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Abstract

Snowmelt is a critical component of the Canadian Prairie hydrological cycleaand h
significant hydrological and agronomic implicatiolithin this region, snowmelt caalsobea
very complicated phenomenon to accuratdgerve andhodel due to theccurrence oshallow
snowpacks, the unknown energy balance implications of emengipgtubble during metin
cultivated fields and theeffects ofspatiotemporal heterogeneity of snowcowetocalscale
advection. The objective of this research was to improve the physical understanding of these
complex and interacting processes witpldgment of novel observation systems and
development and application of new phydiesed process modelstensive field campaigns for
the 2015 and 2016 snowmelt season were conducted near Rosthern, Saskatchewan and provided
the observatioginecessary toonductthis researchApplication of novel observation systems
demonstrated: 1) the ability to remotealgnse maximum prairie snow depth with imagery
collected from an unmanned aerial vehicle and processed®ittture fromMotion
techniques, and 2) éffirst 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 profihg systemModel 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) lestale sensible and latent heat advection
contributions to snowmelt in a modelling framework that facilitates easyiogupl existing
onedimensional snowmelt models, and 3) the influence of stubble upon meltwater partitioning
in a coupled model that accounts for snow accumulation, melt and infiltration prodésses.
studydemonstratethat: 1) compensatory interactiongth emerging stubble result in negligible
differences in the net snow surface energy bal&)dbe inclusion of advection into snow
models improves their physical realism and snowmelt predictions3)dhdt the compensatory
interactions of stubble aaccumulation and melt processes are secondamgfomzen soil
infiltration process which is th@ominant control on meltwater partitionirithe advances in
observational and modelling capacity shown here improve the understanding and predictive

capaciy 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% annuallyGrayandLandine, 1988)and can lead to significant infiltrati¢@ranger
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, Saskatclvean and Manitoba cover over 25 million hectares (~50%exprairie
ecozongand,withalargs cal e shift to zero tillage since |
dynamic exposure of standing stubble over the smeliseason. The physical relationship
between the stubble remaining after harvest and the role it has in modifyingasnogphere
interactions hee implications for a large area of the Canadian prairies and other areas with
similar climates and crops including tBeeatPlains of the UnitedStates and the Eurasian
steppes.

Patterns of snow accumulation and ablation (spatial variability of melt rates, timing and
guantity) have direct impact upon the partitioning of infiltration and ruft&fly 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 bygricultural management practices, and how it modifies the partitioning of
surfaceatmosphere energy exchanges over the snow surface needs to be understood as these
exchanges influence snow accumulation and ablation processes, which in turn controls snowmel
runoff, infiltration and evaporation/sublimation.cdncurrentand poorly constraineshowmelt
processn this regionis the localscale advection of energy from sndwee surfaces to the
snowpack as snowcover disaggregates over ifedt.combination oflynamic energy
contributions from emerging stubble and advection from the expandingfse@areas over

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

Snowcover in this serarid cold region is typically shallow ars high variability

during accumulation and ablation leading to significant unresolved challenges in quantifying the



snow surface energy balance in the presence of exposed stubble. The droughi2602001
(Hanesiak et al., 201Bnd flooding events since 00@9 (Dumanski et al., 2015)ave renewed
interest in agricultural water management. Snowmelt water has broadatplecfor

agricultural productioriGray et al., 199Q)s a water source for rural populations and economies
(Corkal et al., 2004and can cause intermittent localized flood{Bgimanski et al., 2015)

Despite the significant socioeconomic implications of snowmelt on the Canadian Prairies,
understanding and prietion 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 chéagegeroy et al., 2009b
1.2. Litelature Review

The literature review providesi@verview of pertinent features of prairie hydrology and
summarizes work pertinent to the process understanding oftsmibstubbleatmosphere
interactions, locascale advection, and meltwater partitionimgtbe Canadian prairies during

snowmelt.
1.2.1. Prairie Hydrology

The hydrology of the Canadian Prairies is defined by its high latitude continental interior
locations leadingo large variations in seasonal temperatures and limited precipitation, annual
precipitationaverage 308100mm (Pomeroy et al., 2009f which about a third occurs as
snowfall(Gray and Landine, 1987.aJhis leads to twdlistinct but interrelated hydrological
periods for winter and summer. Winter processes are characterised by snow accumulation and
wind redistribution with miewinter melt events frequent in soutfestern and infrequent in the
north-eastern region@-ang et al., 2007)nfiltrability 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 tediinfiltration coincident with the often
rapid snowmelt water release from snowpa€ksay 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 sumi@eay, 1970) The summer rainfall inputs are
typically balanced by evapotranspirati@ray, 1970)and high unfrozen infiltration rates and
soil watef holding capacities leading to limitedarm season runotElliot and Efetha, 1999)



Recent observations show a shift to more rainfall events being generated by frontal systems
(Shook and Pomeroy, 2012)d an increase in mgummer runof{Pomeroy et al., 2014Pue

to limited topographic relief and geologically recent glaciation the drainage network of the
Canadian Prairies is poorly developed resulting in largecootributing area@Pomeroy et al.,

