowcover disaggregates over melt. The combination of dynamic energy 

contributions from emerging stubble and advection from the expanding snow-free areas over 

melt complicate the understanding and prediction of snowmelt in the Canadian Prairies. 

Snowcover in this semi-arid cold region is typically shallow and has high variability 

during accumulation and ablation leading to significant unresolved challenges in quantifying the 
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snow surface energy balance in the presence of exposed stubble. The drought of 2001-2002 

(Hanesiak et al., 2011) and flooding events since of 2009 (Dumanski et al., 2015) have renewed 

interest in agricultural water management. Snowmelt water has broad implications for 

agricultural production (Gray et al., 1990), is a water source for rural populations and economies 

(Corkal et al., 2004) and can cause intermittent localized flooding (Dumanski et al., 2015). 

Despite the significant socioeconomic implications of snowmelt on the Canadian Prairies, 

understanding and prediction of this shallow snowpack and its melt, is limited. Advancing 

snowmelt understanding on the Canadian Prairies will only become more critical to ensure 

agriculture and socioeconomic resilience as the climate changes (Pomeroy et al., 2009b). 

1.2. Literature Review  

The literature review provides an overview of pertinent features of prairie hydrology and 

summarizes work pertinent to the process understanding of snow-soil-stubble-atmosphere 

interactions, local-scale advection, and meltwater partitioning on the Canadian prairies during 

snowmelt.  

1.2.1. Prairie Hydrology  

The hydrology of the Canadian Prairies is defined by its high latitude continental interior 

locations leading to large variations in seasonal temperatures and limited precipitation, annual 

precipitation average 300-400 mm (Pomeroy et al., 2007) of which about a third occurs as 

snowfall (Gray and Landine, 1987a). This leads to two distinct but interrelated hydrological 

periods for winter and summer. Winter processes are characterised by snow accumulation and 

wind redistribution with mid-winter melt events frequent in south-western and infrequent in the 

north-eastern regions (Fang et al., 2007). Infiltrability of soils is limited seasonally as the soils 

freeze (Gray et al., 2001). Spring time is the interface of the two seasons and is characterised by 

high runoff rates as a result of frozen soils with limited infiltration coincident with the often 

rapid snowmelt water release from snowpacks (Gray et al., 1985). After spring melt and soil 

thaw the warm season (summer) processes are defined by rainfall events that are frontal in spring 

and early summer and convective in late summer (Gray, 1970). The summer rainfall inputs are 

typically balanced by evapotranspiration (Gray, 1970) and high unfrozen infiltration rates and 

soil waterïholding capacities leading to limited warm season runoff (Elliot and Efetha, 1999). 
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Recent observations show a shift to more rainfall events being generated by frontal systems 

(Shook and Pomeroy, 2012) and an increase in mid-summer runoff (Pomeroy et al., 2014). Due 

to limited topographic relief and geologically recent glaciation the drainage network of the 

Canadian Prairies is poorly developed resulting in large non-contributing areas (Pomeroy et al., 

2005). Subsurface lateral movements are limited and recharge is depression focused due to the 

low hydraulic conductivity of the underlying unconsolidated glacial tills (Hayashi et al., 2003). 

The resulting surface water features, in the absence of agricultural drainage, are generally 

ephemeral wetland complexes which in high runoff years connect and disconnect through fill 

and spill mechanisms (Phillips et al., 2011). The spring snowmelt event is typically the largest 

consistent flux of water across the region that has implications for water resources throughout the 

year due to its role in recharging the hydrological system. 

1.2.2. Snow Accumulation  

Snowmelt is a function of the pre-melt snowpack and a large body of work has been 

aimed at characterizing snowcover in relation to topography, land cover and climate. In open 

environments the dominant process affecting the accumulation and spatial variability of a 

snowpack is blowing snow (Clark et al., 2011; Pomeroy et al., 1993). The blowing snow process 

is a function of snow availability, fetch, wind speed, surface roughness and temperature 

(Pomeroy et al., 1993) and on the Canadian Prairies can be responsible for the sublimation, 

transport and redistribution of up to 75% of the annual snowfall (Pomeroy and Gray, 1995). 

Physically, blowing snow is comprised of three fluxes including saltation, suspension and 

sublimation and these were first fully described by Pomeroy et al. (1993) in the Prairie Blowing 

Snow Model (PBSM). Spatial distribution of PBSM has been accomplished with its coupling to 

a windflow model (Walmsley et al., 1986) to develop the Distributed Blowing Snow Model 

(Essery et al., 1999).  

Exposed vegetation determines the surface roughness that in turn controls the various 

blowing snow processes leading to snow erosion or deposition. In areas of little surface 

roughness, minimal stubble or bare soil, blowing snow is initiated sooner leading to greater 

sublimation losses and transport (Pomeroy et al., 1991). Areas of greater surface roughness, such 

as standing stubble, will have greater deposition though snow erosion can be still initiated when 

wind velocities produce a shear stress that exceeds the sum of that exerted on the stubble and the 
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threshold shear stress for snow erosion (Pomeroy et al., 1993). Exposure of vegetation greatly 

diminishes the shear stress exerted by the wind on the snow and typically limits snow erosion 

until the snow depth is near the height of the vegetation (Pomeroy and Brun, 2001). Differences 

in exposed vegetation become less relevant as snow accumulates to the vegetation height; filled 

stubble will behave as a bare field (Pomeroy and Gray, 1994). The feasibility to manage end of 

winter snow water equivalent (SWE) distributions for agricultural purposes has been well studied 

(Pomeroy et al., 1990) with results summarized in Table 1. Modelling has estimated that the 

saltation and suspension fluxes are doubled and sublimation increases by 7% for bare fields with 

respect to stubble fields (Gray et al. 1989).  

Table 1.1: Agricultural Snow Management Practices on the Canadian Prairies  

Snow Management Practice SWE increase* 

Tall Stubble: crop swathed/combined to leave stubble of uniform 

height 

2.7mm/cm stubble** 

Alternate Height Stubble: height of the stubble is alternated 

between low and high for each swather/combine pass 

32% 

Trap Strips-Clipper: strip of crop with grain heads clipped left each 

swather/combine pass 

104% 

Trap Strip- Deflector: strip of crop with grain heads intact left each 

swather/combine pass 

22% 

Leave Strip: 30cm strip of crop unharvested every 1, 2 or 3 

swather/combine widths 

91% 

Competitive barrier: tall grass barriers planted in rows spaced 9 m 

to 15 m apart 

120% 

*SWE increase with respect to normal uniform height (~25cm) stubble, **Tall stubble SWE 

increase as a function of snow density. Values summarised from Nicholaichuk et al. (1985) 

 

1.2.3. Snowmelt 

Snow ablation on the Canadian Prairies is driven by the surface energy balance and its 

interactions with the properties of the end of season snow accumulation. The snow surface 

energy balance is given by Gray and Male (1981) as: 

 
ὗ Ὓὡᶻ ὒὡᶻ Ὄ ὒὉ ὗ ὗ

ὨὟ

Ὠὸ
 

(1.1) 

where ὗ  is the net energy available for snowmelt, Ὓὡᶻ  and ὒὡᶻ  are the net short 

and long wave radiation respectively, Ὄ  and ὒὉ  are the turbulent sensible and latent 

heat fluxes respectively, ὗ  is the energy advected by precipitation (often ignored on the 
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Prairies), ὗ  is the ground het flux and ὨὟ Ὠὸϳ  is the net change in snowpack internal 

energy. In open high latitude environments with shallow snow, such as the Canadian Prairies, the 

variable response of snowmelt to variable meteorology and land surface characteristics is 

complicated with the challenges in implementing an energy balance approach to these unique 

snowpacks. The source of energy for early or mid-winter melt is typically longwave radiation 

(Granger et al., 1978). As day lengths and sun angles increase shortwave radiation becomes the 

dominant forcing relative to longwave radiation (Gray and Landine, 1987b). Turbulent fluxes are 

much more dynamic and dependent upon meteorology as they are related to wind speeds and 

temperature gradients (Granger and Male, 1978). Latent heat flux, sublimation during daytime 

and condensation during nighttime has been observed to have a minimal net contribution while 

sensible heat can have a large impact on the cumulative net energy balance (Granger and Male, 

1978). The sensible heat flux contributions increase over the course of melt as the snow surface 

transitions from continuous snowcover into a heterogeneous surface of bare soil and snow 

patches (Granger and Male, 1978). In addition, differences in energetics across  snowcovered 

and snow-free areas leads to a heterogeneous distribution of surface temperatures that acts to 

increase near surface air temperatures and local scale advection of sensible heat to snow as air 

moves over surface transitions (Shook and Gray, 1997). An additional challenging dynamic of 

shallow snow is the relative importance of tracking cold content as it buffers melt processes 

(Granger and Male, 1978). Shallow snows have a small heat capacity to moderate energy fluxes 

relative to deeper snow and therefore exhibit diurnal patterns of melt water release and refreezing 

(Gray and Landine, 1987b). Land surface characteristics, primarily vegetation and topography, 

increase the spatial variability of the melt processes. Specific dynamics of each relevant term of 

the snow pack energy balance are discussed in detail hereafter. 

1.2.3.1. Shortwave Radiation 

Shortwave radiation typically dominates the end of winter snowmelt event of high 

latitude environments (Gray and Landine, 1986). Inter-annual differences in its relative 

magnitude to the overall energy balance depends upon the timing of melt as the incident solar 

radiation increases over the course of the season (Shook, 1995). The main driver of the incoming 

shortwave radiation spatial variability is the geometric relationship between incident radiation 

and the land surface and often accounted for by the methods of Garnier and Ohmura (1968). The 

absorption of the shortwave radiation by the surface is governed by the surface albedo, typically 
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between 80 and 90% for fresh snow (Gray and Landine, 1987a). Snow albedo decreases with 

time due to metamorphism changing radiation attenuation factors such as particle size, density, 

structure, wetness, foreign matter, snow depth and wavelength (Gray and Landine, 1987a; Kung 

et al., 1964).  

 Exposed vegetation modifies shortwave radiation by altering albedo decay and 

transmittance. The influence of vegetation exposure on albedo is predicated on approaching 

albedo as either an areal average or specific to snow. Vegetation has a lower albedo than snow 

thus the decay of areal average albedo over the course of snowmelt becomes a function of 

fractional vegetation exposure (Liston and Hiemstra, 2011). Upon the breakup of continuous 

snowcover Shook et al. (1993) showed a linear relationship between snowpack areal albedo and 

snowcovered area leading to a dramatic increase in the magnitude of net shortwave radiation 

over the course of melt (OôNeill and Gray, 1973). Vegetation can also influence the shortwave 

radiation flux by shading the snowpack, intercepting the radiation before it reaches the surface 

(Aase and Siddoway, 1980; Bewley et al., 2007). This is apparent in the observations of an 

inverse relationship between albedo and stubble height (Aase and Siddoway, 1980). Stubble and 

soil albedos also vary over the course of the winter as the decay of stubble and breakdown of soil 

clods lead to an increase and decrease in albedo respectively. 

 Most of the work on radiative transfer through canopies to underlying snowcover has 

focused on large vegetation (i.e. forest canopies). Approaches have included relating the 

interaction of solar angle and leaf area index (Pomeroy and Dion, 1996), sky view fraction 

(Musselman et al., 2012), ray tracing (Essery et al., 2008b), multi-stream models (Blyth et al., 

1999) and taking into account shading in sparse canopies (Bewley et al., 2007). Radiative 

transfer through sparse canopies has also been studied from an agricultural perspective with 

approaches including dual stream models (Ross, 1981), clumped vegetation (Campbell and 

Norman, 1998; Kustas and Norman, 2000), and multi-layered canopies (Flerchinger, 2000; Zhao 

and Qualls, 2005). To date no literature has been found that quantifies the dynamic influence of 

short vegetation, specifically stubble, on the transmittance of incoming radiation to a snow 

surface of varying depth. 
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1.2.3.2. Longwave Radiation 

Longwave radiation is dependent upon the temperature of its emission source according 

to the Stefan-Boltzmann equation, and the fluxes incident upon the surface come from either 

atmospheric or terrestrial origins (Sicart et al., 2006). The incoming atmospherically emitted 

longwave radiation is dependent upon the sky view fraction, cloud cover, air temperature and 

humidity which modifies the atmospheric emissivity (Sicart et al., 2006). The incoming 

longwave radiation from terrestrial sources in turn is dependent upon the residual of the sky view 

fraction and the effective surface temperature of the portion of terrain in view (Sicart et al., 

2006). The emission of longwave radiation from the surface is simply a function of the surface 

temperature. The emissivities of the different sources vary and are generally higher for ground 

relative to sky sources (Sicart et al., 2006). Net longwave radiation can be similar or higher than 

shortwave radiation during cloudy periods due to increased atmospheric emissivity (Granger and 

Gray, 1990) and is important in the simulation of snowmelt in early spring due to the low solar 

energy and high fresh snow albedo (Sicart et al., 2006). 

Like shortwave radiation the vegetation influence upon longwave radiation has been 

studied most extensively in forest environments (Essery et al., 2008a; Gelfan et al., 2004; 

Pomeroy et al., 2009a).The most striking case of this is with high trunk or branch temperatures 

as a result of a large net shortwave radiation flux upon the low albedo vegetation, which re-

radiates this energy in the form of longwave radiation to the surrounding snow (Pomeroy et al., 

2009). The case of longwave emissions from stubble and their magnitude with respect to the 

surface energy balance has not be explicitly measured but may be important as noted by Bewley 

et al., (2010) for the case of exposed shrubs.  

Existing understandings of long and shortwave radiative transfer through short sparse 

canopies are sufficiently well developed to quantify radiative transfer through stubble. The 

challenge is in applying this understanding when the stubble structure, with respect to the 

depleting snow surface, is dynamic.  

1.2.3.3. Turbulent Exchanges 

Sensible and latent heat fluxes to the snow surface are a result of the turbulent transfer of 

heat and water vapor between the land surface and atmosphere. The relative contribution of these 
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fluxes to the annual snowmelt varies with respect to seasonal timing and location (Gray and 

Male, 1981; Morris, 1989). Studies have shown the turbulent transfer contributions to melt to be 

insignificant over continuous snowcover (Pomeroy et al., 1998), vary inter-annually (Granger 

and Male, 1978) and can make significant contributions to melt once snowcover becomes 

heterogeneous (Shook and Gray, 1997). Direct measurement of these fluxes over snow have 

utilized eddy covariance techniques (Andreas, 1987; Arck and Schertzer, 2002; Box and Steffen, 

2001; Munro, 1989; Smeets et al., 1998) while estimation methods have relied upon bulk transfer 

(Kondo and Yamazawa, 1986; Moore, 1983), aerodynamic profiles (Denby and Snellen, 2002; 

Hood et al., 1999; Munro and Davies, 1978), or empirical correlation (Gray and Landine, 1986). 

Quantification methods often struggle with meeting the respective assumptions or required 

conditions (Helgason and Pomeroy, 2005; Helgason and Pomeroy, 2012). 

As with radiative transfer, the studies of turbulent transfer through canopies have focused 

on forested environments. Validity of local gradient diffusion approaches, K-theory, has been 

questioned with dramatic failures associated with observations of counter-gradient fluxes in 

these environments. Improved methods have developed higher-order closure models (Wilson, 

1989) as well as Lagrangian approaches (Raupach, 1989). In contrast K-theory is still considered 

valid in short and sparse canopies (growing season crops) due to low leaf area indices and 

uniform source density profiles (Wallace, 1991). In the absence of a contradictory analysis K-

theory can be assumed to be valid for a melting exposed stubble surface. Thus K-theory predicts 

that as the exposure of short vegetation during melt increases the surface roughness, thereby 

increasing the ability of the surface to absorb momentum, the increased turbulence will increase 

turbulent transfer (Prueger and Kustas, 2005). Observations during the growing season have 

noted the suppression of latent heat transfer by the decoupling of the surface and atmosphere by 

the airflow displacement of the stubble (Brun et al., 1984; Burt et al., 2005; Cutforth and 

McConkey, 1997) and reduced wind speeds (Aase and Siddoway, 1980). Literature quantifying 

the influence of incremental stubble exposure on latent and sensible heat turbulent transfer 

during snowmelt has not been found to date.  

1.2.3.4. Ground Heat Flux 

The role of the ground heat flux varies over the course of the snowmelt on the Canadian 

Prairies but is typically negligible due to the small temperature gradient between the soil and 
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base of the snowpack (Granger and Male, 1978; Pomeroy et al., 1998; Zhao et al., 1997). 

Observations show that during early melt, ground heat flux contributions are negligible while 

during active melt it can remove up to 5.5% of the energy otherwise available for snow melt 

(Granger and Male, 1978). The ground heat flux is closely connected to the role of meltwater 

infiltrating the soil at the base of the snowpack which varies inter-annually and can be influenced 

by the commonly observed presence of basal ice layers which restrict infiltration (Zhao and 

Gray, 1999). The presence and type of crop residues has been shown to modify the soil heat 

fluxes with largest differences associated with flat stubble relative to standing stubble and bare 

soil respectively (Flerchinger et al., 2003). Observations are complicated by the need to estimate 

the thermal capacity of the soil matrix with its dynamic frozen and liquid water content, due to 

meltwater infiltration and soil thaw (Zhao et al., 1997). Numerical methods have been developed 

that solve coupled mass and energy equations that can account for heat and water inputs into a 

multiphase soil matrix (Flerchinger and Saxton, 1989; Zhao et al., 1996). 