2005) Subsurface lateral movements are limited and recharge is depression focused due to the
low hydraulic condctivity of the underlying unconsolidated glacial t{fl$ayashi 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 mebanismgPhillips et al., 2011)The spring snowmelt eveisttypically 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 praelt snowjack 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 sno{Clark et al., 2011; Pomeroy et al., 1998Bhe blowing snow process
is a function of snow availability, fetch, wind speed, surface roughness and temperature
(Pomeroy et al., 1993)nd on the Canadian Prairies can be responsible for the sublimation,
transport and redistribution of up to 75% of the annual sno{Halineroy and Gray, 1995)
Physically, blowing snows comprised of three fluxes including saltation, suspension and
sublimation and these were first fully describedPayneroy et al. (1993 the Prairie Blowing
Snow Model (PBSM). Spatial distribution of PBSM has been accomplished with its coupling to
a windflow modelWalmsley et al., 198@p 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 transp(Pbmeroy et al., 1991Areas of greater surface roughness, such
as standing stubble, will have greater deposition though snow erosion can beiatédinvhen

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 erogomeroy et al., 1993xposure 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 heighthe vegetatioiiPomeroy and Brun, 2001)ifferences

in exposed vegetation become less relevant as snow accumulates to the vegetation height; filled
stubblewill behave as dare field(Pomeroy and Gray, 1994)he feasibility to manage end of

winter snow wéer equivalent (SWE) distributions for agricultural purposes has been well studied
(Pomeroy et al., 199@yith results summarized in Table 1. Modelling has estimated that the
saltation and suspension fluxa® doubled and sublimation increases by 7%é&oe fieldswith

respect to stubbligelds (Gray et al. 1989)

Table 1.1: Agricultural Snow Management Practices on the Canadian Prairies
Snow ManagemerRractice SWE increase*

Tall Stubble: crop swathed/combined to leave stubble of unifol2.7mm/cm stubble**
height
Alternate Height Stubble: height of the stubble is alternated [32%
between low and high for each swather/combine pass
Trap StripsClipper:strip of crop with grain heads clipped left ea104%
swather/combine pass
Trap Strip Deflector: strip of crop with grain heads intact left e22%
swather/combine pass
Leave Strip: 30cm strip of crop unharvested every 1,2 or3 [91%
swather/combine widths
Competitive barrier: tall grass barriers planted in rows spaced 120%
to 15 m apart
*SWE increase with respect to normal uniform height (~25cm) stubble, **Tall stubble SWE
increase s afunction of snow densitywalues summarised froiicholaichuk 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 Ig3ray and Malg1981)as:

. . . QY 1.1
0 " * bW ° O 00 v U o (1-1)

wherel is the net energy available for snowm@th* andbw® are the net short
and long wave radiation respectively, and0dO are the turbulent sensible and latent

heat fluxes respectively, is the energy advected by precipitation (often ignored on the



Prairies),0 is the ground het flux andY | Q s 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 apprdheke unique
snowpacks. The source of energy for early or-miater melt is typically longwave radiation
(Granger et al., 1978As day lengths and sun angles increase shortwave radiation becomes the
dominant forcing relative to longwave radiati@ray and Landine, 19870b)urbulent fluxes are

much more dynamic and dependent upon meteorolothegsare related to wind speeds and
temperature gradien{(&Sranger and Male, 1978)atent 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 éadagyeg Granger and Male,

1978) The sensible heat flux contributions increase over the course of melt as the snow surface
transitions from continuousnowcovelinto a heterogeneous surface of bare soil and snow
patchegGranger and Male, 1978 addition, differences in energetics acrasowcoveed

and snowfreeareas 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 transitio(hook and Gray, 1997An additional challenging dynamic of
shallow snow is the relative portance of tracking cold content as it buffers melt processes
(Granger and Male, 1978¥hallow 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, 1987H)and 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 detaifteerea

1.2.3.1. Shortwave Radiation

Shortwave radiation typically dominates #ad of winter snowmelt evenf high
latitude environment&Gray and Landine, 1986Interannual 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 seg@oook 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 meth@#roier and Ohmura (1968)he
absorption of the shortwave radiation by the surface is governed by the surfacetgliediby
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between 80 and 90% for fresh sn@rayand Landine, 1987apnow albedo decreases with

time due to metamorphism changing radiation attenuation factors such as particle size, density,
structure, wetness, foreign matter, snow depth and wavel@gil and Landine, 1987a; Kung

et al., 1964)