1.2.3.5. Snowpack Internal Energy  

Fluctuations in the internal energy content of the snow can moderate the surface energy 

balance of the snowpack. Quantification is difficult due to the fact that snow is a multiphase 

porous structure with high permeability and heterogeneity that undergoes wind redistribution and 

metamorphism (Helgason and Pomeroy, 2012a). Physically based models (SNTHERM, Jordan 

(1991)) are available that account for many of these factors. The role of vegetation within and 

exposed above the snow complicates the internal energy dynamics, relative to pure snow that 

many models assume, by changing the snow density and adding additional energy pathways 

through the snow. There is increased conduction though stubble stalks and increased convection 

with a larger snow surface area through preferential melting of snow around exposed stalks.  

1.2.3.6. Local-Scale Advection 

Canadian Prairie snowcover is highly variable and shallow and during melt breaks up 

into a heterogeneous surface of bare and snow patches. The behaviour of the snowcover 

depletion phenomena can largely be described by the spatial variability of pre-melt SWE and the 

variability in the surface energy balance leading to spatially variable areal average melt rates. 

Statistically, assuming a log-normal SWE distribution, the depletion of snowcover can be 

estimated by a simple hyperbolic tangent function dependent upon the coefficient of variability 
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of the pre-melt SWE and melt amount (Essery and Pomeroy, 2004). On small scales, statistical 

description of the snow or bare ground patches area, perimeter, and length can be generated by 

taking advantage of applicable fractal scaling laws (Granger et al., 2006).  

The differences in energetics across  snowcovered and snow free areas leads to a 

heterogeneous distribution of surface temperatures that in the presence of air flow across the 

surface leads to local scale advection of sensible heat to snow. Sensible heat advection has been 

found to be responsible for providing the majority of the sensible heat flux, contributing up to 

55% of the snowmelt energy balance (Granger and Male, 1978), resulting in areal melt rates 

being the greatest when snowcover is between 40% and 60% (Shook 1995; Marsh et al. 1997). 

The challenges in directly measuring advection across heterogeneous surfaces can be constrained 

in ideal experimental conditions, leading to reliable measurements (Kochendorfer and Paw U, 

2011), but the dynamic nature of snowcover ablation has led to limited observations of the 

phenomena (Shook 1995; Granger et al. 2006; Mott et al. 2013). The flow of air over 

heterogeneous surfaces leads to the formation of internal boundary layers (Garratt, 1990). 

Measurements of these internal boundary layers across snow surface transitions reflect 

established power laws of boundary layer height (Shook 1995; Granger et al. 2006). Granger et 

al. (2002) used this behavior to calculate sensible heat advection through boundary layer 

integration. In contrast to these findings the formation of boundary layers has been attributed as a 

cause of atmospheric decoupling of the atmosphere from the snow surface leading to the 

suppression of sensible heat advection in the Alps (Mott et al., 2013). Due to the complexity of 

the process and difficulties in observation, modeling has been the focus of much more work on 

this topic. Early work by Weisman (1977) applied mixing length theory and subsequent 

approaches have employed the calculation of advection efficiency as a function of snowcovered 

area (Marsh et al., 1999), numerical modelling (Liston, 1995) and tile models taking into account 

the fractal nature of snowcover (Essery et al., 2006). Numerical models provide the most detailed 

description of the processes but are constrained to idealized boundary conditions and are not 

appropriate for application in hydrological models. In contrast the tractable tile based models that 

may be appropriate for implementation in hydrological models have insufficient representation 

of spatial energy redistribution across tile boundaries (Essery et al., 2006; Ménard et al., 2014). 

Most models also consider the snow free surface to be of constant temperature which differs 

from observations (Granger et al., 2006). Sensible heat advection is a difficult problem to 



11 

 

address with contrasting findings in the literature and latent heat advection from ponded 

meltwater has not had any consideration during snowmelt.  

The characteristics of vegetation in open environments has been shown to influence the 

dynamics of surface heterogeneity. In terms of snowcover depletion, rougher surfaces lead to 

theoretically longer snowcover depletion periods (longer on stubble vs. fallow fields). More 

detailed observations considering stubble characteristics or type are not available to understand 

their role. Theoretical understandings (Garratt, 1990) and observations (Granger et al., 2006) of 

advection show that the greater the upwind surface roughness the quicker the establishment of 

and the greater the depth of the internal boundary layer resulting in greater energy advection. The 

theoretical influence of surface roughness on snowcover depletion and spatial variability of melt 

energy due to advection are contradictory and as a result, an understanding of how differences in 

stubble attributes may modify spatial heterogeneity during melt is currently unavailable.  

1.2.4. Meltwater Partitioning 

The snowmelt process governs the rate and spatial distribution of snowmelt water 

produced at the snow soil interface which, along with the spatial variability of frozen soil 

infiltrability, governs the runoff and infiltration processes; the most visible manifestation of the 

snowmelt process (Gray et al., 2001). The focus of studies relating agricultural practices and 

snowmelt to date has been the infiltration and runoff responses (Elliot and Efetha, 1999; Granger 

and Gray, 1984; Nicholaichuk and Gray, 1986; van der Kamp et al., 2003). How stubble changes 

the energetics of snowmelt processes has been a secondary consideration. These studies show 

that increases in pre-melt SWE led to increased infiltration though the relationship is not linear 

(Gray et al., 2001). Stubble does have the ability to influence these processes. Stubble can 

influence the amount of SWE (Nicholaichuk et al., 1985) and snowmelt rates (Willis et al., 

1969), thus infiltration opportunity time and the associated tillage impacts the soil 

structure/macropore connectivity (Strudley et al., 2008), thus infiltration class (Pomeroy et al., 

1990) and antecedent soil moisture (Gray and Maule, 1994). In small plot studies the presence of 

stubble has been noted to lead to earlier and faster melt of a snowcover leading to a greater 

amount of runoff (Willis et al., 1969). However, direct measurements of snowmelt runoff do not 

show clear land cover influences due to the large uncertainty in runoff gauging and delineation 

of contributing area (Hodder et al., 2013). The subtle influence of stubble on runoff and 
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infiltration has the potential to have regional hydrological implications, but the underlying 

process understandings are unresolved. 

1.2.5. Summary 

A large body of literature exists that describes the snow accumulation and ablation 

processes on the Canadian Prairies. In spite of this, there has been little work on understanding 

the role that the gradual exposure of vegetation over the course of snowmelt has on the energy 

balance and hydrological processes occurring at the time. This may be in part be due to two 

reasons. First, hydrological research has not maintained pace with the large changes observed in 

agricultural management practices in the last two decades. With the decline in soil and water 

conservation issues due to the widespread adoption of continuous cropping and zero-tillage, 

interest has shifted to other problems, without reconsidering the role new agricultural practices 

have on snowmelt processes in the region. Second, stubble influences and advection 

contributions on snowmelt processes are difficult to control for in experimental design and are 

often deemed to be negligible relative to other processes of interest.  

1.3. Research Gaps 

Substantial research describes the snow ablation processes on the Canadian Prairies. Four 

specific challenges are identified in this work that limit the understanding of prairie snow melt 

and its implications.  

First, the ability to resolve snowmelt dynamics from directly observing snowmelt is 

hampered by the uncertainty inherent to observation of snowpack properties. Snow surveys are 

well established to be a generally reliable method to estimate SWE from sampling snow depth 

with a ruler and snow density with snow cores with the technique essentially unchanged for over 

a century (Mergen, 1992). Unfortunately, snow surveying has uncertainty associated with 

sampling strategies, number of samples and transect design to ensure SWE estimate is 

representative of domain in question (Steppuhn and Dyck, 1974; Pomeroy and Gray, 1995), as 

well as depth and density sampling errors (Berezovskaya and Kane, 2007; Goodison et al., 

1987). It is also prone to observer bias as safe and accessible areas tend to be over sampled 

(DeBeer and Pomeroy, 2010), is a destructive sampling method (Kinar and Pomeroy, 2015), and 

is very labour intensive (Davis, 1973). Snow surveying is best suited to areas of deeper, rather 
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than shallow snow where errors are small relative to the snowpack (Goodison et al., 1987). The 

uncertainty associated with snow surveying may be inappropriate to observe the subtle and 

complex relationships associated with the melt forcings and their response to land cover on the 

Canadian Prairies. In addition, snowcover geometry is poorly constrained with snow survey 

observations or at sufficient spatiotemporal resolution in satellite remote sensing (Goodison et 

al., 1987; Shook and Gray, 1996). Alternative observation approaches to quantify snow water 

equivalent and snowcover at high spatial and temporal resolutions require investigation. 

Second, the role that the gradual exposure of short vegetation over the course of 

snowmelt has on the snow surface energy balance and snowmelt process has not been fully 

addressed. Hydrological research has not maintained pace with the large changes observed in 

agricultural management practices in the last two decades. There has been widespread adoption 

of zero-tillage agriculture and continuous cropping across the Canadian Prairies (Awada, 2013). 

These practices are characterized by standing crop residues that remain erect throughout the 

snow accumulation and ablation periods in contrast to bare surfaces where crop stubbles are 

incorporated into the soil post-harvest. In 1990 zero-tillage was applied to 1.7 million hectares 

and this has increased to 17.3 million hectares in 2016, 65% of the total land area prepared for 

seeding (Figure 1.1: Statistics Canada, 2016). The literature available suggest that the presence 

of stubble will have an influence upon the surface energy balance. Notably; radiative flux 

through short sparse canopies may modify incident radiation at the surface (Kustas and Norman, 

2000), partitioning of the radiative flux may enhance the long wave contribution (Ménard et al., 

2014), turbulent transfer may be enhanced (Prueger and Kustas, 2005), with the potential for 

decoupling (suppression of turbulent transfer) in the presence of tall exposed stubble heights 

(Aase and Siddoway, 1980), and local scale sensible heat advection may be enhanced (Granger 

et al., 2006).  
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Figure 1.1: Percentage of prepared cropland managed with zero-tillage agricultural management 

practices. (Statistics Canada 2016) 

Third, while local-scale advection has been conceptualized and indirectly observed, there 

have not been any rigorous attempts to directly measure advection fluxes for sensible or latent 

heat. From indirect observations, sensible heat advection has been found to be responsible for 

providing significant portions of the sensible heat flux that is greatest when snowcover is 

between 40% and 60% (Shook 1995; Marsh et al. 1997). The challenges in directly measuring 

advection across heterogeneous surfaces can be constrained in ideal experimental conditions, 

leading to reliable measurements (Kochendorfer and Paw U, 2011), but the dynamic nature of 

snowcover ablation has led to limited observations of the phenomena (Granger et al., 2006; Mott 

et al., 2016, 2013; Shook, 1995). The flow of air over heterogeneous surfaces leads to the 

formation of internal boundary layers (Garratt, 1990) and observations of their development 

across snow surface transitions reflect established power laws of boundary layer height (Shook 

1995; Granger et al. 2006). Due to the complexity of the process and difficulties in observation, 
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modeling has been the focus of much more work on this topic (Essery et al., 2006; Granger et al., 

2002; Liston, 1995; Mott et al., 2015, 2017; Weisman, 1977). Sensible heat advection is a 

difficult problem to address with contrasting significance in the literature (Essery et al., 2006; 

Mott et al., 2013) and latent heat advection from ponded meltwater has not had any consideration 

during snowmelt. The relative importance of sensible and latent heat with respect to the overall 

energy balance needs to be quantified. A model framework to address both sensible and latent 

heat advection is also needed to properly account for the energy fluxes driving snowmelt in 

predication models. 

 Fourth, there is no fully coupled process-based understanding of how stubble influences 

snow accumulation, snowmelt, and partitioning of meltwater into infiltration or runoff. Previous 

research has focused on stubble implications upon snow accumulation and how that modifies the 

amount of snow available to melt (Fang and Pomeroy, 2008; Gray and Granger, 1985; Gray and 

Maule, 1994; Maule and Gray, 1994; Pomeroy and Gray, 1995; Richards, 1986; Steppuhn and 

Erickson, 1978). Extensive research on stubble management influences on frozen soil infiltration 

and snow redistribution has developed an empirical understanding of the system dynamics 

(Pomeroy et al., 1990). A complete process representation of the stubble and meltwater 

partitioning relationship has been impossible to date without a physically based understanding of 

stubble-snowmelt interactions. Such a framework is needed to address, develop, and evaluate the 

ability to manage stubble for hydrologic or agronomic objectives now and when subjected to a 

different climate. 

Significant research gaps limit the understanding and prediction of snowmelt on the 

Canadian Prairies and deserve investigation due to their potential socio-economic implications.  

1.4. Objective and Research Questions 

The overarching research objective of this work is: 

To improve the understanding of the interactions between stubble, snow and the 

atmosphere of Canadian Prairie agricultural regions during snowmelt. 

Four objectives have been defined to address the research gaps identified and are: 
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Objective 1: Assess unmanned aerial vehicle technology to observe properties and 

dynamics of shallow snowpacks. 

Objective 2: Observe and model local-scale sensible and latent heat advection during 

snowmelt. 

Objective 3: Quantify the relationship between stubble emergence and processes 

governing the snow surface energy balance. 

 Objective 4: Develop a process-based understanding of the influence of stubble 

management upon meltwater partitioning. 

1.5. Thesis outline 

The results are presented in the form of a manuscript style thesis. Specific objectives are 

associated with separate chapters.  

Chapter 2 (Objective 1) determines if the quantification of prairie snow packs can be 

improved with an unmanned aerial vehicle (UAV) system, a novel observation technique. The 

spatial distribution of snow depth is a critical metric to quantify to understand the role of crop 

stubble on snowmelt processes. Ultimately SWE is the variable of interest but it has been shown 

that the bulk of the spatial variability of SWE in shallow situations is found in the spatial 

variability of snow depth (Jonas et al., 2009; Pomeroy and Gray, 1995). Imagery from UAVs 

combined with structure from motion (SfM) techniques are an emerging tool to generate high 

accuracy digital surface models in geosciences and have the potential to map snowcovered area 

and snow depth and are tested herein.  

Chapter 3 (Observation portion of Objective 2) presents direct observations of local-scale 

advection and its influence upon the snowmelt energy balance. The development and 

deployment of a novel observation system that could directly measure the relative role of 

sensible and latent heat advection on the snowmelt energy balance is described. This work 

provides the empirical evidence necessary to more fully constrain the spatial heterogeneity of the 

snowmelt energy balance in future models. The results and implications of a novel observation 

campaign are presented that quantify the relative roles of sensible and latent heat advection in the 

context of the overall snow melt energy balance. The identification of latent heat advection 



17 

 

during snowmelt is an especially exciting observation as it has previously been an undocumented 

component of the snowmelt energy balance.  

Chapter 4 (Objective 3) focuses on the implications of emerging crop stubble upon the 

snow surface energy balance. Much of the cropland on the Canadian Prairies is managed with 

zero-tillage agricultural practices. The resulting gradual emergence of stubble from the snowpack 

over snowmelt is a phenomenon unrealized in any snowmelt model. This chapter quantifies the 

influence of stubble emergence on the snow surface energy balance with the development and 

validation of a physics-based model. The model is used to describe the energy balance 

interactions between snow, stubble, and atmosphere and the overall compensation of the 

individual energy terms in the surface energy balance. The findings help to describe subtle 

differences in wheat and canola snowmelt patterns and improves the understanding and 

prediction of snowmelt on the Canadian Prairies.  

Chapter 5 (Modelling portion of Objective 2) presents a simple local-scale sensible and 

latent heat advection model framework. The significant sensible and latent heat fluxes observed 

in Chapter 3 motivated the development of a model framework that can quantify this lateral 

energy flux in a manner that that can be easily coupled to existing one-dimensional snow surface 

energy balance models. Previous work on boundary layer integration of sensible heat advection 

(Granger et al., 2002) is adapted to also considered latent heat advection. Existing scaling 

relationships to describe snowcover geometry (Shook et al., 1993a) are validated with high 

resolution classified snowcovered area derived from UAV imagery, as described in Chapter 2. 

Theoretical snowcovered area depletion (Essery and Pomeroy, 2004) and a new conceptual 

relationship between ponded water and frozen soil infiltration is included to describe the land 

surface dynamics driving advection. The implications of coupling this advection framework to 

the one-dimensional snowmelt energy balance from Chapter 3 are explored. The developed 

energy balance model that accounts for stubble emergence and advection processes represents a 

major improvement in the modelling capability and understanding of snowmelt on the Canadian 

prairies and any other semi-arid agricultural cold region. 