Exposed vegetation modifies shortwaseiation 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 aveeaglbedo over the course of snowmelt becomes a function of
fractional vegetation exposugeiston and Hiemstra, 2011)pon the beakup of continuous
snowcoveiShooket 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 courseof mglt O6 Ne i | | 19@3h \dege@tioa gan also influence the shortwave
radiation flux by shading the snowpaahktercepting the radiation before it reaches the surface
(Aase and Siddoway, 1980; Bewley et al., 200Tjs is apparent in the observations of an
inverse relationship between albedo and stubble h@igise and Siddoway, 198®tubble and
soil albedos also vary over the course of the winter as the decay of stubble and breakdown of soll

clods lead to an increase and decrease in albedo respectively

Most of the work on radiative tnafer 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 inffemeroy and Dion, 1996y view fraction
(Musselman et al., 2012)ay tracing[Essery et al., 20@}, multi-stream model&Blyth et al.,
1999)and taking into account shading in sparse candBiesley et al., 200/ Radiative
transfer through sparse canopies has also been studied from an agricultural perspective with
approaches including dual stream modBisss, 1981 )clumped vegetatio(Campbell and
Norman, 1998; Kustas andihman, 200Q)and multilayered canopie@-lerchinger, 2000; Zhao
andQualls, 2005)To date no literature has been found that quantifies the dynamic influence of
short vegetation, specifically stubble, on the transmittangecoming radiation to a snow

surface of varying depth.



1.2.3.2. Longwave Radiation

Longwave radiation is dependent upon the temperature of its emission source according
to the StefarBoltzmann equation, and the fluxes incident upon the surface come from either
atmospheric or terrestrial origifSicart 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 emissi\8cart 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(Sieart et al.,

2006) The emission of longwave radiation from the surface is simply a function of the surface
temperature. The emissivities of the different souveeg and argenerallyhigher for ground
relative to sky sourcgSicart et al., 2006 Net longwave radiation can be similar or higher than
shortwave radiation during cloudy periods due to increased atmospméesgivéty (Granger and
Gray, 1990)nd is important in the simulation of snowmelt in early spring due to the low solar

energy and high fresh snow albg@acart et al., 2006)

Like shortwave radiation the vegetation influence upon longwave radiation has been
studied most extensively in foremtvironmentgEssery et al., 2008a; Gelfan et al., 2004;
Pomeroy et al., 20098he most striking case of this is with high trunk or branch temperatures
as a resultfoa large net shortwave radiation flux upon the low albedo vegetation, which re
radiates this energy in the form of longwave radiation to the surrounding(Booreroyet 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 Batetelpy

et al.,(2010)for the case of exposedrshs.

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 strueitireespect to the

depleting snovsurfaceis 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. Thecetdtibation of these



fluxes to the annual snowmelt varies with respect to seasonal timing and I¢Gaagrand

Male, 1981; Morris, 1989)Studies have shown the turbulent transfer contributions to melt to be
insignificant over caotinuous snowcovgiPomeroy et al., 1998yary interannually(Granger

and Male, 1978andcan makesignificart contributions to melt oncenowcoveibecomes
heterogeneoushook and Gray, 199.7pirect measurement of these fluxes over snow have
utilized eddy covariance techniquésdreas, 1987; Arck and Schertzer, 2002; Box and Steffen,
2001; Munro, 1989; Smeets et al., 19@8)le estimation methods have relied upon bulk transfer
(Kondo and Yamazawa, 1986; Moore, 19&®rodynamic profile@Denby and Snellen, 2002;
Hood et al., 1999; Munro and Davies, 19%8)empirical correlatiofiGray and Landine, 1986)
Quantification methods often struggle with meeting the respeasisemptions arequired

conditions(HelgasorandPomeroy, 2005HelgasorandPomeroy, 201Q

As with radidive transfeythe studies of turbulent transfer through canopiee facused
on forested environments. Validity of local gradient diffusion approachésedty, has been
guestioned with dramatic failures associated with observations of capatBentfluxes in
these environments. Improved methods have developed fugterclosure model@Vilson,
1989)as well as Lagrangian approaclkiBsaupach, 1989)n contrast Ktheoryis still considered
valid in short and sparse canopies (growing season crops) due to low leaf area indices and
uniform source density profile@Vallace, 1991)In theabsence of a contradictory analysis K
theory can be assumed to be valid for a melting exposed stubble surface -theasyKpredicts
that as the exposure of short vegetation during melt increases the surface roughness, thereby
increasing the ability ofie surface to absorb momentuheincreased turbulence will increase
turbulent transfe(Prueger and Kustas, 2008)bservations during the growing season have
noted the suppression of latent heat transfer by the decoupling of the surface and atmosphere by
the airflow displacemerof the stubbl€Brun et al., 1984; Burt et al., 2005; Cutfoahd
McConkey, 1997and reduced windpeedgAase and Siddoway, 198Q)iterature 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 Hedlux

The role of thegroundheat flux varies over the course of the snowmelt on the Canadian

Prairies but is typicallyegligibledue to the small temperature gradient between the soil and



base of the snowpaglerangerandMale, 1978; Pomeroy et al., 1998; Zhao et al., 1997)
Observations show that during early mghound heat flux contributions are negligible while
during active melit can remove up to 5.5% of the eneadlgerwise available for snow melt
(Granger and Male, 1978)he ground heat flux is closely connected to the role of meltwater
infiltrating the soil at the base of the snowpack which varies-artaually and can be influenced

by the commonly observed presence of basal ice layers wadstict infiltration(Zhaoand