Chapter 6 (Objective 4) couples the snowmelt model developed in Chapters 4 and 5 to 

existing snow accumulation (Pomeroy et al., 1993) and frozen soil infiltration (Gray et al., 2001) 

models to synthesize a new physically based process understanding of the influence of stubble 
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management upon snow processes and meltwater partitioning. This coupled model is employed 

to explore the interaction of stubble management, antecedent soil moisture, interannual 

variability, and climatic differences upon snow accumulation, snow melt, and meltwater 

partitioning processes. This modelling framework provides a detailed process understanding of 

stubble-meltwater partitioning interactions that reconfirms findings based on extensive field 

observation-based research on stubble management and frozen soil infiltration. 

Recommendations on stubble management practices are presented.  

Each chapter focuses on specific deficiencies in our understanding of the complex 

snowmelt dynamics in cold semi-arid agricultural regions. A final conclusions chapter 

summarizes the main findings and identifies areas of future research needs. Overall the research 

presented in this thesis advances the understanding of the unique snowmelt dynamics and 

processes on the Canadian Prairies.  
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2.1. Abstract 

Quantifying the spatial distribution of snow is crucial to predict and assess its water 

resource potential and understand land-atmosphere interactions. High-resolution remote sensing 

of snow depth has been limited to terrestrial and airborne laser scanning and more recently with 

application of Structure from Motion (SfM) techniques to airborne (manned and unmanned) 

imagery. In this study, photography from a small unmanned aerial vehicle (UAV) was used to 

generate digital surface models (DSMs) and orthomosaics for snowcovers at a cultivated 

agricultural Canadian Prairie and a sparsely-vegetated Rocky Mountain alpine ridgetop site using 

SfM. The accuracy and repeatability of this method to quantify snow depth, changes in depth and 

its spatial variability was assessed for different terrain types over time. Root mean square errors 

in snow depth estimation from differencing snowcovered and non-snowcovered DSMs were 8.8 

cm for a short prairie grain stubble surface, 13.7 cm for a tall prairie grain stubble surface and 

8.5 cm for an alpine mountain surface. This technique provided useful information on maximum 

snow accumulation and  snowcovered area depletion at all sites, while temporal changes in snow 

depth could also be quantified at the alpine site due to the deeper snowpack and consequent 

higher signal-to-noise ratio. The application of SfM to UAV photographs returns meaningful 

information in areas with mean snow depth > 30 cm, however the direct observation of snow 
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depth depletion of shallow snowpacks with this method is not feasible. Accuracy varied with 

surface characteristics, sunlight and wind speed during the flight, with the most consistent 

performance found for wind speeds < 10 ms-1, clear skies, high sun angles and surfaces with 

negligible vegetation cover. 

2.2. Introduction  

Accumulation, redistribution, sublimation and melt of seasonal or perennial snowcovers 

are defining features of cold region environments. The dynamics of snow have incredibly 

important impacts on land-atmosphere interactions and can constitute significant proportions of 

the water resources necessary for socioeconomic and ecological functions (Armstrong and Brun, 

2008; Gray and Male, 1981; Jones et al., 2001). Snow is generally quantified in terms of its snow 

water equivalent (SWE) through measurements of its depth and density. Since density varies less 

than depth (López-Moreno et al., 2013; Shook and Gray, 1996) much of the spatial variability of 

SWE can be described by the spatial variability of snow depth. Thus, the ability to measure snow 

depth and its spatial distribution is crucial to assess and predict how the snow water resource 

responds to meteorological variability and landscape heterogeneity. Observation and prediction 

of the spatial distribution of snow depth is even more relevant with the anticipated and observed 

changes occurring due to a changing climate and land use (Dumanski et al., 2015; Harder et al., 

2015; Milly et al., 2008; Mote et al., 2005; Stewart et al., 2004).  

The many techniques and sampling strategies employed to quantify snow depth all have 

strengths and limitations (Pomeroy and Gray, 1995). Traditionally, manual snow surveys have 

been used to quantify snow depth and density along a transect. The main benefit of manual snow 

surveying is that the observations are a direct measurement of the SWE; however, it requires 

significant labour, is a destructive sampling method and can be impractical in complex, remote 

or hazardous terrain (DeBeer and Pomeroy, 2009; Dingman, 2002). Many sensors exist that can 

measure detailed snow properties non-destructively, with a comprehensive review found in Kinar 

and Pomeroy (2015), but non-destructive automated sensors, such as acoustic snow depth 

rangers (Campbell Scientific SR50) or SWE analyzers (Campbell Scientific CS275 Snow Water 

Equivalent Sensor), typically only provide point scale information and may require significant 

additional infrastructure or maintenance to operate properly. Remote sensing of snow from 

satellite and aerial platforms quantify snow extent at large scales. Satellite platforms can 
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successfully estimate  snowcovered area but problems remain in quantifying snow depth, largely 

due to the heterogeneity of terrain complexity and vegetation cover. To date, Light Detection 

And Ranging (LiDAR) techniques have provided the highest resolution estimates of snow depth 

spatial distribution from both terrestrial (Grünewald et al., 2010) and airborne platforms 

(Hopkinson et al., 2012). The main limitations encountered are easily observable areas (sensor 

viewshed) for the terrestrial scanner and the prohibitive expense and long lead time needed for 

planning repeat flights for the aerial scanner (Deems et al., 2013). Typically, airborne LiDAR 

provides data with a ground sampling of nearly 1 m and a vertical accuracy of 15 cm (Deems and 

Painter, 2006; Deems et al., 2013). While detailed, this resolution still does not provide 

observations of the spatial variability of snow distributions that can address microscale processes 

such as snow-vegetation interactions or wind redistribution in areas of shallow snowcover, and 

the frequency of airborne LiDAR observations are typically low, except for NASAôs Airborne 

Snow Observatory applications in California (Mattmann et al., 2014). 

An early deployment of a high resolution digital camera on a remote controlled gasoline 

powered model helicopter in 2004 permitted unmanned digital aerial photography to support 

studies of shrub emergence and snowcovered area depletion in a Yukon mountain shrub tundra 

environment (Bewley et al., 2007). Since then, Unmanned Aerial Vehicles (UAVs) have become 

increasingly popular for small-scale high-resolution remote sensing applications in the earth 

sciences. The current state of the technology is due to advances in the capabilities and 

miniaturization of the hardware comprising UAV platforms (avionics/autopilots, Global-

Positioning Systems (GPS), Inertial Measurement Units (IMUs) and cameras) and the increases 

in computational power for processing imagery. The conversion of raw images to orthomosaics 

and Digital Surface Models (DSMs) takes advantage of Structure from Motion (SfM) algorithms 

(Westoby et al., 2012). These computationally intensive algorithms simultaneously resolve 

camera pose and scene geometry through automatic identification and matching of common 

features in multiple images. With the addition of information on the respective camera location, 

or if feature locations are known, then georeferenced point clouds, orthomosaics and DSMs can 

be generated (Westoby et al., 2012). Snow is a challenging surface for SfM techniques due to its 

relatively uniform surface and high reflectance relative to snow-free areas, which limit 

identifiable features (Nolan et al., 2015). The resolution of the data products produced by UAVs 

depends largely on flight elevation and sensor characteristics but can promise accuracies of 2.6 
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cm in the horizontal and 3.1 cm in the vertical (Roze et al., 2014). The unprecedented spatial 

resolution of these products may be less important than the fact that these platforms are 

deployable at a high user-defined frequencies below cloud cover, which can be problematic for 

airborne or satellite platforms. Manned aerial platforms have the advantage of covering much 

larger areas (Nolan et al., 2015) with a more mature and clear regulatory framework (Marris, 

2013; Rango and Laliberte, 2010) than small UAVs. However, the greater expenses associated 

with acquisition, maintenance, operation and training required for manned platforms (Marris, 

2013), relative to small UAVs, are significant (Westoby et al., 2012). Many snow scientists have 

expressed great enthusiasm in the opportunities UAVs present and speculate that they may 

drastically change the quantification of snow accumulation and ablation (Sturm, 2015). 

The roots of SfM are found in stereoscopic photogrammetry, which has a long history in 

topographic mapping (Collier, 2002). Relative to traditional photogrammetry, major advances in 

the 1990ôs in computer vision (Boufama et al., 1993; Spetsakis and Aloimonost, 1991; Szeliski 

and Kang, 1994) has automated and simplified the data requirements to go from a collection of 

overlapping 2D images to 3D point clouds. Significant work by the geomorphology community 

has pushed the relevance, application and further development of this technique into the earth 

sciences (Westoby et al., 2012). Recent application of this technique to snow depth estimation 

has used imagery captured by manned aerial platforms (Bühler et al., 2015; Nolan et al., 2015) 

and increasingly with small UAVs (Vander Jagt et al., 2015; Bühler et al., 2016; De Michele et 

al., 2016). The manned aircraft examples have reported vertical accuracies of 10cm (Nolan et al., 

2015) and 30 cm (Bühler et al., 2015) with horizontal resolutions of 5-20 cm (Nolan et al., 2015) 

and 2 m (Bühler et al., 2015). Unmanned aircraft examples have shown similar accuracies and 

resolution with vertical errors of reported to be ~10 cm with horizontal resolutions between 50 

cm (Vander Jagt et al., 2015) and 10 cm (Bühler et al., 2016). The accuracy assessments of the 

De Michele et al. (2016), Vander Jagt et al. (2015), and Bühler et al. (2016) studies were limited 

to a small number of snow depth maps. Bühler et al. (2016) had the most with four maps, but 

more are needed to get a complete perspective on the performance of this technique and its 

repeatability under variable conditions.  