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 respectivelFlerchinger et al., 2003Dbservations are complicated by the need imagt

the thermal capacity of the soil matrix with its dynamic frozen and liquid water content, due to
meltwater infiltration and soil thagZhao et al., 1997Numerical methods have been developed
that solve coupled mass and energy equations that can account for heat and water inputs into a

multiphase soil matrixFlerchingerandSaxton, 1989; Hao 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 structuravith high permeability and heterogeneity that undergoes wind redistribution and
metamorphisnfHelgason and Pomeroy, 2012Bhysically based models (SNTHERBbrdan
(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 pureasnow th
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 srlawdexposed stalks.
1.2.3.6. LocalScale 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 largebydiescribed by the spatial variability of prelt SWE and the
variability in the surface energy balance leading to spatially variable areal average melt rates.
Statistically, assuming a legprmal SWE distribution, the depletion of snowcover can be

estimded by a simple hyperbolic tangent function dependent upon the coefficient of variability
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of the premelt SWE and melt amou(iEssery ad Pomeroy, 2004)0n small scalestatistical
description of the snow or bare ground patches area, perimeter, and length can be generated by

taking advantage of applicable fractal scaling lgsanger et al., 2006)

The differences in energetics acragsowcoveed 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 forqviding the majority of the sensible heat flux, contributing up to
55% of the snowmelt energy balar{@ranger and Male, 197&esulting in areal melt rates
being the greatest whaemowcoveiis between 40% and 60¢8hook 1995; Marsh et al. 1997)

The challenges in directly measuriagvection across heterogeneous surfaces can be constrained
in ideal experimental conditions, leading to reliable measurerfi€othendorfer and Paw U,

2011) but the dynamic nature of snowcover ablation has led to limited observations of the
phenomeng&Shook 1995; Granger et al. 2006; Mott et al. 20T8E flow of air over

heterogeneous surfaces leads to the formation of internal boundary(Ggeet, 199Q)
Measurements of these internal boundary layers across snow surface transitions reflect
established power laws of boundary layer he{§itook 1995; Granger et al. 2006yranger et

al. (2002)used thisoehaviorto 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 Mt et al., 2013)Due to the complexity of

the process and difficulties in observatiorodeling has been the focus of muchrenwork on

this topic. Early work byVeisman (197 7applied mixing length theory and subsequent
approaches have employed taculation of advection efficiency as a functiorsnbwcoveed
area(Marsh et al., 1999numerical modellingListon, 1995)and tle models taking into account

the fractal nature of snowcovéEssery et al., 2006Numerical 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 approriate for implementation in hydrological models have insufficient representation

of spatial energy redistribution across tile bounddissery et al., 2006; Ménard et al., 2014)

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

from observationgGranger et al., 20065ensible heat advection is a difficult problem to
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address with contrasting findings in the literature and latent heat advection from ponded

meltwater has nidhad any consideration during snowmelt.

The characteristics of vegetation in open environments has been shown to influence the
dynamics of surface heterogeneity. In termsraiwcovedepletion rougher surfaces lead to
theoretically longesnowcoveidepletion periods (longer on stubble vs. fallow fields). More
detailed observationsonsideringstubble characteristics or type are not available to understand
their role. Theoretical understandin@arratt, 1990and observation&ranger et al., 200&)f
advection show that the greater the upwindace roughness the quicker the establishment of
and the greateéhedepth 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 die to advection are contradictory and as a resultinderstanding 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 antiadhstribution of snowmelt water
produced at the snow soil interface which, along with the spatial variability of frozen soll
infiltrability, governs the runoff and infiltration processes; the most visible manifestation of the
snowmelt proces&Gray et al., 2001)The focus of studies relating agricultural practices and
snowmelt to date has been the infiltration and runoff respdides and Efetha, 1999; Granger
and Gray, 1984; Nicholaichuk and @rd986; van der Kamp et al., 2008)ow stubble change
the energetics of snowmelt processes has been a secondary consideration. These studies show
that increases in pmaelt 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 SWlicholaichuk et al., 1985nd snowmelt rategdVillis et al.,
1969) thus infiltration opportunity time and the associated tillage impacts the soil
structure/macropore connectiviggtrudley et al., 2008}hus infiltration clasgPomeroy et al.,
1990)and antecedent soil moistui@ray and Maule, 1®). In small plot studies the presence of
stubble has been noted to lead to earlier and faster metnafrecoveteading to a greater
amount of runoffWillis 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 aredHodder et al., 2013)'he subtle influence of stubble on runoff and
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infiltration has the potential to have regional hydrolagimplications 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 spiteigfthere has been little work on understanding
the role that the gradual exposure of vegetation over the course of dhbasnen the energy
balance and hydrologitprocesses occurring at the time. This may be in part be due to two
reasonsFirst, hydrological research has not maintained pace with the large changes observed in
agricultural management practices in the tast decades. With the decline in soil and water
conservation issues due to the widespread adoption of continuous cropping atilthgero
interest has shifted to other problems, without reconsidering the role new agricultural practices
have on snowmeltrpcesses 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

Subgantial 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 resolvenowmeltdynamics fom 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@w cores with the technique essentially unchanged for over
a century(Mergen, 1992)Unfortunately, snow surveying has uncertainty associated with
samping strategies, number of samples and transect design to ensure SWE estimate is
representative of domain in questi@teppuhnandDyck, 1974 PomeroyandGray, 1999, as
well as depth and density sampling eri@srezovskaya and Kane, 2007; Goodison et al.,

1987) It is also pone to observer bias as safe and accessible areas tend to be over sampled
(DeBeer and Pomeroy, 20103 a destructive sampling meth@¢inar and Pomeroy, 2015and

is very labarr 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 snow@acdison et al., 198. 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 Prairiesn addition, snowcover geometry is pgodonstrained with snow survey
observations or at sufficient spatiotemporal resolution in satellite remote s@@sigjson et

al., 1987; Shook and Gray, 1998)ternative observation approaches to gifgrsnow water

equivalent angnowcoveiat 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 pascass lbeen 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 zeratillage agriculture and continuous croppiagross the Canadian Prair{@svada, 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
incorporatednto the soil posharvestin 199 zerotillage was applied to I.million hectares

and this has increased t@.2million hectares in 2016, 65% of the total land area prepared for
seedingFigure 1.1: Statistics Canada, 20IR)eliterature availablsuggest thathe presence

of stubble will have an influence upon the surface energy balance. Notably; radiative flux
through short sparse canopies maydifyoincident radiation at the surfa¢€ustas and Norman,
2000) partitioning of the radiative flux may enhance the long wave contrib(Ménard et al.,
2014) turbulent transfer may be enhan¢Pdueger and Kustas, 200®)ith the potential for
decoupling (suppression of turbulent transfer) in the presertaét ekposed stubble heights
(Aase and Siddoway, 198@nd local scale sensible heat advection may be enh@Bmtyer

et al., 2006)
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Figure 1.1: Percentage of prepared cropland managed withiltaage agricultural management
practices. (Statistics Canada 2016)

Third, while locatscale advection has beeonceptualized 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 significat portions of the sensible heat flux that is greatest whewcoveis
between 40% and 60¢&hook 1995; Marsh et al. 1997Mhe challenges in directly measuring
advection across heterogeneous surfaces can be constrained in ideal experimental ¢conditions
leading to reliable measureme(kochendorfer and Paw U, 201 but the dynamic nature of
snowcovemblation hasdd to limited observations of the phenomé@&eanger et al., 2006; Mott
et al., 2016, 2013; Shook, 1993he flow of air over heterogeneous surfaces leads to the
formation of internal boundary layefGarratt, 1990and observations of their development
across snow surface transitions reflect established power laws of boundary laye{Steaght
1995; Granger et al. 20Q@)ue to the complexity of the praagand difficulties in observation,
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modeling has been the focus of much more work on this (Bg&ery et al., 2006; Granger et al.,
2002; Liston, 1995; Mott et al., 2015, 2017; Weisman, 1B8&)sible heat advection is a

difficult problem to address witcontrasting significance in the literatEessery et al., 2006;

Mott et al., 2013pnd latent heat advection from ponded meltwater has not had any consideration
during snowmelt. The relative importance of sensible and latent heat with respect tadlie ove
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 procdsssed understanding of how stubble influences
snow accumulatiorsnowmelf and partitioning of meltwater into infiltration or runoRrevious
research has focused on stubble implications upon snow accumulation and how that modifies the
amount of snow available to m¢kang 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 sodtiafiltr
and snow redistribution has developed an empirical understanding of the system dynamics
(Pomeroy et al., 19900 complete process representation of the stubble and meltwater
partitioning relationshifmas been impossible to date without a physically based understanding of
stubblesnowmelt interactionsSuch a framework is needed to address, develop, and evaluate the
ability to manage stubble for hydrologic or agronomic objectives now and when suljeated

different climate.

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

Canadian Prairies and deserve investigation due to their potentialesociomic implications.
1.4. Objective and Research Questions

The overarcimg 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 objectivedave beenlefined to address the research gaps ifilsshiand are:

15



Objective 1: Assess unmanned aerial vehicle technology to observe properties and

dynamics of shallow snowpacks.

Objective 2: Observe and model locatale sensible and latent heat advection during

snowmelt.

Objective 3: Quantify the relatioship between stubble emergence and processes

governing the snow surface energy balance.

Objective 4: Develop a procesisased understanding of the influence of stubble

management upon meltwater partitioning.
1.5. Thesis outline

The results are presentedtlire form of a manuscript style thesgpecific 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 oligertachniqueThe
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 variabiliof SWE in shallow situations is found in the spatial
variability of snow depttiJonas et al., 2009; Pomeroy and Gray, 19@&agery from UAVs
combined with structure from motion (SfM) techniques are an emerging tool to generate high
accuracy digital surface adels in geosciences and have the potential tosmaywcoveed area

and snow depth and are tested herein.