The overall objective of this paper is to assess the accuracy of snow depth as estimated by 

imagery collected by small UAVs and processed with SfM techniques. Specifically, this paper 
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will: 1) assess the accuracy of UAV-derived snow depths with respect to the deployment 

conditions and heterogeneity of the earth surface, specifically variability in terrain relief, 

vegetation characteristics and snow depth; and 2) identify and assess opportunities for UAV 

generated data to advance understanding and prediction of snowcover and snow depth dynamics. 

2.2. Sites and Methodology 

2.2.1. Sites 

The prairie field site (Figure 2.1a) is representative of agricultural regions on the cold, 

windswept Canadian Prairies, where agriculture management practices control the physical 

characteristics of the vegetation which, in turn, influence snow accumulation (Pomeroy and 

Gray, 1995). There is little elevation relief and the landscape is interspersed with wooded bluffs 

and wetlands. Snowcover is typically shallow (maximum depth < 50 cm) with development of a 

patchy and dynamic snowcovered area during melt. Data collection occurred at a field site near 

Rosthern, Saskatchewan, Canada Mountains (52Á 42ô N, 106Á 27ô W) in spring 2015 as part of a 

larger project studying the influence of grain stubble exposure on snowmelt processes. The 0.65 

km2 study site was divided into areas of tall stubble (35 cm, hereafter Tall15) and short stubble 

(15 cm, hereafter Short15). The wheat stubble (Figure 2.1c), clumped in rows ~30 cm apart, 

remained erect throughout the snow season, which has implications for blowing snow 

accumulation, melt energetics and snowcover depletion. Pomeroy et al. (1993, 1998) describes 

the snow accumulation dynamics and snowmelt energetics of similar environments. 

The alpine site, located in Fortress Mountain Snow Laboratory in the Canadian Rocky 

Mountains (50Á 50ô N, 115Á 13ô W), is characterized by a ridge oriented in SW-NE direction 

(Figure 2.1b, d) at an elevation of approximately 2300 m. The average slope at the alpine site is 

~15 degrees with some slopes > 35 degrees. Large areas of the ridge were kept bare by wind 

erosion during the winter of 2014/2015 and wind redistribution caused the formation of deep 

snowdrifts on the leeward (SE) side of the ridge, in surface depressions and downwind of 

krummholz. Vegetation is limited to short grasses on the ridgetop while shrubs and coniferous 

trees become more prevalent in gullies on the shoulders of the ridge. Mean snow depth of the  

snowcovered area at the start of the observation period (May 13, 2015) was 2 m (excluding 

snow-free areas) with maximum depths over 5 m. The 0.32 km2 study area was divided between 
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a North and a South area (red polygons in Figure 2.1b) due to UAV battery and hence flight area 

limitations. DeBeer and Pomeroy (2010, 2009) and MacDonald et al. (2010) describe the snow 

accumulation dynamics and snowmelt energetics of the area. 

 

Figure 2.1: Orthomosaics of a) the prairie site located near Rosthern, Saskatchewan and b) the 

alpine site at Fortress Mountain Snow Laboratory, Kananaskis, Alberta. The prairie site image 

(March 19, 2015) has polygons depicting areas used for peak snow depth estimation over 

Short15 (yellow) and Tall15 (green) stubble treatments. The alpine site image (May 22, 2015) 

was split into two separately processed subareas (red polygons). Red points in a) and b) are 

locations of manual snow depth measurements while green points at the alpine site b) were used 

to test the accuracy of the DSM over the bare surface. Ground control point (GCP) locations are 

identified as blue points. Axes are UTM coordinates for the prairie site (UTM zone 13N) and 

alpine site (UTM zone 11N). The defining feature of the prairie site was the c) wheat stubble 

(Tall15) exposed above the snow surface and at the alpine site was the d) complex terrain as 

depicted by the generated point cloud (view from NE to SW). 

2.2.2. Methodology 

2.2.2.1. Unmanned Aerial Vehicle - flight planning - operation - data processing  

A Sensefly Ebee Real Time Kinematic (RTK) UAV (version 01) was used to collect 

imagery over both sites (Figure 2.2a). The platform is bundled with flight control and image 

processing software to provide a complete system capable of survey grade accuracy without the 
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use of ground control points (GCPs) (Roze et al., 2014). The Ebee RTK is a hand launched, fully 

autonomous, battery powered, fixed wing UAV with a wingspan of 96 cm and a weight of ~0.73 

kg including payload. Maximum flight time is up to 45 minutes with cruising speeds of 40-90 

km h-1. A modified consumer grade camera, a Canon PowerShot ELPH 110 HS, captures red, 

green and blue band imagery as triggered by the autopilot. The camera, fixed in the UAV body, 

lacks a stabilizing gimbal as often seen on multirotor UAVs, and upon image capture levels the 

entire platform and shuts off motor, to minimize vibration, resulting in consistent nadir image 

orientation. The camera has a 16.1 MP 1/2.3-inch CMOS sensor and stores images as JPEGs, 

resulting in images with 8-bit depth for the three color channels. Exposure settings are 

automatically adjusted based on a center weighted light metering. Images are geotagged with 

location and camera orientation information supplied by RTK corrected Global Navigation 

Satellite System (GNSS) positioning and IMU, respectively. A Leica GS15 base station supplied 

the RTK corrections to the Ebee to resolve image locations to an accuracy of ±2.5 cm. The Ebee 

was able to fly in all wind conditions attempted but image quality, location and orientation 

became inconsistent when wind speed at the flight altitude (as observe by an on-board pitot tube) 

approached 14 m s-1. 

 

Figure 2.2: a) Sensefly Ebee RTK, b) a typical flight over the prairie site where red lines 

represent the flight path of UAV and the white placemarks represent photo locations. 

At the prairie site, the UAV was flown 22 times over the course of the melt period 

(March 6 to 30, 2015) with three flights over the snow free surface between April 2 and 9, 2015. 

A loaner Ebee, from Spatial Technologies, the Ebee distributor, performed the first 11 flights at 

the prairie site due to technical issues with the Ebee RTK. The geotag errors of the non-RTK 

loaner Ebee were ±5 m (error of GPS Standard Positioning Service) and therefore required GCPs 

to generate georeferenced data products. At the alpine site, to reduce variations in the height of 
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the UAV above the surface in complex terrain, flight plans were adjusted using a 1 m resolution 

DEM, derived from a LiDAR DEM. The UAV was flown 18 times over melt from 15 May to 24 

June 2015 with four flights over bare ground on 24 July 2015. Table 2.1 summarises flight plan 

attributives of the respective sites. Figure 2.2b shows a typical flight plan generated by the 

eMotion flight control software for the prairie site. 

Postflight Terra 3D 3 (version 3.4.46) processed the imagery to generate DSMs and 

orthomosaics. Though the manufacturer suggested that they are unnecessary with RTK corrected 

geotags (error of ±2.5 cm), all processing included GCPs. At the prairie site, 10 GCPs comprised 

of five tarps and five utility poles were distributed throughout the study area (blue points in 

Figure 1a). At the alpine site, the north and south areas had five and six GCPs (blue points in 

Figure 2.1b), respectively comprised of tarps (Figure 2.3a) and easily identifiable rocks (Figure 

2.3b) spread over the study area. 

Table 2.1: Flight plan specifications 

Variable Prairie Site Alpine Site 

Flight altitude 90 m 90 m 

Lateral overlap 70 % 85 % 

Longitudinal overlap 70 % 75 % 

Ground resolution 3 cm pixel-1 3 cm pixel-1 

Number of flights (over snow/over non-snow) 22/3 18/4 

Approximate area surveyed per flight 1 km2 0.32 km2  

 

 

Figure 2.3: Examples of ground control points that included a) tarps (2.2 m x 1.3 m) and b) 

identifiable rocks at the same magnification as the tarp. 