Chapter 3 (Observation portion of Objective 2) presents direct observations efdalzal
advection and its influence upon the snowmelt energy baldrne 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 desbithewrk
provides the empirical evidence necessary to mdledanstrain 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 theoverall snow melt energy balandehe identification of latent heat advection
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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 balandéuch of the cropland on the CanadiBrairies is managed with
zerotillage agricultural practice3.he resulting gradual emergence of stulftden the snowpack
over snowmelt i phenomenominrealized in any snowmelt mod&his chapter quantifies the
influence of stubble emergence on the snow surface energy balance with the development and
validation of a physiecbased modellThe model is usetb 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 smogit patierns and improves the understanding and

prediction of snowmelt on the Canadian Prairies.

Chapter 5 (Modelling portion of Objective 2) presents a simple-kxke sensible and
latent heat advection model framewofke significant sensible and latent hidaxes 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 existindimeasional snow surface
energy balance modeBrevious work on boundargyer integration of sensible heatvection
(Granger et al2002)is adapted to also considered latent heat adve&iaisting scaling
relationships to describe snowcover geomgdtyook et al., 1993are validated with high
resolution classifiednowcoveed area derived from UAV imagery, as described in Chapter 2.
Theoreticasnowcoveed area depletiofEssery and Pomeroy, 200e&Nd a new conceptual
relationship between ponded water and frozen soil infiltration is included to describe the land
surface dynamics driving advection. The implica@f coupling this advection framework to
the onedimensional snowmelt energy balance from Chapter 3 are expldredleveloped
energy balance model that accounts for stubble emergence and advection processes represents a
major improvement in the modelty capability and understanding of snowmelt on the Canadian

prairies and any other sefaiid agricultural cold region.

Chapter 6 (Objective 4) couples the snowmelt model developed in Chapters 4 and 5 to
existing snow accumulatiaifomeroy et al., 1993nd frozen soil infiltratior{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 partitidmiisgcoupled model is employed

to explore the interaction of stole 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
stubblemeltwater paitioning interactions that reconfirms findings based on extensive field
observatiorbased research on stubble management and frozen soil infiltration.

Recommendations on stubble management practices are presented.

Each chapter focuses on specific deficies in our understanding of the complex
snowmelt dynamics in cold serarid agricultural regions. A final conclusions chapter
summarizes the main findings and identifies areas of future research needs. Overall the research
presented in this thesis advasdhe understanding of the unique snowmelt dynamics and

processes on the Canadian Prairies.
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2.1. Abstract

Quantifying the spatial distribution of snasvcrucial to predict and assess its water
resource potential and understand latmhiosphere interactions. Highsolution remote sensing
of snow depth has been limited to terrestrial and airborne laser scanning and more recently with
application of Struiire 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
agricultual Canadian Prairie and a sparsedgetated 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 Rwot mean square errors
in snow depth estimation from differenciasgowcoveed and norsnowcoveed 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 andnowcoveed area deplain 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 signato-noise ratio. The application of SfM to UAV photographs returns meaningful

information in areas witmean 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
perfomance found for wind speeds < 10-nslear 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 lara@tmosphere interactions and can constitute signifimagortions 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 measurementssadefpth and density. Since density varies less
than depth (LopeMoreno 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 sial 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 atditipad 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 snovalliéptve
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 measuterhtte 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 properti@sHaestructively, with a comprehensive review found in Kinar
and Pomeroy (2015), but nalestructive automated sensors, such as acoustic snow depth
rangers (Campbell Scientific SR50) or SWE analyzers (Campbell Scientific CS275 Snow Water
Equivalent Sensor}ypically 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
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successfully estimatenowcoveed 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 resnlestimates of snow depth

spatial distribution from both terrestrial (Griinewald et al., 2010) and airborne platforms
(Hopkinson et al., 2012). The main limitations encountered are easily observable areas (sensor
viewshed) for the terrestrial scanner d@nel 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, 206; 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 snowegetation interactions or wind redistribution in areas ofl@lwasnowcover, and

the frequency of airborne Li DAR observations

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

An early deployment of a high resolution digital camera on a remote codtgalé®line
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 Aeslicles (UAVsS) have become
increasingly popular for smadicale higkresolution 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 UA\atforms (avionics/autopilots, Global
Positioning Systems (GPS), InertMeasurementnits (IMUs) and cameras) and the increases
in computational power for processing imagery. The conversion of raw images to orthomosaics
and Digital Surface Models (DSM#&akes 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 multig 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 teslthique its
relatively uniform surface and high reflectance relative to sfiew 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 charatitsrbut 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 useefined 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 soentists 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 photogrammetryhatias a long history in
topographic mapping (Collier, 2002). Relative to traditional photogrammetry, major advances in
the 19906s in computer vVvision (Boufama et al
and Kang, 1994) has automated and singaithe 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 (Westobyt al., 2012). Recent application of this technique to snow depth estimation
has used imagery captured by manned aerial platforms (Buhler et al., 2015; Nolan et al., 2015)
and increasingly with small UAVs (Vander Jagt et al., 2015; Buhler et al., 2016jdbel®let
al., 2016). The manned aircraft examples have reported vertical accuracies of 10cm (Nolan et al.,
2015) and 30 cm (Buhler et al., 2015) with horizontal resolutions26f &n (Nolan et al., 2015)
and 2 m (Buhler et al., 2015). Unmanned aircrafineples 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 (Buhler et al., 2016). The accuracy assessments of the
De Michele et al. (2006 Vander Jagt et al. (2015), and Buhler et al. (2016) studies were limited
to a small number of snow depth maps. Bihler et al. (2016) had the most with four maps, but
more are needed to get a complete perspective on the performance of this techniigue and i

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 accusaof 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
generatedlata 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 agjtire 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. Snecover is typically shallow (maximum depth < 50 cm) with development of a
patchy and dynamisnowcoveed area during melt. Data collection occurred at a field site near
Rosthern, Saskatchewan, Canada Mount abfmas (52A
larger project studying the influence of grain stubble exposure on snowmelt processes. The 0.65
km? study site was divided into areas of tall stubble (35 cm, hereafter Tall15) and short stubble
(15 cm, hereafter Shortl5). The wheat stubble (Figure) 2clumped in rows ~30 cm apart,
remained erect throughout the snow season, which has implications for blowing snow
accumulation, melt energetics asrtbwcovedepletion. Pomeroy et al. (1993, 1998) describes

the snow accumulation dynamics and snownmedrgetics of similar environments.

The alpine site, located in Fortress Mountain Snow Laboratory in the Canadian Rocky
Mountains (50A 5006 N, 115A 136 WNEdirécton char act
(Figure 2.1b, d) at an elevation of approxietat2300 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 legard (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
snowcoveed area at the start of the observation period (May 13, 2015) was 2 m (excluding
snowfree areas) with maximum depths over 5 m. The 0.3%kmly area was divided between
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a North and a South area (red polygons in Figure 2.1b) due to UAV batteheace flight area
limitations. DeBeer and Pomeroy (2010, 2009) and MacDonald et al. (2010) describe the snow

accumulation dynamics and snowmelt energetics of the area.
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Figure 2.1: Orthomosaics of a) the prairie site located near Rosthern, Saskat@hdwathe

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 Talll5 (green) stubble treatments. Tlieeagite 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 ovke tbare 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 ¢) wheat stubble
(Tall15) exmpsed 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 Vehicldlight planning- operation- data processing

A Sensefly Ebe 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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useof 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 cngispeeds of 400

km hl. 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 multirotAE, 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 1ig2ch CMOS sensor and stores images as JPEGs,
resulting in images with-8it 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 (NSS) 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 andatiten

became inconsistent when wind speed at the flight altitude (as observe bpaardmitot tube)

approached 14 m's
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Figure 2.2: a) Sensefly Ebee RTK, b) a typical flight over the prairie site where red lines
represent the flight path of UAV artlde 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 Spatid@echnologies, the Ebee distributor, performed the first 11 flights at
the prairie site due to technical issues with the Ebee RTK. The geotag errors of-Riekhon
loaner Ebee were £5 m (error of GPS Standard Positioning Service) and therefore reqused GCP

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 timeges melt from 15 May to 24
June 2015 with four flights over bare ground on 24 July 204ble 2.1 summarises flight plan
attributives of the respective sitésgure 2.2b shows a typical flight plan generated by the

eMotion flight control software for therairie 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. Atr#iepsite, 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 comped 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 0m 90m
Lateral overlap 70 % 85 %
Longitudinal overlap 70 % 75 %
Ground resolution 3 cm pixelt 3. cm pixelt
Number of flights (over snow/over neamow) | 22/3 18/4
Approximate area surveyed per flight 1 kn?? 0.32 knt

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 pbaboud. 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 sergllobal matching algorithm in the point densification used to mirg@miz
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 coidact

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 ahéra@&15 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 Figug1a). 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 observain 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. Fdtigighta
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 snowpachks,smface 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 meamments 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; athe 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 methodsbst@bli
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 shawcoveed 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 insignifidaased 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 snfrae DSMs corresponded to imagery collected on for

the prairie site ad July 24, 2015 for the alpine site.
2.2.2.4. Accuracy assessment

The accuracy of the UAMerived 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 tdhe 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. Signato-Noise Calculation

Thesignalto-noise ratio (SNR) compares the level of the snow depth signal with respect
to the measurement error to inform when meaningful informatioveitable. 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 usatkfine the threshold SNR where the UAV
returns meaningf ul snow depth information. Th
condition at which the signal is sufficiently large to avoid mistaking it for a fluctuation in noise.
Ultimately, the acceptdbe si gnal t o noi se ratio depends upc¢
1973).