Processing involved three steps. First, initial processing extracted features common to 

multiple images, optimized external and internal camera parameters for each image, and 
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generated a sparse point cloud. The second step densified the point cloud and the third step 

generated a georeferenced orthomosaic and a DSM. Preferred processing options varied between 

the sites, with the semi-global matching algorithm in the point densification used to minimize 

erroneous points encountered at the alpine site (see Sect 3.3). Generated orthomosaics and DSMs 

had a horizontal resolution of 3.5 cm at the prairie site and between 3.5 cm and 4.2 cm at the 

alpine site.  

2.2.2.2. Ground truth and snow depth data collection 

To assess the accuracy of the generated DSMs and their ability to measure snow depth, 

detailed observations of the land surface elevation and snow depth were collected. At the prairie 

site a GNSS survey, utilizing a Leica GS15 as a base station and another GS15 acting as a RTK 

corrected rover, measured the location (x, y and z) of 17 snow stakes on each stubble treatment 

to an accuracy of less than ±2.5 cm. This gives 34 observation points at the prairie site (locations 

identified as red dots in Figure 2.1a). Over the melt period, the snow depth was measured with a 

ruler at each point (error of ±1 cm). Adding the manually measured snow depths to the 

corresponding land surface elevations from the GNSS survey gives snow surface elevations at 

each observation point directly comparable to the UAV derived DSM. At the alpine site, 100 

land surface elevations were measured at points with negligible vegetation (bare soil or rock 

outcrops) with a GNSS survey to determine the general quality of the DSMs. For eight flights a 

GNSS survey was also performed on the snowcover (all measurement locations over the course 

of campaign are highlighted in Figure 2.1b). To account for the substantial terrain roughness and 

to avoid measurement errors in deep alpine snowpacks, snow surface elevation was measured via 

GNSS survey and snow depth estimated from the average of five snow depth measurements in a 

0.4 m x 0.4 m square at that point. Time constraints and inaccessible steep snow patches limited 

the number of snow depth measurements to between three and 19 measurements per flight. 

While the number of accuracy assessment points over snow is limited for each flight the 

cumulative number of points over the course of the campaigns used to assess accuracy over all 

flights is not; at the alpine site there were 101 GNSS surface measurements and 83 averaged 

snow depth measurements available, and at the prairie site 323 measurements on each stubble 

treatment. 
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At both the prairie and alpine site, the same GNSS RTK surveying method established 

GCP locations. Snow surveys (maximum one per day) and DSMs (multiple per day) are only 

compared if from the same days.  

2.2.2.3. Snow depth estimation 

Subtracting a DSM of a snow free surface from a DSM of a  snowcovered surface 

estimates snow depth assuming snow ablation is the only process changing the surface elevations 

between observation times. Vegetation is limited over the areas of interest at the alpine site and 

any spring up of grasses or shrubs is insignificant, based upon local observations, with respect to 

the large snow depths observed (up to 5 m). The wheat stubble at the prairie site is unaffected by 

snow accumulation or ablation. The snow-free DSMs corresponded to imagery collected on for 

the prairie site and July 24, 2015 for the alpine site. 

2.2.2.4. Accuracy assessment 

The accuracy of the UAV-derived DSM and snow depth was estimated by calculating the 

root mean square error (RMSE), mean error (bias) and standard deviation of the error (SD) with 

respect to the manual measurements. The RMSE quantifies the overall difference between 

manually measured and UAV derived values, bias quantifies the mean magnitude of the over 

(positive values) or under (negative values) prediction of the DSM with respect to manual 

measurements, and SD quantifies the variability of the error.  

2.2.2.5. Signal-to-Noise Calculation 

The signal-to-noise ratio (SNR) compares the level of the snow depth signal with respect 

to the measurement error to inform when meaningful information is available. The SNR is 

calculated as the mean measured snow depth value divided by the standard deviation of the error 

between the observed and estimated snow depths. The Rose criterion (Rose 1973), commonly 

used in the image processing literature, is used to define the threshold SNR where the UAV 

returns meaningful snow depth information. The Rose criterion proposes a SNR Ó 4 for the 

condition at which the signal is sufficiently large to avoid mistaking it for a fluctuation in noise. 

Ultimately, the acceptable signal to noise ratio depends upon the userôs error tolerance (Rose, 

1973).  
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2.3. Results and Discussion 

2.3.1 Absolute surface accuracy 

The accuracy of the DSMs relative to the measured surface points varies with respect to 

light conditions at time of photography and differences in snow surface characteristics and 

extent. This is seen in the RMSE for individual flights varying from 4 cm to 19 cm (Figure 2.4). 

Only a few problematic flights, which will be discussed in section 3.3.1, showed larger RMSEs, 

which are marked in blue in Figure 2.4. In general, the accuracy of the DSMs as represented by 

the mean RMSEs in Table 2.2, were comparable between the prairie Short15 (8.1 cm), alpine-

bare (8.7 cm) and alpine-snow (7.5 cm) sites and were greater over the prairie Tall15 site (11.5 

cm). Besides the five (out of a total of 43) problematic flights (out of a total of 43 flights), 

accuracy was relatively consistent over time at all sites. More specifically, the prairie flights 

simultaneously sampled the Short 15 and Tall15 stubble areas, thus there were only three 

problematic flights at the prairie site in addition to the two at the alpine site (Figure 2.4). The 

larger error at Tall 15 treatment is due to snow and vegetation surface interactions. Over the 

course of melt, the DSM gradually became more representative of the stubble surface rather than 

the snow surface. More points are matched on the high contrast stubble than the low contrast 

snow leading to the DSM being biased to reflect the stubble surface. This is apparent in the 

increasing Tall15 bias as the snow surface drops below the stubble height. By comparing the 

many alpine-bare points to the limited number of alpine-snow points (3 to 19) the relative 

difference in errors between the snow and non-snow surfaces was assessed. The benefit of the 

large amount of alpine-bare points (100) revealed the general errors, offsets and tilts in the DSM. 

It was concluded that the snow surface errors are not appreciably different from the non-snow 

surface errors.  
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Table 2.2: Absolute surface accuracy summary 

Area Variable Meana (cm) Maximuma (cm) Minimuma (cm) Total Pointsc 

Apine-bare RMSE 8.7 15 4 1120 

Alpine-bare Bias b 5.6 11 1 1120 

Alpine-bare SD 6.2 12 3 1120 

Alpine-snow RMSE 7.5 14 3 101 

Alpine-snow Bias b 4.4 13 1 101 

Alpine-snow SD 5.4 13 3 101 

Short15 RMSE 8.1 12.5 4.4 357 

Short15 Bias b 4.4 11.2 0 357 

Short15 SD 6.3 9.5 3.2 357 

Tall15 RMSE 11.5 18.4 4.9 357 

Tall15 Bias b 6.6 17.5 0.3 357 

Tall15 SD 8.4 14.2 3.1 357 

a excludes five flights identified to be problematic  

b mean of absolute bias values 

c cumulative points used to assess accuracy over all assessed flights 

 

The RTK level accuracy of the camera geotags should produce products with similar 

accuracy, without the use of GCPs, as those generated with standard GPS positioning and the use 

of GCPs (Roze et al., 2014). DSMs created with and without GCPs for flights where the Ebeeôs 

camera geotags had RTK-corrected positions with an accuracy of ±2.5 cm tested this claim. Nine 

flights from the prairie site and 22 flights from the alpine site met the requirements for this test. 

Inclusion of GCPs had little effect on the standard deviation of error with respect to surface 

observations, but resulted in a reduction of the mean absolute error of the bias from 27 cm to 10 

cm and from 14 cm to 6 cm at the prairie and alpine sites, respectively. 
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 Figure 2.4: Root mean square error (RMSE, top row), Bias (middle row) and standard deviation 

(SD, bottom row) of DSMs with respect to surface over alpine-bare, alpine-snow, and short15 

and tall15 stubble at prairie site, respectively. Blue bars highlight problematic flights and are 

excluded from summarization in Table 2.2. X-axis labels represent month-date-flight number of 

the day (to separate flights that occurred on the same day). Alpine-bare accuracies are separated 

into north or south areas, reflected with a _N or _S suffix. The last number in the alpine-snow x-

axis label is the number of observations used to assess accuracy as the number of surface 

observations varied between 3 and 20.  