37



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 ct®tom (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 comparbbteveen the prairie Shortl5 (8.1 cm), alpine

bare (8.7 cm) and alpirenow (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 refavely 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 siteréR2g4). 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 tjie ¢dontrast 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 alpinebare points to th limited number of alpinenow points (3 to 19) the relative

difference in errors between the snow and-swow surfaces was assessed. The benefit of the
large amount of alpinbare 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-grewnon

surface errors.
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Table 2.2: Absolute surface accuracy summary

Area \Variable Mearf (cm) |Maximunf(cm) [Minimum?(cm) [Total Point$
Apine-bare |RMSE 8.7 15 4 1120
Alpine-bare |Bias 5.6 11 1 1120
Alpine-bare |SD 6.2 12 3 1120
Alpine-snow |RMSE 7.5 14 3 101
Alpine-snow |Bias® 4.4 13 1 101
Alpine-snow |SD 54 13 3 101
Short15 RMSE 8.1 125 4.4 357
Short15 Bias” 4.4 11.2 0 357
Short15 SD 6.3 9.5 3.2 357
Talll5 RMSE 115 18.4 4.9 357
Tall15 Bias® 6.6 17.5 0.3 357
Talll5 SD 8.4 14.2 3.1 357

2excludes five flights identified to be problematic
® mean of absolute bias values
¢ cumulative points used to assess accuracy over all assessed flights

The RTKIlevel 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 wh&dtleee 6 s
camera geotags had RIdérrected 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 standaesiation 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 alpare, alpinesnow, and shortl5

and tall15 stubble at prairie site, respectively. Blue bars highlrgblgmatic flights and are
excluded from summarization in Table 2.2aXis labels represent monadateflight number of

the day (to separate flights that occurred on the same day). Alaieeaccuracies are separated
into north or south areas, reflect@dh a _N or _S suffix. The last number in the alpsmeow 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 tattf 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). Snoglepth errors were larger than the surface errors as the errors from the
snowfree andsnowcoveed DSMs are additive in the DSM differencing. The usability of snow
depth determined from DSM differencing requires comparison of signadise. Signato-
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 wiatlowpack 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 criteon of a SNR 04, it is ap]}
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 shadw, 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 (Buihle2@1 &}

Nolan et al., 2015).

Table 2.3: Absolute snow depth accuracy summary

Area Variable  |Meart (cm) [Maximunt (cm) Minimum?® (cm) [Total Points’
Alpine  |RMSE 8.5 14.0 3 83
Alpine  |Bias® 4.1 11.0 0 83
Alpine  |SD 7.1 12.0 3 83
Shortl5 |RMSE 8.8 15.8 0 323
Shortl5 |Bias® 54 15.2 0 323
Shortl5 (SD 6.1 10.3 0 323
Talll5 RMSE 13.7 27.2 0 323
Talll5 [Bias® 9.8 26.4 0 323
Talll5 |SD 8.3 13.9 0 323

2excludes two flights identified to be problematic
® mean of absolute bias values
¢ 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 hgbludgmatic

flights and are excluded from summarization in Table 2:3xi$ labels represent mondate.

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 othstight areas suffixed as_Nor _S
respectively, and the last value is the number of observations used to assess accuracy as they

vary between 3 and 19.
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used to identify flights wit a meaningful snow depth signal.

2.3.3 Challenges

2.3.3.1 UAV Deployment Challenges

n t

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

all owWefimamdo responsi ve

dat a

col |

edond on.

Wh i

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'the UAV strggled 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 resulteiinages 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 UAWour of the five problematic flights were due to high winds (>10%n s

and were identified by ratively 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 reflectapeeperties of the surface will complicate ppsbcessing 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 cendition
results in little contrast over the snow surface and large gaps in the point cloud over snow,
especially when thenowcovewas homogeneous. Three flights under these conditions could not
be used and were not included in the previously shown stat{Stez. 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 theéivelg limited reflectance range.

It is suggested that multirotor UAVs may be more stable and return better data products
in windy conditions (Buhler, et al., 2016). There have not been any direct comparison studies
that the authors are aware of thatdale 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 pixgl can cover much larger aremsd has a higher wind
resistance (>14 n1y 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 pfatftypes 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 Jaget al., 2015; Bihler et al., 2016; De Michele et al., 2016), suggests that fixed wing
platforms, relative to muHiotor platforms, have similar accuracy and deployment constraints

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

Erroneous points over snow were generated inpastessing 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 patchea)dmubn irregular and steep snow
surfaces in the middle of a snow patch. The worst cases occurred during clear sunny days over
southfacing snow patches, which were interspersed with these erroneous points. These points
are related to the overexposuresnbw 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 centeeighted light metering of the Canon ELPH camera. It is
recommended that erroneopoints 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 semiglobal matching (SGM) option with optimization for 2.5D point clogatsint
clouds with no overlapping points) proved to be the best parameter setting within the post
processing software Postflight Terra 3D. S@hoibal matching was employed to improve results
on projects with low or uniform texture images, while the oation 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 aigher surface with more erroneous poifiitsis
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 aréets 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 respecinowlteveed 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 #Abl ack b oxandsmaltnumber ofadjustablei s pr

parameters clearly limits the application of this gmstcessing tool for scientific purposes.
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Table 2.4: Summary of areas excluded due to erroneous points with respentoveed area
at Alpine site.

Flight? | Snowcoveed area (%) | Percentage asnowcoveed area excluded (%)
519 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

monthday_portion of study area

2.3.4 Applications of UAVs an8tructure 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 UA&Yviad distributed snow depth maps. The
identification of snow dune structures, which correspond-f@id observations, is a qualitative
validation that UAV derived DSM differencing does indeed provide reasonable information on
the spatial variability bsnow 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 Shortl5 and Tall15 stubble treatments
at peak snow depth (March 1Z0)15) 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
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