2.3.2 Snow depth accuracy 

The snow depth errors were similar to that of the surface errors with the alpine and 

Short15 stubble treatment having very similar errors, with mean RMSEs of 8.5 cm and 8.8 cm, 

but much larger errors over the Tall15 stubble treatment, with a mean RMSE of 13.7 cm (Figure 

2.5 and Table 2.3). Snow depth errors were larger than the surface errors as the errors from the 

snow-free and  snowcovered DSMs are additive in the DSM differencing. The usability of snow 

depth determined from DSM differencing requires comparison of signal-to-noise. Signal-to-

noise, in Figure 2.5, clearly demonstrates that the deep alpine snowpacks have a large signal 

relative to noise and provide useable information on snow depth both at maximum accumulation 

and during most of the snowmelt period (SNR >7). In contrast, the shallow snowpack at the 

prairie site, despite a similar absolute error to the alpine site, demonstrates decreased ability to 
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retrieve meaningful snow depth information over the course of snowmelt; the signal became 

smaller than the noise. Applying the Rose criterion of a SNR Ó4, it is apparent that only the first 

flight at the short stubble and the first two flights at the Tall15 treatment provided useful 

information on the snow depth signal. This is relevant when applying this technique to other 

areas with shallow, wind redistributed seasonal snowcovers such as those that cover prairie, 

steppe and tundra in North and South America, Europe and Asia. This is in contrast to other 

studies which do not limit where this technique can be reasonably applied (Bühler et al., 2016; 

Nolan et al., 2015).  

Table 2.3: Absolute snow depth accuracy summary  

Area Variable Meana (cm) Maximuma (cm) Minimuma (cm) Total Points c 

Alpine RMSE 8.5 14.0 3 83 

Alpine Bias b 4.1 11.0 0 83 

Alpine SD 7.1 12.0 3 83 

Short15 RMSE 8.8 15.8 0 323 

Short15 Bias b 5.4 15.2 0 323 

Short15 SD 6.1 10.3 0 323 

Tall15 RMSE 13.7 27.2 0 323 

Tall15 Bias b 9.8 26.4 0 323 

Tall15 SD 8.3 13.9 0 323 

a excludes two flights identified to be problematic  

b mean of absolute bias values  

c cumulative points used to assess accuracy over all assessed flights 
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Figure 2.5: Estimated UAV snow depth error with respect to observed snow depth for the alpine 

site and the Short15 and Tall15 stubble treatments at prairie site. Blue bars highlight problematic 

flights and are excluded from summarization in Table 2.3. X-axis labels represent month-date. 

The last number in prairie labels is the flight of the day (to separate flights that occurred on the 

same day). Alpine labels separate the north or south flight areas suffixed as _N or _S 

respectively, and the last value is the number of observations used to assess accuracy as they 

vary between 3 and 19. Horizontal line in the SNR plots is the Rose criterion (SNR Ó4) that is 

used to identify flights with a meaningful snow depth signal. 

2.3.3 Challenges 

2.3.3.1 UAV Deployment Challenges 

An attractive attribute of UAVs, versus manned aerial or satellite platforms, is that they 

allow ñon-demandò responsive data collection. While deployable under most conditions 

encountered, the variability in the DSM RMSEs is likely due to the environmental factors at time 

of flight including wind conditions, sun angle, flight duration, cloud cover and cloud cover 

variability. In high wind conditions (>14 m s-1) the UAV struggled to maintain its 

preprogrammed flight path as it was blown off course when cutting power to take photos. This 

resulted in missed photos and inconsistent density in the generated point clouds. Without a 

gimballed camera, windy conditions also resulted in images that deviated from the ideal nadir 
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orientation. The flights for the DSMs with the greatest RMSEs had the highest wind speeds as 

measured by the UAV. Four of the five problematic flights were due to high winds (>10 m s-1) 

and were identified by relatively low-density point clouds with significant gaps which rendered 

DSMs that did not reflect the snow surface characterises.  

As the system relies on a single camera traversing the areas of interest, anything that may 

cause a change in the reflectance properties of the surface will complicate post-processing and 

influence the overall accuracy. Consistent lightning is important with a preference for clear skies 

and high solar angles to minimize changes in shadows. Diffuse lighting during cloudy conditions 

results in little contrast over the snow surface and large gaps in the point cloud over snow, 

especially when the snowcover was homogeneous. Three flights under these conditions could not 

be used and were not included in the previously shown statistics. Clear conditions and patchy 

snowcover led to large numbers of overexposed pixels (see Sect 3.3.2). Low sun angles should 

be avoided as orthomosaics from these times are difficult to classify due to the large and 

dynamic surface shadows present and the relatively limited reflectance range.  

It is suggested that multirotor UAVs may be more stable and return better data products 

in windy conditions (Bühler, et al., 2016). There have not been any direct comparison studies 

that the authors are aware of that validate such assertions. A general statement regarding the use 

of fixed wing versus multirotor is also impossible with the broad spectrum of UAVs and their 

respective capabilities on the market. The only clear benefit of using a multirotor platform is that 

larger, potentially more sophisticated, sensors can be carried and landing accuracy is greater. 

That being said, the Ebee RTK returns data at resolutions that are more than sufficient for the 

purposes of this study (3cm pixel-1), can cover much larger areas and has a higher wind 

resistance (>14 m s-1) than many multirotor UAVs. Landing accuracy (±5 m) was also sufficient 

to locate a landing location in the complex topography of the alpine site. The more important 

issue relative to any comparison between platform types is that all UAVs will have limited flight 

times and results are compromised if conditions are windy and light is inconsistent. Until a direct 

platform comparison study is conducted this experience, and results of other recent studies 

(Vander Jagt et al., 2015; Bühler et al., 2016; De Michele et al., 2016), suggests that fixed wing 

platforms, relative to multi-rotor platforms, have similar accuracy and deployment constraints 

but a clear range advantage. 
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2.3.3.2 Challenges applying Structure from Motion over snow 

Erroneous points over snow were generated in post-processing with the default software 

settings at the alpine site. These points were up to several metres above the actual snow surface 

and were mainly located at the edge of snow patches, but also on irregular and steep snow 

surfaces in the middle of a snow patch. The worst cases occurred during clear sunny days over 

south-facing snow patches, which were interspersed with these erroneous points. These points 

are related to the overexposure of snow pixels in the images which had bare ground in the centre 

and small snow patches on the edges. This is a consequence of the automatically adjusted 

exposure based on centre-weighted light metering of the Canon ELPH camera. It is 

recommended that erroneous points could be minimized with the removal of overexposed 

images; however, this increased the bias and led to gaps in the point cloud, which made this 

approach inappropriate. 

The semi-global matching (SGM) option with optimization for 2.5D point clouds (point 

clouds with no overlapping points) proved to be the best parameter setting within the post-

processing software Postflight Terra 3D. Semi-global matching was employed to improve results 

on projects with low or uniform texture images, while the optimization for 2.5D removes points 

from the densified point cloud (SenseFly, 2015). The SGM option removed most of the 

erroneous points with best results if processing was limited to individual flights. Including 

images from additional flights resulted in a rougher surface with more erroneous points. This 

may be caused by changes in the surface lighting conditions between flights. Biases did not 

change when using SGM though some linear artefacts were visible when compared to default 

settings. These linear artefacts caused the SD to increase from 1 cm to 3 cm on bare ground. 

Areas with remaining erroneous points were identified and excluded from the presented analysis. 

Table 2.4 summarises the extent of the areas removed with respect to the snowcovered area at 

the alpine site. The fifth problematic flight identified (June 1, 2015 flight over north area of 

alpine site) had a much larger bias with the inclusion of GCPs and the reason for this cannot be 

determined. The ñblack boxò nature of this proprietary software and small number of adjustable 

parameters clearly limits the application of this post-processing tool for scientific purposes. 
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Table 2.4: Summary of areas excluded due to erroneous points with respect to snowcovered area 

at Alpine site. 

Flight a Snowcovered area (%) Percentage of snowcovered area excluded (%) 

5-19_N 45.9 0.0 

5-20_S 32.6 2.0 

5-22_N 39.8 0.0 

6-01_N 24.0 0.0 

6-08_N 12.5 3.2 

6-18_N 5.3 19.3 

6-24_N 3.1 21.9 

6-24_S 3.7 18.9 

amonth-day_portion of study area 

2.3.4 Applications of UAVs and Structure from Motion over snow 

The distributed snow depth maps generated from UAV imagery are of great utility for 

understanding snow processes at previously unrealized resolutions, spatial coverages and 

frequencies. Figure 2.6 provides examples of UAV derived distributed snow depth maps. The 

identification of snow dune structures, which correspond to in-field observations, is a qualitative 

validation that UAV derived DSM differencing does indeed provide reasonable information on 

the spatial variability of snow depth. Actual applications will depend upon the surface, snow 

depth and other deployment considerations as discussed. 

 

Figure 2.6: Bias corrected distributed snow depth (m) for Short15 and Tall15 stubble treatments 

at peak snow depth (March 10, 2015) at the prairie site.  

Applications at the alpine site also include the ability to estimate the spatial distribution 

of snow depth change due to ablation (Figure 2.7). To obtain ablation rates, the spatial 














































































































































































































































































